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Preface 

 
Residues originate in rural and in urban systems. Many contain biogenic ingredients, e.g. food 
and green waste, livestock manure, feces, sewage and other sludge’s, harvest residues, diges-
tates, agro-industry residues, and more. Commonly residues are known to pollute environ-
ments, cause hygienic problems or they are cost-intensive to collect and treat.  Since fossil raw 
materials are becoming scarce, biogenic residues are more and more a topic of utilization. Ap-
plication options are manifold. They range from energetic utilization, e.g. to provide electicity 
and heat for households, industries and agricultural facilities, up to substantial applications 
ranging from bulk products such as composts and specific products like mineral fertilizers or 
biochemicals. A special challenge is the interface between rural and urban systems. In this con-
text the mutual understanding is often limited, usually due to a lack of knowledge or contradict-
ing interests. 
 
 
The proceedings book provides information on actual research and on innovations on these 
sectors.  
The book contains 4-page papers of oral and poster contributions of the conference. Each pa-
per was reviewed by two experts. The contributions cover following areas: 
 
 Keynotes on interdisciplinary issues   (K:     3 oral presentations) 
 Quality fertilizers from residues    (TA: 29 oral presentations and 22 posters) 
 Sustainable soils     (TB:   8 oral presentations and   6 posters) 
 Advances in emission prevention    (TC: 25 oral presentations and 17 posters) 
 The bioresource challenge     (TD: 21 oral presentations and   8 posters) 
 Sustainable regions     (TE: 22 oral presentations and 12 posters) 
 General thematic lectures     (G:     5 oral presentations) 
 
 
 
To deepen networking and to strengthen interdisciplinary not only among researches, but also 
with practitioners, politicians and public, some further initiatives were included in the conference 
(see www.ramiran2015.de): 
 
 Podium discussion on rural-urban symbiosis   
 Science and art presentations 
 Manure management post-conference workshop 
 Urban gardening post-conference workshop 

 
 
The conference was attended by more than 200 delegates from more than 30 countries. Addi-
tional to the reviewed 4-page-papers an abstract book is available (www.ramiran2015.de). Se-
lected contributions were invited for a more detailed publication in a special issue of the open-
access online Journal „Energy, Environment & Sustainability“. This special edition is titled “The 
bioresource challenge – A broader view on sustainable bioenergy systems coupled with sub-
stantial applications”, edited by Ina Körner, Michael Narodoslawsky and Dagmar Fiedler 
(www.energsustainsoc.com). 
 
 
 
 
 
Ina Körner 
Conference Chair 
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About RAMIRAN 

 
The "Recycling of Agricultural, Municipal and Industrial Residues in Agriculture Network (RAMI-
RAN)" is a research and expertise network dealing with environmental issues relating to the use 
of livestock manure and other organic residues in agriculture. RAMIRAN evolved in 1996 from 
the much smaller FAO Animal Waste Network, that had been active since 1978, and the scope 
was expanded to include other organic residues (industrial and municipal) which are used on 
land as organic manures and soil amendments. It is in principal a European network, but it is 
also open to interested experts from other parts of the world.  

The network provides an invaluable means of exchanging ideas, information and experiences 
on topics that are becoming increasingly important at a national and international level. The 
main objectives of the network are to: 
 
 Promote the exchange of methodologies, materials and processes;  
 Progress knowledge on the environmental assessment of organic residues recycling in ag-

riculture;  
 Identify research priorities and initiate innovative collaborative activities that make use of the 

synergies resulting from the international network. 

 

The main activity of RAMIRAN is a scientific conference organized every two years, usually 
attended by 150-250 participants. The RAMIRAN conferences are respected as the leading 
event in the field of manure and other organic residues used in agriculture in Europe. They pro-
vide an extensive overview of ongoing research and knowledge transfer activities concerning 
manure and other organic residues. This overview of who is who and who does what is an im-
portant prerequisite to the networking activities that RAMIRAN wants to foster. 

With its participants, RAMIRAN holds a tremendous resource of knowledge and expertise in a 
wide range of topics across the whole of Europe and some countries in Northern America, Asia 
and even Oceania. The network represents a unique opportunity to mobilise this resource 
through network activities above and beyond the regular conferences. To use this potential, 
RAMIRAN fosters task groups, short-term teams with a clear task that can be achieved in a 
defined time of ideally 1-2 years and maximum four years. These tasks make use of the poten-
tial of RAMIRAN arising from its membership of experts. This means that, for example, surveys 
about management techniques, environmental, economic or social issues in connection with 
manure and other organic residues or interdisciplinary studies are ideal topics for such tasks. 
Past examples include residual Nitrogen effects from organic residues, anaerobic digestion and 
utilization of digestates. In 2003 and 2011 a group produced a "Glossary of Terms on Livestock 
Manure Management" which has proved very valuable in harmonizing the use of terms relevant 
to organic residues and their environmental relevance. At the 2013 conference in Versailles, it 
was suggested that the Glossary should be translated into different languages (a Russian ver-
sion is now available) and that RAMIRAN should support its members to produce "Country Ma-
nure Profiles" providing an overview of the current practices and knowledge concerning organic 
residue management in the different countries. 

 

With the special topic "Rural-Urban Symbiosis" the 16th RAMIRAN conference focused on clos-
ing the loop linking rural production and urban consumption systems and on the development of 
more sustainable solutions for the handling of residues. Once again this reflects the changing 
perception from waste and emissions towards benefits and resource use efficiency that has 
occurred throughout the lifetime of RAMIRAN. As Co-chairmen of the Network we thank the 
organizers for arranging this exciting and successful conference!  

 

 

Tom Misselbrook and Harald Menzi 
Network Coordinators   
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Thematic areas  

 
TA: Quality fertilizers from residues  
Agricultural production depends on the supply of plants with nutrients. Efficiency in agricultural 
production considers not only yields, but also product qualities and fertilizer footprints. Fertilizers 
provide nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and sul-
phur (S) as macronutrients in varying proportions and forms. Furthermore micronutrients are 
needed in trace amounts, which are valuable not only for plant production, but also in follow up 
chains such as food consumption or anaerobic digestion. Trace nutrients in many foods have 
declined over the last half century and rock phosphate as the main source of P fertilizers will 
deplete in 50-100 years. In some locations, over-fertilization leads to water contamination, while 
in others high fertilizer prices leads to nutrient deficiencies in soils. The main source for N ferti-
lizers is ammonia generated via the energy intensive Haber-Bosch process from atmospheric N. 
It is estimated that this process alone demands around 1.4% of the world’s total energy con-
sumption. Agricultural, municipal and industrial residues contain varying quantities of N, P and 
other nutrients and trace elements. They are often disposed of with environmentally damaging 
effects or through costly treatment processes e.g. by waste water treatment or incineration. 
 

TB: Sustainable soils  

Soil is a living body. It is a complex medium comprising mineral particles, organic matter, water, 
air and living organisms. Soil is an essential, very slowly-renewable resource, which provides 
many vital ecosystem services such as food and the production of other bioresources as well as 
filtration and retention of toxic substances and nutrients. Demands on soil are increasing as the 
world population and the per capita food demand continue to grow. In addition, the pressure to 
reduce consumption of fossil resources has led to a growing demand to provide bioresources as 
alternative sources for energy and raw materials. Soil overuse is increasingly leading to soil 
degradation, both in the EU and at a global level up to desertification. In line with sprawling ur-
banization, arable land is decreasing in quantity as well as in quality. Lacking direct legislation, 
soil degradation is now having trans-boundary impacts along with high economic costs. One 
means of improving soil quality is the use of organic residues generated by human activities as 
soil amendments for enhancing soil carbon levels and soil structure. However this practice is 
not without risks, namely the introduction of harmful substances such as antibiotics and other 
pollutants or unwanted nutrient losses. 
 

TC: Advances in emission prevention 

Farming is a source of emission of pollutants to the atmosphere and to water. A well-known 
problem is nutrient leaching and surface run-off, which may cause eutrophication of surface and 
groundwater bodies and is detrimental to drinking water quality and human health. The most-
studied climate relevant gases are methane, carbon dioxide and nitrous oxide. Their atmospher-
ic concentrations have increased in the last centuries due to human activities, including agricul-
ture. Another important rural emission pathway is ammonia volatilization, arising largely from 
livestock manures and urea-based fertilizers. Together with other reactive nitrogen compounds, 
e.g. NOX from processes in transport and industry, it leads to N deposition that damages sus-
ceptible ecosystems and leads to soil acidification Particulate matter originates from a range of 
agricultural sources, in particular the formation of secondary particulates from ammonia emis-
sions, and may lead to a variety of health problems and associated social costs. In the future 
emissions may also be caused by new anthropogenic substances/compounds such as nanopar-
ticles from nanomaterials. Urban emissions are numerous and may lead to the introduction of 
polluting substances (antibiotics, pharmaceuticals, heavy metals etc.) into agricultural chains 
with a feedback on urban systems. 
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TD: The bioresource challenge 

The sustainable use and the protection of natural resources are essential for enduring food 
production and quality of life. In this context, bioresources will play a key role. Bioresources are 
non-fossil biogenic resources which can be used for multiple purposes: to produce food, sub-
stantial products such as paper, biobased plastics, biochemicals and composite materials or 
energy carriers such as bioethanol, biogas and heat. Bioresources are renewable, but they are 
not available in unlimited quantities and have limits to their utilization. Biobased economy en-
capsulates the vision of a future society no longer wholly dependent on fossil resources. The 
basics are bioresources originating from plants, animals, microorganisms or residues. In biore-
fineries they are converted into a multitude of products such as chemicals, materials, feed, 
fuels, and other energy carriers. Biorefineries are complex and integrated systems consisting of 
many process units. They take advantage of the various components contained in bioresources 
such as cellulose, hemicelluloses, starch, lignin, proteins, fats, oils, extractives and their inter-
mediates. To date, the biorefinery industry is still in a nascent state, mostly using ligno-cellulosic 
feedstocks on larger scale. However, many concepts and approaches exist. Frequently dis-
cussed biorefinery systems with a connection to agriculture include sugar, starch, vegetable oil, 
lignocellulose, green, synthesis gas and biogas biorefinery.  
 

TE: Sustainable regions 

A sustainable agricultural system aims to deliver sufficient productivity, through the use of mini-
mal and non-hazardous inputs, while maintaining soil quality and contributing to the reduction of 
environmental problems. The recycling of residues for fertilizing and soil quality improvement is 
still limited in practice. But urban and rural residues are increasingly not only a topic of disposal 
but of utilization. This provides an opportunity to bring rural and urban systems closer together 
again. However, practices involving recycling of residues might also cause environmental prob-
lems and lead to the evolution of unwanted compounds and pests. 
Zero Waste is a visionary goal connected with changing people’s lifestyle and behaviour and 
traditional waste management practices. A holistic and integrative approach for their improved 
utilization is the “Civilization biorefinery” - a system aiming for complete and efficient utilization 
of secondary, tertiary and quaternary regional bioresources in a rural-urban symbiosis. It con-
sists of three major parts - collection of the local bioresources, their conversion in a local net-
work of centralized and decentralized technical units into material and energy products and the 
utilization of these products.  
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Towards Nitrogen neutrality at RAMIRAN 2015 

 
Nitrogen (N) is an essential element for food provision - plants need to be fertilized and animals 
as well as humans need N as a nutrient too. But N can also cause manifold problems. There 
are problems of too much N - losses into environment contribute to eutrophication, acidification, 
global warming, and more. But there are also problems of too little N - soil resources depleting 
and endangering the livelihood of farmers, and threatening food security. A lot of effort is need-
ed to better balance N-management. 

A large event like RAMIRAN 2015 causes a considerable N-footprint. Various activities at 
RAMIRAN 2015 showed that institutional and individual responsibilities can contribute to a bet-
ter balanced N-management. By these activities we want to raise awareness of the topic and 
show possibilities for progression towards N-neutrality. The “N-neutrality” approach suggested 
by the European Commission’s Joint Research Centre (JRC, Institute for Environment and Sus-
tainability Monitoring of Agricultural Resources) was considered.  

At RAMIRAN 2015 the following activities were taken into consideration to lower the footprint or 
reactive nitrogen (Nr):  

1. Provision of tasty food with reduced Nr impact  

Our first aim regarding food was to provide tasty food in sufficient amounts. But we also se-
lected the menus regarding their N-footprint. For the lunch break we evaluated 28 meals 
and selected 10. In the coffee breaks we provided various selections of fresh fruits, which 
have generally a low N-footprint. For the gala dinner a table served menu was chosen in-
stead of buffet to reduce food waste. Furthermore we asked for special diets of the partici-
pants (mixed cost, vegetarian, vegan, allergies and intolerances) in the registration proce-
dure and considered the results in food provision, also to reduce food waste generation.  
 

2. Calculating of the Nr-impact  

The N-impact of food provided at RAMIRAN 2015 was calculated on the basis of the N-
footprint approach by Leip et al. (JRC). For that purpose we collected data regarding type 
and amount of all menu ingredients. For instance the average N-footprint of the meals pre-
pared for lunch had a 9 % smaller Nr-footprint compared to an earlier conference in the 
same canteen and same working days. Additionally we studied the waste generation and 
the waste whereabouts in order to find out about used, recovered or lost Nr amounts and to 
define measures for improved N-management. 

3. Compensating the Nr-impact 

All participants of RAMIRAN 2015 were asked to contribute a voluntary fee to donate to a 
sustainable food project in Indonesia (BEST, Institute for Integrated Social Economic De-
velopment, NGO). It focused on demonstration of vertical gardening as a special urban 
farming solution. The installations have the potential to be widely used in urban areas con-
tributing to food provision, but mainly helping ‘reconnect’ people with their food systems, 
and provide more pleased and environmentally friendly sourroundings.  
 

 

More information to the N neutrality approach and the calculations for the lunch meals are to be 
found in this proceedings book (Leip et al., 2015, page 26). More information on the overall 
evaluation of food provision and final whereabouts of residues is available on 
www.ramiran2015.de. Also information on the progress of the urban gardening project can be 
found on this page. 

  

http://www.ramiran2015.de/
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Art at RAMIRAN2015 

 

“Art is the queen of all sciences communicating knowledge to all the generations of the world.” 
Leonardo da Vinci 

 
The conference is not only an interface between rural and urban regions as well as between 
scientists, practitioners and politicians. It also shall connect the practical world with culture and 
art. Following artistically activities were carried during the conference to give it an communica-
tive, but also enjoyable and relaxing atmosphere: 

Acting for sustainability: A group of young researchers and practitioners with interdisciplinary 
experience in environmental governance uses theatre to promote intercultural dialogue on sus-
tainability in the context of academic and public conferences. By combining scientific knowledge 
with artistic expression they appeal to the emotions, thus engaging their audience at a deeper 
level than can be achieved through mere intellectual argumentation and create a level of com-
munication that engages participants with the heart as well as the mind. 
(http://scientific-theatre.org/; Freiburg Science Theatre, t.floerkemeier@scientific-theatre.org) 

Art from tetrapak: Christiane Lüdtke is a Hamburg artist. Sculpturing is one line of her activi-
ties. At RAMIRAN 2015 she presents a further line: etchings from tetrapak materials. Etching is 
traditionally method of printmaking where a metal surface is used to create a relief, which deliv-
ers the printing matrix. Mrs. Luedke is using Tetrapak as printing matrix which gives the pictures 
a very lively structure. She presents funny etching from various human situations as well as 
book marks. 
(http://christianeluedtke.de/; kunst@christianeluedtke.de) 
 
Rural-urban colors: Photographic images – original and artistically edited – were arranged to 
relaxing films for the conference breaks and upgraded with some statistical data to the confer-
ence for information. The focus of the images is on structures and colors from urban and rural 
environments taken from various distances. It ranges from extreme close-ups, where very small 
subjects appear in the photograph greater than life size up to photos taken with wide perspec-
tive.  
The presentation is available under: https://www.youtube.com/watch?v=MbC44Aw4Ad8 
 
(http://www.bioresource.eu; BioResourceInnovation, BRI, i.koerner@bioresource.eu) 
 
Art at the Hamburg University of Technology: TUHH hosts various artworks ranging from 
photographs, over paintings up to sculptures, partly from internationally known artists (e.g. 
Hanne Darboven, Berto Lardera, Chui Wang, Alfred Mahlau). They are distributed within the 
buildings and the campus park. Some of the most impressive artworks were explained via a tour 
through the university. Information includes the manifold ways they came to the university, the 
techniques used and the partly difficult standing of art in a technical environment. 
(http://kunst-tuhh.de/; stieglitz@tuhh.de) 
 
The cell factory: Biorefineries are the foundation of the biobased economy. The major actors in 
biorefinery systems are microorganisms. The complexity of the processes within a microbial cell 
was visualized via a 3-D-model with an almost 1-meter-diameter. The model represented a 
fungal cell including their organelles. Also various enzymes were visualized in 3-D-form. The 
exhibition unit is accompanied by biorefinery feedstockes and products. 
(http://www.tuhh.de/ibb/home.html; aze@tuhh.de). 

 

Examples are shown on pages (1, 14, 30, 145, 230, 265, 291, 395, 461, 553, 581, 673) 
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K_01 Biobased economy in Germany – Sustainable 
supply of bioresources 
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a.schuette@fnr.de 

1. Policy Strategy Bioeconomy in Germany 

In 2013, the Federal Government adopted the National Policy Strategy on Bioeconomy [1]. In 
doing so, the Federal Government is supporting the shift to a resourceefficient economy based on 
renewable resources that either makes less use of fossil resources or dispenses with them entire-
ly. This change is mainly driven by the biobased economy. 
The Policy Strategy on Bioeconomy builds upon the Federal Government‘s Sustainability Strate-
gy. This dovetails with the “National Research Strategy Bioeconomy 2030 – our route towards a 
biobased economy”, adopted in 2010, providing the foundation for innovations in the bioeconomy 
by means of research and development. In addition to other strategies and concepts formulated 
by the Federal Government the following programmes describe further points of policy orientation 
and conclusions with a direct effect on the bioeconomy:  

 the “Energy Concept for an Environmentally Sound, Reliable and Affordable Energy 
Supply” (2010),  

 the “Raw Materials Strategy” (2010),  

 the “German Resource Efficiency Programme” (2012),  

 the “Biorefineries Roadmap” (2012). 
 
The bioeconomy affects various specific policy areas, such as industry and energy policy, the 
policy on agriculture, forestry and fisheries, climate policy and environmental policy, in addition to 
research and development policy. In aiming to give coherent structure to policy, the political 
framework conditions for the bioeconomy must be arranged so that, within the limits of what is 
possible, a contribution is made to securing world food supplies, reducing dependence on fossil-
based raw materials, protecting the climate and using the renewable resources sustainably, while 
safeguarding both biodiversity and the functions performed by soil. In part, these requirements 
give rise to conflicts between goals, which need to be resolved by means of suitable framework 
conditions. 
The concept of the bioeconomy takes natural cycles of materials as its point of orientation. 
It encompasses all sectors of the economy that produce, work and process, use, and trade 
with renewable resources, such as plants, animals, microorganisms, and their derivatives. 
Materials used include not only raw materials produced in the agricultural, forestry and 
fisheries sectors, as well as in aquaculture or in microbial production; increasingly, bioge n-
ic waste materials and residual materials are also used. The bioeconomy is thus also re-
source-efficient recycling. The renewable resources are worked and processed to form a 
variety of products (e.g. raw materials for chemical processes, insulating materials) , also 
increasingly by means of industrial application of biotechnological and microbiological processes. 
Aside from its use for the production of materials, the use of sustainably produced biomass also 
acts as a significant renewable source of energy – with preference given to using it at the end of 
the cascading process of use. 

2. Research Strategy Bioeconomy 

In a global context as well as nationally, food security takes priority over the production of raw 
materials for industry and energy. Support must be given to the use of synergy effects between 
food production and the provision of raw materials for energy and industry. 
Natural resources form the basis for the bioeconomy. Sustainable management of agricu l-
tural and forestry areas, and also of seas and other bodies of water, acts as the basic pre-
requisite for providing most of the raw materials in the bioeconomy. It is only by sparing re-
sources and thus operating resource-efficiently that the necessary increase in agricultural 
production can be harmonised on a lasting basis with the protection of the environment, of 
the climate and of nature. This demands efforts that take into account all the factors involved 
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in the production systems, including location specific requirements and the aspects of sus-
tainability. 
Topics of research and development providing sustainable biomass include: 

 improvement of the availability of traditional biomass,  

 increasing productivity and efficiency,  

 improvement of the availability of nontraditional biomass sources,  

 diversification of agriculture and forestry (cultivation and usage),  

 new plants and sources incl. residues and waste,  

 adapting agriculture and forestry to climate change,  

 breeding for adapted plants with high and stable yields and 

 sustainable production of biomass.  
 
In Germany current focus in research are new and improved industry and energy plants (breeding, 
cultivation and use), algae as feedstock, lignocellulose as feedstock, residues/waste usage, sus-
tainable biofuels feedstock, biomass certification and sustainability and soil, water, air and nutri-
ents aspects. 
Topics of research and development regarding biobased chemicals and materials include: 

 complete use of all biomass components and usage of the synthesis capabilities and pre-
liminary performance of nature,  

 development of biobased products having new functionalities and properties,  

 improving the efficiency of known conversion processes and development of new, innova-
tive technologies,  

 process- and product-orientated RTD along the complete value chain and 

 integrated conversion processes (Biorefineries).  
 
Current focus in research are synthesis and use of biobased fine and speciality chemicals, chemi-
cal, biotechnological and technical use of starch and other carbohydrates, biopolymers and bio-
materials, usage of lignin as feedstock, RRM (renewable raw materials) in housing and construc-
tion and wood usage. 
Topics of research and development regarding bioenergy include: 

 improving the efficiency of known conversion processes and development of new, innova-
tive technologies (electricity, heat, biofuels),  

 intelligent solutions for the combined usage of bioenergy and other renewable energies,  

 improving the efficiency of decentralised bioenergy concepts,  

 integrated conversion processes,  

 biorefineries and 

 sustainable bioenergy.  
 
Current focus in research are solid bioenergy carrier, microbiology in biogas plants, residues from 
bioenergy plants, biofuels from lignocellulose, biotechnological production of hydrocarbon fuels 
and sustainability of biofuels. 

3. Sustainable Biomass and Biorefineries 

A biorefinery is characterised more by an explicitly integrative, multifunctional overall concept that 
uses biomass as a diverse source of raw materials for the sustainable and simultaneous genera-
tion of a spectrum of different intermediates and products (chemicals, materials, bioenergy/bio-
fuels), whilst including the fullest possible use of all raw material components. The co-products 
can also be food and/or feed. By closing material cycles and through cascade utilisation and recy-
cling, efforts are also made to prevent resource loss. Along the entire biorefinery value chain, all 
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processes for the treatment and conversion of biomass should be resource efficient in terms of the 
use of materials and energy and in the consumption of media (e.g. water) and auxiliaries, and 
should avoid adverse environmental impacts. From the perspective of resource efficiency, goods 
and products of long lifetime are also of particular value [2]. 
There are two basic approaches to the implementation of a biorefinery concept: ‘Bottom-up’ and 
‘top-down’. If the biorefinery concerns the expansion of an existing biomass processing facility 
(e.g. sugar, starch, pulp mill, oil mill, ethanol plant), it is referred to as a bottom-up approach. In 
contrast, the term top-down is used when the emphasis is on newly conceptualised, highly inte-
grated systems designed for the use of various biomass fractions and the (zero-waste) generation 
of a variety of products for different markets. 
Sugar, starch and vegetable oils are the dominant commercial biorefining platforms. Primary refin-
ing is commercially established. Secondary refining is also commercially common, but mainly 
orientated to food and feed products including integrated biorefining. Established biorefining sites 
seek for a broader product portfolio with special focus on non-food products (special products, fine 
chemicals). This is the case for integrated sugar/starch biorefineries (e.g. Offstein, Barby, Zeitz, 
Krefeld, Hamburg) and integrated plant oil biorefineries (e.g. Düsseldorf, Hamburg).  Hence, there 
is a focus on secondary refining. Lignocellulose (cellulose, hemicelluloses, lignin) is the platform of 
the pulp & paper industry. Nevertheless, additional value creation is targeted through additional 
secondary biorefining (e.g. fuel, new pulp-based materials, lignin separation, value-driven lignin 
products). 
Primary and secondary refining exist on all technology readiness levels (TRL), but demonstration 
and commercial plants as integrated biorefineries are missing. Top-down concepts are still in the 
development stage for integrated biorefining.  
The priority area for German R&D activities towards integrated biorefinery concepts will be to em-
phasise the top-down development approaches of lignocellulosic biorefineries (including the green 
biorefinery) and synthesis gas biorefineries. Work here will be spread out over a number of major 
projects. Bottom-up development approaches are being pursued for the sugar/starch biorefinery 
and the vegetable oil biorefinery, while the lignocellulosic biorefinery, which is based on existing 
structures in the pulp industry in Germany, has played almost no role in this area to date (e.g. in 
contrast to the Scandinavian countries), except some activities in Blankenstein and Arneburg. 
There have been comparatively few activities in the context of major projects with the bottom-up 
approach to development, as these often expand on existing structures in the sugar-, starch- or 
vegetable oil industries. For this reason, the dominant projects here are oriented towards provid-
ing support for such biorefineries, or are concerned with aspects of these biorefineries and/or with 
the conventional conversion of sugar, starch and vegetable oils into bio-based products or bioen-
ergy. 

4. Outlook 

Agriculture, forestry, fisheries, and aquaculture, but also the biotechnological use and conversion 
of biomass, in addition to biogenic waste materials and residual materials: these are the central 
starting points for the bioeconomy‘s value chains and valueadding networks, which are interlinked 
in a multitude of ways. Downstream sectors work and process renewable resources to form a 
variety of products, partly also through industrial application of biotechnological and microbiologi-
cal processes, particularly in the chemical industry. This also includes food producers, and the 
wood, paper, construction, leather, and textile industries, as well as parts of the pharmaceutical 
industry and the energy sector. They are as involved in the build-up of a bioeconomy as are the 
associated areas of retail, distribution and commercial service sectors. It is characteristic of the 
bioeconomy, firstly, that the value chains of its products in the various business sectors are in-
creasingly networked, or respectively are able to be networked, and secondly that by-products 
and residual materials are used in a way that yields the highest possible value. Accordingly, the 
bioeconomy system also attaches particular significance to recycling and waste-management 
processes that can avoid residual materials and waste materials, or respectively direct them to a 
use that derives the highest possible value from them.  
The bioeconomy has the potential to further expand this economic output, through the develop-
ment and further processing of the various biomass-based raw materials – in some instances new 
ones – to form high-value, innovative materials and products, through increasing numbers of cou-
pled uses and cascading uses, as well as through the optimisation and intelligent linking up of 
various value-adding networks. 
The raw materials mix of the German chemical industry will shift in favour of renewables. Today, 
the German chemical industry uses slightly less than 19 million tonnes of fossil raw materials (pe-
troleum products, natural gas and coal), 2.7 million tonnes of renewable raw materials and ap-
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proximately 20 million tonnes of mineral raw materials. Renewable raw materials are used in the 
production of plastics, fibres, detergents, cosmetics, paints and coatings, printing inks, adhesives, 
building materials, hydraulic fluids, lubricants and medicines. In the coming years the correspond-
ing segments of the chemical industry will experience higher rates of growth than those devoted to 
basic organic chemicals and the standard polymers. By 2030 the chemical industry will use about 
50 per cent more renewable raw materials than today. This estimate represents merely the lower 
limit, because the potential of bioplastics cannot be foretold reliably [3]. 
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utilization and energy systems towards water 
and food security 
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1. Introduction 

It has been found that most large civilizations were breaking down after degradation of large parts 
of their arable lands [1]. Modern day city life depends to a large extent on sufficient living soil for 
water renewal, food security and a balanced climate. Rural regions are the key to water- and food 
resilience. Over one-third of all arable land has been strongly degraded or destroyed globally [2] 
with the consequence of major changes of local climate, more drought and flooding and famine. 
Soil degradation is often occurring due to agro-chemical agriculture, non- adapted grazing and 
deforestation often for firewood. If meat and dairy production will be converted to adapted grazing 
patterns it could build humus on a large scale [3], give animals a good life and avoid the many 
downsides in concentrated industrial animal keeping. Rural populations usually lack support, but 
they can act with productive restoration methods and boost the local economy. Most of the power-
ful restoration solutions are not well known, some even contradict common beliefs. A stunning 
example is given by “Micacle Water Village” in India, a system that is now expanding [4]. Restor-
ing local economy will often require building up living soils. In order to keep soil fertile, the return-
ing of bio-waste and agricultural residues to the land is a key element. Thus it should as a basic 
rule better not be used for other purposes. The same is true for sanitation; organic matter and the 
nutrients mainly from human food consumption should be processed for soil building, ideally in a 
non-food sector. Bioenergy utilization has to be revised as it is often very inefficient, tends to 
weaken soils and in combination with agro-chemical agriculture contributes to leak toxic sub-
stances into the groundwater. An extensive study by the German National Academy of Science, 
Leopoldina has shown this very clearly, according to the study for most bioenergy with the excep-
tion of the utilization of wood for energy generation [5]. Terra Preta Sanitation was developed to 
combine the upsides of woodgas technology from stoves and heat/cooling-charcoal co-generation 
units. The charcoal has a potential for the improvement of soils in combination with proper com-
posting processes in sanitation [6,7,8] as in biowaste management. 

2. Downsides in the utilization of bio-resources and pathways forward 

Utilization of bio-resources and even agro-chemical bio-energy was until recently often perceived 
as something positive. However, the recent boosting of a food-to-bio-energy by heavy subsidies in 
Germany has numerous downsides besides rather few upsides. One of the side effects is, that 
farming for food production becomes a challenge for many farms. Massively rising land prices by 
subsidies mainly for corn production often by investor’s models are too high for normal food pro-
duction. Recent adaptation of subsidies has led to the defaulting of many of those operations. This 
short article will only highlight some points of a far more complex picture. This list is intended to 
trigger a debate and help to get funding not only for positivistic research within a given context by 
political leadership over professional lobby groups. 
 

 Biogas is most often a steady year round available renewable energy. 

 Anaerobic methane production / biogas technology can be good as a treatment of resi-
dues that require thorough treatment and/or sanitization 

 A major part of all bio-waste including excreta is needed to keep and strengthen the hu-
mus layer of arable lands with proper treatment and application 

 Biogas production will often lead to humus deficiencies by converting most of the potential 
‘soil fodder’ into energy. This is worst for corn monoculture without crop rotation. Howev-
er, biogas operaors and researcher have put efforts into crop alternatives like the cup-
plant (Silphium perfoliatum) and intercropping. Legal requirements for soil monitoring are 
put into practice, too. 

http://dict.leo.org/ende/index_de.html#/search=Silphium&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
http://dict.leo.org/ende/index_de.html#/search=perfoliatum&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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 Net energy gains from biogas or ethanol production are very low; consideration of an en-
ergy equivalent of productive soils may well turn the balance to the negative 

 Most energy crops are not grown organic (non-bio!) so there is water- and soil pollution by 
pesticides and mineral fertilizers coming along with it. A large part of commercial phos-
phate products are meanwhile of very poor quality and cause water- and irreversible soil 
contamination with uranium (700 tons/year in Germany alone, in [9] with information from 
Prof. Dr. Ewald Schnug, Julius-Kühn-Institut in Braunschweig, Germany) and cadmium 

 In a world with hundreds of million people starving, children developing permanent brain 
damage through malnutrition all bio-energy and bio-material systems require rethinking 
and eventually, phase-out 

 Wood utilization seems to offer many options for energy production with overall benefits 
[5], with the combination of woodgas stoves ans woodgas units for power, heat-cooling 
and charcoal production can be beneficial in the context of Terra Preta (Dark Soils) sys-
tems learning from the historic examples in the Amazon. 

 Tree-Crops for erosion prevention and slope-farming [11] is a highly interesting and long 
ignored combination for the production of food, fodder, wood for many purposes. There 
are also many opportunities for soil improvement by tree-crops intercropping with field 
fruits. Totals yields of 150% have been reported from France.     

 Instead of utilization of manure for energy production and secondary resources concen-
tration of cattle cages with too little land should be reversed towards free grazing patterns 
[10]. This will also respect animals as fellow beings on Earth. 

 Flush sanitation with its mixing of excreta into the wastewater is a major leak for the hu-
man food cycle; nutrients are destroyed or replaced from the land to the seas. Source 
separation technologies are available as high- and low-tech options [7] 

 Land use patterns should be revised in order to revive the vast deteriorated lands. As a 
suggestion by the author built on old models [12] there can be New Towns consisting of 
organic micro-farms installed 

 
The following paragraphs give some more background on how to shape a future that meets all 
demands and is not only serving sectors at the costs of others. Safe and clean water in good 
quantity alongside with local food production are a major topic for the resilience of the rural and 
urban areas around the world. Energy potentials from arable land are very small and come along 
with a high risk for water and food security. Direct solar energy and wind power generation is by 
far more efficient, especially with large scale grid connections between suitable regions.  

3. Nexus Humus, Water and Food 

One of the key parameters of the watershed is the humus content in the soils of the catchment. As 
stated above already between 1950 and 1990 over one-third of all arable land globally has been 
strongly degraded or destroyed [2]. The water profession is only now starting to acknowledge the 
high value of humus rich land in the catchment. Far sighted water utilities are supporting organic 
agriculture in the water catchment to avoid pollution with nitrate and pesticides while keeping or 
increasing the humus contents. Humus rich soils can absorb enormous amounts of water. Long 
and intensive rain events that could lead to devastating flooding in a catchment with degraded 
soils can be soaked up by living soil. The same water is retained and will contribute to restoring 
aquifers. Soils can remain moist for long periods of time, avoiding drought and reducing the need 
for irrigation. Just as the now common consideration of a ‘watershed’ there is the idea of looking at 
a suitable area around a city as the ‘foodshed’ [14]. Humus building besides crop rotation and 
leguminous plants can build on the full reuse of clean biowaste and further with resources oriented 
sanitation [15] like low-cost options of Terra Preta Sanitation [16]. Research on plant-microbes 
interaction has shown that contrary to common belief plant roots can take up macromolecules and 
even life microorganisms by endocytosis [17]. With these findings we must be even more careful 
with reuse of waste and wastewater, on the other hand there is an enormous potential for improv-
ing plant nutrition though well fed humus in organic systems.  
When it comes to discussion on water efficiency in scientific, political and public debates there is a 
strange repetition of issues that are already well known. Drip irrigation is still described as an in-
novation, even though sub-surface systems can work with much less water (not all systems work 
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well though and will requiring water absorbing root soil). The very far reaching possibilities of rain-
water harvesting on catchment level with contour swales, check dams, humus building and refor-
estation especially of uphill areas are mostly not mentioned. Even within the rainwater harvesting 
community the most efficient tool is mostly forgotten: improvement of the top soil quality in the 
whole catchment. Another crucial issue is to grow drought adapted plants where water is scarce 
instead of water intensive cash crops.  
Reforestation is an important part of improvement of living top soils. Ideally and wherever suitable 
this should include food trees such as Moringa trees or sweet chestnut. The leaf and fruit of 
Moringa is excellent food and fodder with fast growing wood that can be used also for producing 
fuel for woodgas stoves. Theses stoves will produce plenty of charcoal for Terra Preta compost 
while cooking efficiently.  Holistic Planned Grazing is a method of keeping larger-than-usual num-
bers of grazing animals for soil recovery in the way of high-animal-density-short-impact-time. In-
dustrial style mass “production” of animals, manure pollution and hormone poisoning can thus be 
phased out. In exchange humans get animals which can express their life the natural way, con-
tribute to soil improvement, get fed with healthy grass. This is a realistic base measure for restor-
ing savannah regions on a large scale and in a very profitable way. This type of system has a 
factor four of productivity over the conventional grazing while restoring land and humus. See “Ho-
listic Planned Grazing” by Allan Savory or Joel Salatin, Polyface Farm, USA. 
Water utilization in cities and towns should also become more efficient. Many water efficient de-
vices for households are on the market. Unfortunately, in many dry regions like Berlin in Germany 
there is a lack of political will to have long term plans for water efficiency. For example, savings in 
hot-water utilization like wash basins and showers are not encouraged even where politicians 
make the impression to really care for the limitation of fossil energy utilization. There are only very 
few shower heads that do fulfill hygiene regulations with 6 liters per minute (instead of the usual 
18 and possibly far more) and allow pleasant showers. A small German company invented a unit 
with magnificent performance, whereby a vortex swirl inside the shower head producing a sort of 
bubble rain, with water drops filled with air. Another system is using intermittent feeding of the 
holes and is also pleasant and safe. However, the usual spray units that are on the market are 
unpleasant, produce dangerous aerosols where the presence of legionella becomes most dan-
gerous. In addition it will be beneficial to manage rainwater runoff on site with infiltration to avoid 
the need for expensive central sewerage systems. Infiltration, too, opens many ways for producing 
water locally. Water efficiency can be an energy issue if water is produced by reverse-osmosis 
plants from seawater, as it happens more and more in the dry regions of the world.   

4. Energy systems that restore soil 

Supply of energy can be combined with soil restoration. Soil quality is far more important than the 
energy issue in the long run – food, water and a balanced local climate are crucial for all life. Terra 
Preta systems for soil improvement require good amounts of clean charcoal. Interestingly, wood-
gas stoves as well as woodgas-to-heat/cooling-and-electricity units use woody in a highly efficient 
way. In addition, they produce charcoal. This opens pathways to regenerative energy that is actu-
ally helping to improve top soil. The German NGO Climatefarming, founded by Jörg Fingas, has 
developed efficient movable metal woodgas stoves in Senegal and Burkina Faso which can actu-
ally be operated with briquettes made from woody waste and invasive reeds. Users will get a dis-
count on new briquettes by handing in the charcoal produced while cooking. It makes sense to 
give new fuel in the weight equivalent what will equal a price reduction of around 25 to 30%. The 
company ProLehm (Mud-Brick-Producers in Germany) has developed a mud woodgas stove, the 
NOAH stove. It has a larger pyrolysis chamber to assure longer cooking times and is made for 
fixed installation. The NGO Climatefarming (Joerg Fingas) and the author are consultants to a 
huge rice farm in northern Senegal. This farm had a persistent problem of decreasing productivity 
after 20 years of agro chemical production. The soil had no more earthworms, which is highly 
alarming to the local farmers. We started co-composting of organic materials from the region with 
charcoal from a woodgas-to-electricity unit. It was installed by Climatefarming for the rice factory 
of the farm, running on the otherwise unusable waste material rice husk and stabilizing power 
supply in blackouts. Interestingly, the addition of charcoal and some organic material into the pad-
dy fields could raise productivity on average by around 30% over 4 harvests in large scale trials. In 
order to restore soil quality further we have recommended introducing an organic system including 
intercropping and planting of Sesbania Rostrata or to switch to the dry rice system SRI. Charcoal 
application should always be part of composting processes, which can also avoid wind or water 
erosion of the charcoal particles. Woodgas devices that co-produce power, heat/cooling and char-
coal are now available on the market in scales from around 20 KW up to several MW of electricity. 
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However, some woodgas units burn the charcoal for more energy production. It has to be consid-
ered that small units require quite some maintenance. 

5. Re-Localization, Reverse-Migration and New Town development 

Globalization of economy has turned to a disaster for many rural regions of the world. Re-
localization of production, taking care of soil and water resources are not trade barriers but a basic 
method of good housekeeping. It is in the hands of rural communities to reverse their fortunes, 
reverse rural-to-urban migration and come up with integrated concepts. The methods described 
above are a great base for improving the local economy and become more resilient. The town of 
Hiware Bazar in India [4] has shown this in a stunning way, mainly with rainwater harvesting com-
bined with reforestation, using water efficient crops and irrigation systems. The small town is thriv-
ing in a region where other towns are losing population through migration due to water scarcity 
and drought. New Town development in a kind of Gartenring is an initiative of the author to pro-
mote pathways to develop rural areas with a number of proven sustainable solutions. Unlimited 
urbanization has an enormous risk potential. Actual estimates for 70% of urban population by 
2030 can be read as a horror scenario; considering that urban dwellers are mostly 100% depend-
ent of outside supplies. Supply with clean and sufficient water and food are a consequence of land 
use. It is crucial to establish interesting new rural lifestyles e.g. with part time commercial garden-
ing, only then there will be sufficient numbers of people working for and with living soils. 
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Waste generation is closely linked to population, urbanization and affluence. It remains a major 
challenge for municipalities to collect, recycle, treat and dispose of increasing quantities of waste 
(Bogner et al. 2007). There is indeed a number of existing waste management practices devel-
oped over the last twenty years which can provide effective solutions: composting and anaerobic 
digestion are among well-known and well-studied processes.  
In addition, conservation of raw materials, improved energy and resource efficiency and fossil fuel 
avoidance are new requirements of the so-called “bio-based economy” which suggest to design 
and develop a new vision for the future of sustainable organic waste management. Strategic re-
search has a key role to play in such a context.  
In this brief overview, we will particularly describe two promising topics: energy recovery and add-
ed value molecules. 

1. Existing waste management practices  

Whatever their origin and processing scheme, the final valorisation of organic waste is definitively 
and hopefully the agronomic utilization and recycling through soil-plant systems. The aim is there-
fore to transform organic residues in compost or pellets, considering the easiest handling transport 
and a better agronomic efficiency. Indeed, 45% of European soils, show a deficit in organic matter 
content (Favoino, 2008), and organic wastes represent a resource well adapted as soil amend-
ment and/or organic fertilizer.  In France the overall supply of organic matter is estimated at 15 
million tons from the agro-food industry, 25 million tons from municipal waste (from which only 3% 
are biologically treated (Ademe, 2008) and roughly 160 million tons of livestock wastes mostly in a 
solid form. 
 
The waste characteristcics and their subsequent ability for dedicate processing being widely vari-
ables, any waste management scheme should consider: 
 

 the physico-chemical analysis and classification depending on the origin of wastes (re-
sidual municipal wastes, sludges, agriculturals wastes), 

 the development of methods to assess their biodegradability (respirometry and model-
ling), 

 the optimization of dedicated processes including composting, drying, pelletizing, nutri-
ents recovery (P and N). 

 
Within the actual societal context showing a growing concern about energy supply and concur-
rently the need to tackle the climatic change, the valorisation of organic waste through anaerobic 
digestion (AD) technology is expanding. Indeed this technology has a combination of environmen-
tal, economical and societal advantages. It allows a capture of methane from waste through the 
production of renewable energy and heat. This technology allows therefore to reduce greenhouse 
gases from a number of sources and to reduce the consumption of fossil energy and compare 
well in terms of environmental impacts with landfilling (EEA, 2008) or even with direct composting 
(Ademe, 2007, Mata-Alvarez et al., 2000). 
 
A predictive study published by the EEA (2008) envisage a reduction of GhG’s from municipal 
waste management from 55 million tons equivalent CO2 by the end of the 1980 to 10 million tons 
equivalent CO2 by 2020. Similar results are expected from livestock effluents which share about 
35% of greenhouses gases from agricultural origin. Moreover AD should help to a better balance 
of energy production through more decentralised systems helping to reach more independency 
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and to reach the objective of 20% (or even 25%) of renewable energy production by 2020, con-
sidering environmental efficient systems and feasibility. 
 
For the situation in France, a quick estimate of sources and potential methane production shows 
the following figures: 
 

 from agro-food industrial streams : 0.5 to 1 Mtep (million tons of oil equivalent) 
 sewage sludge : 0.1 to 0.2 Mtep 
 agricultural wastes : 1 to 5 Mtep 
 crop residues: 0 to 4 Mtep. 

 
Additional Mtep could be consider if energy crops are include in the assessment although such 
development is under debate in Europe.The various estimates show therefore potentials ranging 
from 3 Mtep to 10 Mtep, unless one study arise estimates of 7 to 16 Mtep. Considering a realistic 
target (based on actual knowledge) about 6 Mtep could be produced through AD. 
 
The challenge is therefore mostly environmental and if any energetic challenge it is rather local 
and particularly focus on the agricultural systems (in France the target is to built up to 1000 treat-
ment plants by 2020).  
However, unless the sewage sludges which could be treated alone, the manures do not present a 
methanogenic potential sufficient to be economically effective and needs addition of energetic co-
substrates and then the development of appropriate and efficient collection and “sorting” schemes. 
The proper agronomic management of the digestates produce from the plant should be taken into 
account too. 
 
The research needs on this topic will concern the four levels of the anaerobic digestion scheme: 
 

 to evaluate and make reliable the estimates on the various waste sources streams 
 to optimize methane production through the characterization and the transformation of 

mixed waste and co-substrates 
 to improve the knowledge of microbial communities involved in the hydrolysis steps 
 to develop strategies for enhance better valorisation of biogas 

2. Future processes and solutions  

2.1. Bioethanol production 

Biofuel production from organic wastes is strongly supported by various EU and National legisla-
tions, which gives an aim of 10% of renewable energy consumption within the transport sector by 
2020 while the situation is a 98% dependency of fossil fuel (OPECST, 2008). According to the 
road map for renewable energy sources, about 195 millions tons equivalent petrol (Mtep) of bio-
mass would have to be used in 2020 to reach such goal. The utilization of every kind of biomass 
including biowastes is therefore needed, and the development of new routes is required ( De Wit 
& Faaij, 2010). 
 
Therefore, the production of bioethanol from secondary biomass like municipal wastes should 
attain in the future a, economical and environmental balance much more favourable than agro-
ethanol of fossil fuel (Kalogo et al. 2007). Various companies have already anticipated such in-
crease in demand and have elaborate patents in the USA (Process Masada Oxynol TM and 
Genesyst Internaational Inc. for ethanol production from residual municipal wastes. However the 
processes proposed are designated in a way similar to that used for agroethanol and include 
heavy and costly pre-treatments with the aim of optimizing the ethanol production (vapour explo-
sion, acid/alkaline treatment, high pressure….). Such design seems inappropriate and un-adpated 
to the constraints related to the municipal wastes and require high investments and a long running 
time to obtain a result rather low. The estimated provide by Kalago et al. (2007) show that ethanol 
production from organic matter extracted from municipal wastes should represent only few per-
cents of the biofuel needs in the USA. 
The challenge is therefore to achieve bioethanol production from wastes, within a modified pro-
cess derived from existing anaerobic digestions of solid wastes. Beyond the technological chal-
lenge, the implementation of such step necessitate to solve several unknown mechanisms arounf 
the production of a molecule through complex microbial communities from complex and non ster-
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iles substrates! Indeed the alcoholic fermentation from yeast or from pure bacteria has been in-
tensively studied. Whereas, there is a lack of documentation from alcoholic fermentation linked 
with complex anaerobic microbial communities as that found in municipal wastes. 
Some authors like Ren et al. (1997 and 2007) and Temudo et al. (2007 and 2008) have experi-
mentally demonstrated the possibility of producing ethanol from a mixed culture reactor receiving 
molasses or simple substrates (glucose and glycerol). Experimental conditions abale to allow 
ethanol production from waste have been observed by Bouchez (personal communication). On 
overall all this findings suggest a high potential but also the need to investigate particularly on: 
 

 the definition of most favourable mixed wastes to optimize ethanol production, 
 the optimization of the process parameters favouring ethanol production, 
 the modelling of processes which deserve a new generation of mathematical models in-

cluding thermodynamics parameters  

2.2 Added value molecules 

Unless the agronomic and energetic valorization which is the main routes, several others possibili-
ties for an enhance valorisation of organic matter are being studied including the production of 
molecules of high added value or of economical interest. Such transformation will be encouraged 
in the future due to various reasons: 
 

 The depletion of mineral phosphates resources (mines) which may strongly push to-
wards the recycling of organic phosphates, 

 The reduction of oil activities. More that 7.8% of fossil fuel energy is used within the 
chemical industry (OECD/IEA, 2005). Today, the substitution of fossil fuel by renewable 
energy is only seen from an energetic point of view without considering that the chemi-
cal production of molecules is connected to the  refineries activities (Banhofer et al., 
2008; Brehmer et al., 2009). 

 The need to supply with biodegradable molecules in place of synthetic molecules used 
nowadays in the industry (Moiibroek et al., 2007; Brehmer et al., 2009). 

 
The implementation of such valorization processes require however research efforts which vary 
according to the target substances. 
 
A first research line may focus on the extraction of phosphorus or nitrogen from liquid effluents. 
Work has already been developed in this way from landfill leachates, anaerobic digested liquors or 
animal effluents. The processes involved precipitation stages of phosphorus or struvites, to the 
stripping of ammonia or even to the use of membranes (Renou et al., 2008). Some of such pro-
cesses have been implemented at the lab bench scale, other are at the field scale, but not neces-
sarily with the aim of recycling nutrients.  
A second research line may concern the development of production/extraction of industrial added 
value substances. To fulfil this line a prerequisite is the characterization (lignin content, cellulose, 
carbohydrates, amino-acids etc) from vegetables and wastes used which becomes thereafter a 
source of “renewable chemical compounds”.  
This line is sub-divided into: 
-the development of fermentation processes from wastes allowing the production of target sub-
stances like polyhydroxyalkanoates use to produce biodegradable plastics (Rabetafica et al., 
2006; Du & Yu, 2002; Ujang et al., 2007; Koller et al., 2008) or amino-acids (Mooibroek et al., 
2007).  
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1. Objectives 

European livestock produce about 1,270 million ton manure/year. Manure disposal represents a 
multiple challenge and raises a real need for more appropriate treatment options. Concomitantly, 
manure is also an important resource of nutrients and organic matter and their recycling may sup-
port societal transformation to a circular economy [1].  
Our objective here is to present a vision for what potential policy responses should be to ensure a 
sustainable future manure management.  

2. Methodology 

The analysis focuses on exploring three core areas intricately linked to sustainable future manure 
management: nutrients, energy and environment.  
Each of these issues are reviewed in terms of what policy responses should be with regard to 
manure management and what the trade-offs might be.  
For each of these three areas we will focus on what should be done  
 

 from a scientific perspective;  
 from an acceptability perspective, both market and social; and  
 from a policy and regulatory perspective.  

 

A major basis for the analysis is the conclusions and outcomes from the large EU project ReUse-
Waste (see www.reusewaste.eu), an EU FP7 Marie Curie Initial Training Network which will be 
concluded in 2015, see Fig. 1 for an overview of the project activities.  

 
Figure 1 Overview of the ReUseWaste project 
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3. Results and discussion  

Separation of animal manure or slurry into solid and liquid fractions may improve manure man-
agement as it makes handling more feasible, and enables fractions with a nutrient content in bet-
ter balance with the plant/crop requirements. The solid fraction can serve as a co-substrate in 
biogas plants, and thus offers both an operational and economic advantage over digestion of non-
separated manure alone [2]. Separation technology can be greatly improved, but these technolo-
gies have not been optimised economically or energetically or considering the end use of the 
products i.e. as plant nutrient and energy resources.  
Combustion, gasification or pyrolysis of the solid fraction may enable utilisation of the energy con-
tent of the solid fraction; however, major obstacles exist in optimising thermal treatment processes 
for these relatively wet biomasses, and the fertilising properties of the residual products varies 
greatly.  
Anaerobic digestion and combustion may also result in reduced C input to the soil, but technolo-
gies returning the most recalcitrant components of the manure as bio-based fertiliser could en-
hance soil C sequestration and quality and may reduce environmentally detrimental gas emissions 
from soil [3].  
All these parameters will affect market and societal acceptability of such manure-based fertilisers. 
Technologies and policies to address the manure challenge should also account for (further) po-
tential environmental effects of manure (mis)management.  

4. Conclusion and outlook  
We will present a vision for how to address the dual challenge posed by increased manure pro-
duction.  
We will focus on responses – scientific as well as policy oriented – that can reduce the environ-
mental effect whilst optimizing the potential of manure as a bio-based fertiliser and energy re-
source. 
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1 University of Rostock, Faculty of Agricultural and Environmental Sciences, Justus-von-Liebig-Weg 6, 18059 Rostock, 
Germany 
2 Nuertingen-Geislingen University 
3 Deutsches Biomasseforschungszentrum (DBFZ) 

Johannes.dahlin@uni-rostock.de 

1. Objectives 

The number of biogas plants in Europe has increased significantly in the last decade. In Germany 
alone, almost 8.000 biogas plants were operating in 2014. The input materials (substrates) deter-
mine the nutrient and dry mass content of the fermentation residues. The dry mass content for 
example may vary from 1.5 to 45.7 % [1]. Due to restrictions in the timeframe and maximum 
amount of application, fermentation residues can often not be applied in the vicinity of the biogas 
plant. The situation is especially tense in regions with high nutrient surpluses. Figure 1 illustrates 
the regional nitrogen surpluses in German districts and reveals several hotspots. 
 

 
Figure 1:  Nitrogen surplus regions in Germany - own figure based on data provided by [2] 

 
Fermentation residues that cannot be applied as an organic fertilizer in the vicinity of the plant 
have to be marketed to other customers. There are two main approaches to cope with this issue: 
 
 Market the products into regions with a nutrient demand 

 Market the products into the non-agricultural sector 
 
Upgrading technologies facilitate these approaches. There are several treatment options and 
technologies available. They range from the separation of the solid and the liquid phase of fer-
mented residues to highly refined processes such as evaporation technologies. Due to a volume 
reduction and a value increase per cubic meter, the ratio of product value to transportation cost is 
increased and this facilitates the export of the final products to regions with a nutrient demand [3]. 
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On the other hand the creation of novel products (e.g. pellets) also enables entry into new markets 
in the non-agricultural sector. The aim of this study was to investigate different approaches of 
current marketers. Supporting and inhibiting factors as well as different customer groups were 
analyzed from the providers` perspective. The valuable insights will be a helpful source for all 
actors who aim at marketing the fermentation residues of their biogas plant. 

2. Methodology 

Especially within new fields of research, such as the marketing of fermentation residues, an ex-
ploratory approach is a suitable starting point within qualitative research. An extensive literature 
review was conducted beforehand. Afterwards a semi-structured interview guide was designed 
that would enable the interviewees to respond to the questions very openly. We then conducted 
an internet search for marketers of biogas fermentation residues and contacted them by phone or 
e-mail. A total of 18 interviewees, familiar with the marketing of these products, agreed to be 
available for a face-to-face interview. The interviews were conducted in the second half of 2014 
and took place in four different countries (Germany, Austria, Switzerland and the Netherlands). 
They were all recorded on tape and afterwards transcribed. The transcribed interviews then un-
derwent a qualitative content analysis. We used the software MAXQDA to code and extract the 
most relevant information from the interviews.  

3. Results and discussion 

The results of the interviews are summarized in the following paragraphs and represent the view-
points of the interviewees. 

3.1 Market participants and motives 

We have identified several actors that market the fermentation residues of biogas plants. These 
actors can be assigned to the following categories: 
 

 Operators of biogas plants 

 Agricultural contractors 

 Potting soil and organic fertilizers manufacturers 

 Others, such as nutrient exchange brokers 
 
The motivation for marketing biogas fermentation residue based products is very diverse and 
mainly depends on the regional agricultural structure and the plant operators` background. Main 
drivers are: 
 

 Regions with a nutrient surplus 

 No application sites on the biogas operators` side (operators that do not operate any other 
agricultural businesses than the biogas plant) 

 Legal incentives (heat incentive bonus under the German law) 

 Legal restrictions (Biowaste Ordinance under the German law) 

 Potential additional revenues 

3.2 Target Groups and area of application 

Fermentation residues are very heterogeneous and depending on their properties, suitable for 
different applications e.g. as a compost or organic fertilizer. Main target groups are farmers, land-
scaping companies and private gardeners. They use the products as a soil fertilizer and value 
their humus enhancing properties. In a few cases, the residues were stated to be used as a solid 
fuel. A very important but often resource intensive (time and money) aspect of reaching new cus-
tomers is marketing. A lot of effort has to be put upfront into the promotion of a product. Thereby 
considering the customer demands is important in order to create a market-compliant and sought 
after product. In order to evaluate the different approaches we have applied the marketing-mix 
and looked at the product, price, place and promotion of biogas fermentation residues. 

Product: Depending on the input materials and treatment method applied, there are different 
varieties available. For example raw fermentation residues, liquid ammonium sulfate, concentrate, 
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granulate, pellets and beads among others. Dried products such as pellets can either solely origi-
nate from fermentation residues or mixed with other raw materials to reach the desired properties 
and nutrient contents. Dried fermentation residues may just be one ingredient among others in the 
recipe. Bulk weights of up to 600 kg per cubic meter can be reached by pellets and are favorable 
for transportation. In many cases, a consistent quality and uniformity is vital for products to be 
integrated with the existing technology, for example when applied through a fertilizer spreader by 
farmers. Products, descending from kitchen waste sometimes contain contaminants such as plas-
tics, which is perceived by many customers as unfavorable.  
Price: Prices for untreated fermentation residues range from 5 €/t to -15 €/t from the biogas plant. 
Untreated products, already applied on the field by agricultural contractors, reached prices of 60 
% of the fertilizing value in spring and 40 % in autumn in an arable region. Upgraded products, 
such as pellets, achieve prices of up to 200 €/t from bulk buyers. Private gardeners are willing to 
pay up to λ €/Liter for a garden fertilizer. The prices in the private garden sector seem to be very 
attractive. Nevertheless the increased marketing expenditure and margins of over 50% on the 
retailers` side have to be considered. The nutrient value of a product is often not reflected in the 
price – in fact, the high nutrient value is often unfavorable in nutrient surplus regions. Other factors 
that determine the price were stated to be season, input materials, agricultural structure and 
transportation cost. 
Place: The distribution channels are very diverse and range from farm shops and internet sales to 
agricultural traders, fertilizer manufacturers and garden centers. The quantities sold through these 
distribution channels range from several hundred buckets of dried products (approximately 1 ton) 
to more than 200.000 tons of raw fermentation residues per year. 
Promotion: The products where commonly being promoted through websites. Other promotion 
activities include workshops on the use of compost, field days for farmers and visitor days. Some 
marketers even offer the service of delivering composts to garden owners. Other activities include 
brochures, giveaways and sponsorships.  

3.3 Customer perception 

Farmers: From our respondents’ perspective, many farmers using biogas fermentation residues 
value their fertilizing and soil enhancing properties. Farmers are in general very satisfied with the 
products. Especially organic farmers value the properties of the fermentation residues due to the 
waiving of mineral-based fertilizers. Products stemming from municipal and kitchen waste often 
received critical feedback. Unsatisfied customers were assigned to application errors by the inter-
viewees. 
Private gardeners and horticultural businesses: Most customers were stated to be very satis-
fied with products stemming from the biogas fermentation process. However many customers 
were not aware of using a biogas-based product. Due to the often negative perception of biogas in 
general, the origin of the product is often concealed by marketers. On the other hand private cus-
tomers are often in favor of organic, regional and renewable products. A strong smell or dust-like 
quality was often perceived as negative. Other customers were stated to be just looking at the 
price tag. For most private customers, potting soil is just a brownish material therefore packaging 
is of high importance when targeting private customers. 

3.4 Marketing barriers 

We have observed several barriers that inhibit the marketing success of biogas fermentation resi-
dues. These are outlined below from the viewpoint of the interviewees: 

Biogas plant operators: Most plant operators solely focus on the energy production and neglect 
the management of their fermentation residues. This can partly be ascribed to the fact that opera-
tors with smaller plants or with an agricultural background have usually a second pillar such as 
crop cultivation or animal husbandry and therefore limited time resources. The fixed costs for mar-
keting expenditures are relatively high for smaller companies and on the other hand it is difficult for 
them to compete with large structures and companies. The disposal costs for unprocessed fer-
mentation residues seem manageable and prevent many plant operators from pursuing further 
product enhancement and marketing approaches. The further processing of the fermented resi-
dues would implicate further financial investments into new technologies and an increased ex-
penditure of time. 
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Manufacturers: Abundant amounts of homogeneous products are required by soil and organic 
fertilizer manufacturers. Fermentation residues from different input materials and varying plant 
sizes can only partially fulfill these requirements. Alternative substrates were stated to be more 
convenient to use for soil and organic fertilizer producers. In the case of peat for example, higher 
quantities with consistent and approved properties are available. Large-scale harvest is possible 
and economically supposed to be more profitable. 
Garden centers: A wide product range is from a technical point of view not essential. However it 
is required by many retailers, garden centers and private customers. Product diversity as well as 
an established brand is valued by private customers. Therefore new brands often have a difficult 
time competing with established brands. Too many small suppliers are more time consuming for 
retailers and an impediment to get listed at corporations. Big corporations mostly prefer to collabo-
rate with large suppliers. 

3.5 Possible success factors from the providers` perspective 

Biogas plants are very heterogeneous concerning the technology, size and the input materials 
used. It’s therefore difficult to make general suggestions on success factors. However, the follow-
ing aspects can be recommended. A specialization is always advisable, especially for smaller 
operators. When creating and marketing a novel product, they should focus on their core compe-
tence and if required, get assistance from external contractors. Cooperating with other partners is 
therefore advisable e.g. bulk buyers could take care of the product marketing. Another possibility 
mentioned was the merger of several biogas plants. This would enable a united effort, increase 
the product quantities and reduce the risk and time consumption for each member. A franchise 
model, which is already established in the composting sector, could also be implemented in the 
biogas sector. This approach would increase the awareness of the products and simplify the 
startup time. 

4. Conclusion and outlook 

The rapid expansion of the biogas sector, especially in Germany, is the result of strong subsidiza-
tion. This development might have led to an increase of disposal problems for nutrients in some 
regions. Manure disposal prices from bordering Netherland were stated to be reaching prices of 
over 20 €/t in Northwest Germany. Biogas fermentation residues, commonly descending from a 
highly subsidized sector, now have to enter a free market. Although a great uptake of fermentation 
residues could be observed, there are still many well established alternatives for farmers that 
these products have to compete with. On the other hand the new fertilizer ordinance for Germany 
is under revision. Increased limitations on the use of biogas fermentation residues are expected. 
An important task for the biogas sector is first, to continue enhancing the treatment technologies 
and reducing the costs for the valorization of the fermentation residues and second, to create a 
market for the final products in the agricultural sector and beyond. This issue could be seen as an 
interesting business opportunity, especially for manufacturers of upgrading technologies or organ-
ic fertilizers. 
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Objectives 

Biogas production is a source of renewable energy and aims at reducing greenhouse gas emis-
sions. Substrates for digestion often originate from agriculture and digestates are used as fertiliz-
ers. Therefore emissions from agriculture are affected by biogas production.  
The IPCC (2006) guidelines for GHG inventories require to consider anaerobic digestion as meth-
od of manure treatment. For the German emission inventories a method was developed and im-
plemented also considering the digestion of energy crops, as they have a great share in German 
biogas production and considerably affect the amount and properties of digestates. This method-
ology was used to calculate the emissions of GHG and NH3 for the year 2013. 

Methodology 

Emissions are calculated along the chain of biogas production and digestate utilization. For me-
thane the method described in IPCC (2006) was used as a basis. Due to errors in considering 
volatile solid contents it needed to be adapted. Also parameters needed to be chosen, that are 
available or can be deduced from research results.  
For N2O and NH3 emissions no guidebook methodology is given. Therefore a methodology was 
developed to calculate emissions especially from pre- and post-digestion storage and the applica-
tion of digestates. The methodology follows the calculation procedures for manure storage and 
application. Changes in NH4

+ content during digestion are accounted for. 
A procedure for the acquisition of activity data was also set up. It is based on the register of the 
transmission network operators and allows to identify each of the more than 8800 biogas plants. 
Data on substrate input and the distribution of gastight storage of digestates were available for a 
subset of biogas plants. By assuming analogy of substrate input for biogas plants of similar size 
and regional setting, overall input of the different substrates for biogas production was deduced. 

Results 

Integrating anaerobic digestion into the inventory calculations decreases emissions from manure 
management. Annual CH4 emissions are reduced by 36.2 Gg (12.5%), N2O by 0.43 Gg (4.3%) 
and NH3 by 21.4 Gg. Emission reductions of all gases are mainly due to reduced emissions from 
storage of manures as a great share of digestate storages in Germany are gas tight.  
If the method is also applied to the digestion of energy crops, additional emissions need to be 
accounted for. For German conditions, with a great amount of energy crops being used, these are 
44.6 Gg for CH4, 5.5 Gg for N2O and 50.9 Gg for NH3. This is mainly due to emissions from diges-
tate storage (for CH4) and the spreading of digestates (for NH3). Additional N2O emissions are 
mainly being derived from the N-input with digestates into soils. 

Conclusion  

The method of calculation allows to monitor the effect of changes in substrate use as well as di-
gestion and digestate management on the emissions. 
Assumptions on duration of pre-storage of manures and parameters of digestion still need to be 
verified. Resarch on leakages from biogas plants and emissions from digestate spreading is nec-
essary. In order to acquire activity data on substrate input as well as storage and spreading tech-
niques for digestates, surveys need to be adapted and improved to meet future needs. 
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1. Objectives 

In the light of current environmental challenges a global switch for the production of high value 
products from biomass is highly demanded. Thus different concepts have been developed for the 
utilization of plant biomass based on starch or lignocellulose. Recently, degradation of marine 
biomass became more attractive. Especially macroalgae represent a promising alternative feed-
stock due to their lack of lignin, their abundance in nature and high content of carbohydrates [1-3]. 
Certainly their hydrolysis is a challenging task that requires efficient enzymes for the bioconver-
sion of this highly complex substrate. 

2. Methodology 

For the identification of marine biomass-degrading enzymes both a sequence-based and an activi-
ty-based screening approach were applied. Metagenomic data sets were screened by the se-
quence-based approach using database comparison of annotated proteins. Moreover, enzyme 
activities were directly revealed in our activity-based approach by using azurine cross-linked 
(AZCL) polysaccharides. Promising candidates were produced heterologously in Escherichia coli. 
The recombinant proteins were purified to homogeneity by affinity and size-exclusion chromatog-
raphy. Biochemical properties of the promising biocatalysts were determined. A photometric assay 
was applied for a quantitative determination of specific alginate lyase activities. For qualitative 
analysis we used cetylpyridinium agar plates. Characterizations of laminarinases were performed 
by DNS as well as BCA assay by determination of total amount of reducing sugars after enzymatic 
degradation of the preferred substrate. Furthermore, the performance of the enzymes regarding 
macroalgae hydrolysis was determined by HPLC. 

3. Results and discussion 

3.1 Identification of novel marine biomass-degrading enzymes 

We report on the identification of various macroalgae-degrading enzymes by sequence-based 
screening approaches of metagenomic datasets from extreme environments with temperatures 
regarding from 4 ° to 80 ° C. Furthermore, we present biochemical characteristics of some of 
these promising biocatalysts that were heterologously produced in Escherichia coli. 

3.1.1 Alginate lyases  

One promising group of enzymes we identify during sequence-based screening approaches is 
alginate lyase that degrades the polysaccharide alginate by a ß-elimination reaction. Alginate is 
highly abundant in various species of brown algae and therefore represents a promising biore-
source. For the identification of active alginate lyases alginate plates with the cationic surfactant 
cetylpyridinium chloride was used. Clear halos were observed indicating alginate lyase activity 
(Figure 1). 
 
Following this screening approach on alginate plates and cetylpyridinium chloride we successfully 
identified several alginate lyases (Figure 1). Using this approach both thermophilic as well as psy-
chrophilic microorganisms were identified. For a deeper look into the biochemical properties of 
these enzymes their activities were quantified by photometric measurements at A235. Various pa-
rameters such as temperatures and pH values were tested. Furthermore, we determined the sta-
bility of these enzymes in presence of elevated temperatures, extreme pH values and detergents. 
For further characterization the enzymes were purified to homogeneity by affinity chromatography 
as well as size exclusion chromatography. The purification procedure is shown in Figure 2. 
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Figure 1: Screening approach for alginate lyase activity. For the detection of specific alginate lyase crude extract was used, 

that was obtained after cell lysis by French Pressure cell treatment or sonification. Incubation was performed for 
2-3 hours at 37 °C on alginate plate (0.2 % (w/v)). Afterwards the plates were flooded with 10 % cetylpyridinium 
chloride to detect areas, where alginate was degraded enzymatically. 
 

 
 

Figure 2: Purification of cold-active alginate lyase. For this SDS PAGE samples were taken prior induction (0 h), 20 hours 
after induction (20 h), from the pellet fraction, the soluble crude extract (RE) as well as pooled elution fractions 
from affinity chromatography (Ni2+) and gel filtration (GF). The band of the corresponding fusion enzyme appears 
approximately at the predicted molecular weight of 39,14 kDa. To visualize the separated proteins the poly-
acrylamide gel was dyed with Coomassie blue and silver staining agent. 

 
The most efficient purification step was performed by Ni2+ affinity chromatography and size exclu-
sion chromatography by gel filtration. The molecular mass of the enzymes was 39.14 kDa. 

 

 
Figure 3: Temperature optimum of alginate lyase. Activity was measured photometrically at A235. The temperature range for 

activity was between 5 °C and 40 °C. Reaction parameter are 0.0125 % (w/v) alginate from Macrocystis pyrifera, 
20 mM Britton-Robinson buffer, pH 7 and 0.2064 U. 
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Figure 4:  pH optimum of alginate lyase. Activity was measured photometrically at A235. The pH range for activity was 
between pH 6 and pH 9. Reaction parameter are 0.0125 % (w/v) alginate from Macrocystis pyrifera, 20 mM Brit-
ton-Robinson buffer, 10 °C and 0.2064 U. 

 
 
 
As shown in Figure 3 the enzyme was highly active at 5 °C (>80 %) with an optimum at 10 °C. 
The optimal pH-value was pH 7.0 (Figure 4). 

3.1.2 Laminarinases 

Accordingly to the previously described alginate lyase we characterized a series of other promis-
ing enzymes capable of macroalgae degradation. Thus we also focused our efforts on identifying 
novel laminarinases. They belong to the enzyme class of endo-1,3(4)-β-glucanase (EC 3.2.1.6) 
and play an important role in the bioconversion of brown algae that contain high level of laminarin. 
The screening approach to identify novel laminarinases was accomplished by using AZCL poly-
saccharides. The preferred substrate used was pachyman, a 1,3-β-D-glucan. A representative 
screening plate with AZCL pachyman is shown in Figure 5. Due to laminarinase activity a blue 
halo appears around the corresponding enzyme. 
 

 
 

Figure 5: Screening approach for laminarinase activity on azurine cross-linked pachyman. For the detection of specific 
laminarinase activity crude extract was used, that was obtained after cell lysis by French Pressure cell treatment. 
Incubation was performed for 2 hours at 70 °C. Blue halos represent laminarinase activity. 

 
 
 
Following this approach, we identified a series of putative laminarinases that were further exam-
ined regarding their specific biochemical properties. The corresponding enzymes were successful-
ly purified to homogeneity by affinity and size exclusion chromatography. One of the purified lami-
narinase is heat-active and shows optimal activity at 80 °C with a high thermostability and a broad 
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pH range (pH 5 – pH 8). These properties in combination with good performance on a degradation 
of the brown algae Laminaria digitata makes this enzyme a promising candidate for industrial ap-
plications at elevated temperatures. 

4. Conclusion and outlook 

We present results of the project LIPOMAR, "lipids and surface active molecules from marine 
biomass", that was established by a consortium of academic and industrial partners. Especially, 
the enzymatic bioconversion of beach-stranded macroalgae e.g. brown algae or seaweed is in 
focus. Various macroalgae-degrading enzymes, e.g. alginate lyases and laminarinases were iden-
tified by sequence-based or activity-based screening approaches of metagenomic datasets from 
extreme environments (4 – 80 °C, pH 3 – 10). Furthermore, we present biochemical characteris-
tics of some of these biocatalysts that were heterologously produced in Escherichia coli. In more 
detail we describe the first cold-active alginate lyase with optimal activity at 10 °C and heat-active 
laminarinases that show optimal activity at elevated temperatures (>80 °C). The significance of 
these results on the bioconversion of macroalgae on industrial scale will be presented. 
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1. Objectives 

Nitrogen (N) neutrality [1] is a new tool to increase awareness on environmental impacts related to 
the losses of reactive nitrogen (Nr) and the responsibility of an individual person or other entities. It 
includes measures to reduce and also to compensate losses of reactive nitrogen, in contrast to 
other available N footprint tools [2]. The objective of this paper is to assess the implementation of 
the N neutrality approach at the RAMIRAN2015 and compare it with the implementation of previ-
ous conferences (N2013 conference and 18th N workshop).  
The current paper focuses on the quantification of the footprint factors of the food that will be of-
fered at the RAMIRAN2015 conference. We quantified Nr footprint, C footprint, as well as the land 
use requirements of the meals. Other aspects of the N-neutrality concept are still in preparation 
and will be presented at the conference. 

2. Methodology 

To calculate achievements towards N neutrality for the conferences, three steps were carried out:  
 Quantification of the N footprint of the food supplied at the conferences. For Europe, ge-

neric (food production) N footprint factors are available in [3]. We quantified a range of 
possible meals for which recipes were available, out of which a number of meals offered 
at the conference were selected;  

 Choosing a project which may have a negative N footprint or where an additional reduc-
tion of the N footprint can be achieved;  

 Linking the N footprint of the conference and the project via the financial support that is 
collected at the conference as a voluntary compensation fee and evaluating the achieve-
ments towards N neutrality.  

 
For the quantification of the N footprint the following information was collected: 

 Lunch meals will be provided by the cafeteria of TUHH. In cooperation with the responsi-
ble staff of the cafeteria, information on possible meals were collected for 28 lunch op-
tions [4], including a list of ingredients and their quantities used in each of the meals for 
the preparation of 100 portions. Thirteen options were offered for lunch of a previous 3-
day conference. The meals from Tuesday and Wednesday, the same days RAMI-
RAN2015 is taking place, were used as baseline scenario. In addition, a number of 
‘Klimateller’ meals were assessed which are usually served on Wednesdays. Furthermore 
the menu from the gala dinner and the coffee breaks was studied, but not considered 
here.  

 The ingredients were grouped into about 200 ingredient types which were mapped with 
144 foods available in the USDA National Nutrient Database [5]. The nutrient database 
served to quantify the amount of energy, proteins in the ingredients, as well as information 
on water content, density (to convert volumetric data into the unit of mass), and default 
values for the share of product refused (to convert amounts of ingredients to quantities 
supplied). 

 The ingredients were further ‘mapped’ to one of 40 primary food groups (i.e. wheat in-
stead of bread) that have been defined for the ‘JRC Food Challenge Tool’ [6] and for 
which default footprint factors (Nitrogen footprint, carbon footprint, and land use) were 
available. Most of the footprints factors were taken from the CAPRI data base [3,7], for 
other food groups (i.e. wild fish and fish from aquaculture, mushrooms, mussels, shrimps, 
yeast) new factors were developed [6] (See Table 1). A few ingredients used were ‘ready-
made’ and default recipes were used to link those ingredients to the list of food groups 

mailto:adrian.leip@jrc.ec.europa.eu
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(pesto, ketchup, gnocchi and salad dressing) or obtained from the TUHH canteen. For the 
link between ingredient types and food groups, conversion factors were defined  [6]. 

Table 1: Footprint factors used to quantify the impact of RAMIRAN menus with regard to emissions of reactive nitrogen 
(Nr), greenhouse gases (CO2) and land. 

 Food Nr CO2 Land Source Comment 
 group [kg N/kg] [kg CO2eq/kg] [m2/kg]   

Vegetable products      
35 SWHE 0.0112 1.2 2.7 [3,7] Soft wheat 
12 BARL 0.0087 1.2 2.9 [3,7] Barley 
40 MAIZ 0.0087 0.9 1.7 [3,7] Maize 
24 PARI 0.0200 2.1 2.3 [3,7] Rice 
18 OCER 0.0165 2.2 7.4 [3,7] Other cereals 
26 POTA 0.0024 0.2 0.5 [3,7] Potatoes 
28 PULS 0.0082 2.4 7.6 [3,7] Pulses 
31 SOYA 0.0103 2.0 5.9 [3,7] Soya 
29 RAPE 0.0058 1.1 2.6 [3,7] Rape seed 
34 SUNF 0.0223 2.5 6.8 [3,7] Sunflower 
38 TOMA 0.0012 0.1 0.2 [3,7] Tomatoes 
23 OVEG 0.0018 0.3 0.5 [3,7] Other vegetables 
11 APPL 0.0010 0.3 0.9 [3,7] Apples 
14 CITR 0.0032 1.0 2.0 [3,7] Citrus fruits 
36 TABO 0.0193 6.1 11.0 [3,7] Table olives 
37 TAGR 0.0018 0.4 0.9 [3,7] Table grapes 
20 OFRU 0.0012 0.7 1.4 [3,7] Other fruits 
21 OLIV 0.0097 1.4 3.9 [3,7] Olive oil 
22 OOIL 0.0058 1.1 2.6 [3,7] Other vegetable oils 
19 OCRO 0.0165 2.2 7.4 [3,7] Other crops 

Animal products 
13 BEEF 0.2954 26.4 41.9 [3,7] Beef 
25 PORK 0.0594 9.1 8.2 [3,7] Pork 
27 POUM 0.0468 6.3 7.6 [3,7] Poultry meat 
30 SGMT 0.2300 25.3 37.5 [3,7] Sheep and goats meat 
15 COMI 0.0137 1.9 3.8 [3,7] Cow milk 
16 EGGS 0.0310 3.6 5.3 [3,7] Eggs 
3 LFIA 0.0070 2.2 2.0 [6] Fish - aquaculture 
4 LFIW 0.0029 2.1 0.0 [6] Fish - inland water 
8 SFIW 0.0005 0.3 0.0 [6] Fish - wild fang 
6 MUSH 0.0057 3.4 0.0 [6] Mushrooms 
7 MUSS 0.0001 0.1 0.0 [6] Mussels 
9 SHRI 0.0083 3.6 1.3 [6] Shrimps 

Other 
32 STAR 0.0066 1.4 1.5 [3,7] Starch 
33 SUGA 0.0060 1.3 1.3 [3,7] Sugar beet 

17 MOLA 0.0066 1.4 1.5 [3,7] 
Molasse (ingredient for 

yeast) 
39 TWIN 0.0025 0.8 2.2 [3,7] Table wine 
10 SODA 0 0 0 [6] Soda 
2 ESSI 0 0 0 [6] Vinegar 

41 HONE 0 0 0 [6] Honey 
42 SALT 0 0 0 [6] Salt 

3. Results and discussion 

The results for all menus are given in Table 2. Overall, there is a large range in energy intake (190 
to 1680 kcal per portion) and protein intake (4 to 75 g proteins per portion). Accordingly, also the 
footprints cover a large range with 0.9-25 g Nr releases; 0.1 to 3.2 kg CO2 equivalents emitted or 
0.2 to 4 m2 of land occupied for one year. This is explained by the fact that some of the dishes are 
not ‘designed’ to be full meals, but rather light (soups) or dessert meals which can be taken alone 
or in combination with other choices.   
 
According to the data, meals included in the 2014 baseline menu (BIO) and meals identified as 
‘climate friendly’ (KLI) are not significantly different with respect to nutrition value (BIO energy 670 
± 390; KLI energy 820 ± 400; BIO protein 26 ± 19; KLI protein 32 ± 19) and footprints (BIO Nr 6 ± 
3.9; KLI Nr 6.8 ± 6.8; BIO GHG 0.8 ± 0.5; KLI GHG 1.0 ± 0.9) with higher average footprints and 
nutrition values for KLI than for BIO, however also with larger variance. The highest emissions of 
Nr in relation to the protein delivered is for the meal ‘Cheese and leek soup with beef’ (with 4 times 
as much Nr emissions compared to N intake with proteins) and the menu with the highest nitrogen 
efficiency is ‘Gnocchi pan with soy strips’ (less than one fifth of N emitted as Nr as compared to N 
intake with proteins). The same meals score also best with regard to greenhouse gas emissions, 
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as compared to energy intake (KLIGPS (#22)  0.19 g CO2-equivalent/kcal; BIOCLS (#5) 4.2 g 
CO2-equivalent/kcal). 
 
Table 2: Nutrient data and footprint values for the menus proposed by the TUHH cafeteria. All data calculated per portion 
served. qty: quantity in kg; Nr: losses of Nr in g; GHG: emissions of greenhouse gases in kg CO2-equivalents; land: land 
use required in m2/yr; water: average weighted water content of the ingredients in percent; energy: energy content of menu 
in kcal; protein: protein content in g. 

ID menuName 
Acro-
nym$ qty Nr 

GH
G 

Lan
d 

Wa-
ter 

En-
erg 

Pro
t 

1 Apple fritters with vanilla sauce BIOAFV 
0.2
6 2.6 0.39 0.76 0.17 462 6 

2 Cabbage rolls with cumin sauce BIOCRC 
0.6
0 4.0 0.57 0.73 0.39 577 13 

3 Pollock with broccoli filling BIOPBF 
0.4
1 2.9 0.39 0.52 0.28 533 43 

4 Penne pasta with oyster mushrooms BIOPPO 
0.6
6 6.3 1.11 2.20 0.40 1259 23 

5 Cheese and leek soup with beef BIOCLSb 
0.4
6 

14.
1 1.37 2.31 0.32 330 20 

6* Tortellini with mince beef BIOTMBb 
0.2
3 4.7 0.45 0.78 0.14 401 11 

7* Escalope chasseur breaded pork BIOECBb 
0.6
5 

11.
3 1.86 1.71 0.39 809 33 

8* Cauliflower cheese patty BIOCCPb 
0.7
3 3.3 0.43 0.82 0.45 636 13 

9* Pollock filet natural fried BIOPFNb 
0.8
1 2.4 0.37 0.63 0.54 701 47 

10* Chicken soup with vegetables BIOCSVc 
0.5
1 4.6 0.64 0.90 0.40 191 11 

11* Chicken Tandoori with ginger carrots BIOCTGc 
0.5
5 

10.
6 1.39 1.93 0.30 711 30 

12 Soy ragout with peppers and mushrooms BIOSRPc 
0.4
5 2.4 0.45 0.66 0.30 489 20 

13 Turkey steak fried with broccoli, gnocchi BIOTSFc 
1.0
0 8.9 1.18 1.58 0.47 1621 75 

14* Carrot soup with chervil KLICSC 
0.5
9 0.9 0.11 0.21 0.46 253 4 

15 Fish cakes tartar sauce chives potatoes KLIFCT 
0.6
5 2.4 0.84 0.43 0.47 619 58 

16 
Chicken strips al'arrabiata green tagliatel-

le KLICSA 
0.4
8 7.2 0.94 1.31 0.25 714 28 

17* Asian vegetable stir-fry with tofu rice KLIAVS 
0.4
8 1.8 0.24 0.52 0.30 638 25 

18* Filet of duck breast cream sauce carrots KLIFDB 
0.7
0 

13.
5 1.76 2.70 0.32 1676 46 

19 Apple fritters vanilla sauce KLIAFV 
0.2
6 2.6 0.39 0.76 0.17 462 6 

20* Caribbean lentil curry rice KLICLC 
0.6
0 3.1 0.51 1.14 0.32 964 40 

21 Chicken leg pommes frites tomato salad KLICLP 
0.8
4 

13.
1 1.75 2.29 0.44 1229 32 

22 Gnocchi pan with soy strips and Pak Choi KLIGPS 
1.0
9 1.9 0.27 0.58 0.67 1380 60 

23 Turkey gyros rice vegetable salad yogurt KLITGR 
0.7
3 

13.
1 1.74 2.44 0.43 1022 45 

24 Warm apple strudel vanilla sauce KLIWAS 
0.2
2 1.9 0.28 0.55 0.13 391 6 

25 Penne pasta with mushrooms tomatoes KLIPPM 
0.4
6 2.3 0.64 0.37 0.31 482 21 

26 Onion chicken Risi Bisi KLIOCR 
0.4
1 

10.
8 1.44 2.09 0.19 543 24 

27 Vegetable stir fry with chickpeas KLIVSF 
0.6
3 3.2 0.47 1.29 0.38 961 31 

28 Half a chicken BBQ sauce french fries KLIHCB 
1.0
9 

24.
3 3.24 3.98 0.52 1000 58 

*Meals selected for the RAMIRAN2015 conference based on the N footprint evaluation and culinary issues; $
Meals includ-

ed in the BIOCAT 2014 baseline menu are identified by an acronym starting with BIO. Meals included in the Klimateller 
baseline menu are identified by an acronym starting with KLI. b) meals from the BIOCAT conference on Tuesday; c) BIO-
CAT meals served on Wedneday were at the same time ‘Klimateller’; b+c) represents the baseline as, being the same days 
as the RAMIRAN conference. 
 

Based on this data, culinary aspects and other criteria, the following selection was made for 
RAMIRAN2015: BIOTMB, BIOECB, BIOCCP, BIOPFN, BIOCSV, BIOCTG, KLICSCC, KLIAVS, 
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KLIFDB, KLICLC (marked with a * in Table 2), with an average impact of 6.3 g Nr and 0.75 kg 
CO2-equivalent per portion, an energy intake of 720 kcal and a protein intake of 26 g protein per 
portion. For the estimated 250 participants, total losses of Nr of about 1.5 kg Nr and GHG emis-
sions of about 190 kg CO2-equivalents will be caused by the lunches served at the conference 
requiring about 290 m2 of land to produce the food. 
Generally, the footprints of the meals proposed are in the low range. For example, at the N2013 
conference (Kampala, December 2013), the average losses of Nr for a lunch was 29 g Nr, mainly 
due to high shares of meat (15% by weight) and about 50% larger quantities provided [1]. The N 
footprint per meal estimated for the 18th Nitrogen Workshop (Lisbon, July 2014) was 17 g N, with 
emissions of reactive nitrogen of about 9 g Nr (unpublished). Note that the N footprint includes 
also N losses as N2 (inert molecular nitrogen) which is not accounted for the total losses of Nr. On 
the other hand, losses related to energy use in farming are included in the total losses of Nr, but 
not in the N footprint. 
 
Likewise, Nr emissions from food production of the meals included in the JRC Food Challenge 
average 32 g Nr per meal of 900 kcal and total GHG emissions were 4.0 kg CO2-equivalent per 
portion of 900 kcal [6].  
 
Compared to the ‘baseline’ situation of meals offered by the TUHH canteen to the BIOCAT con-
ference on the same work days, the selection for the RAMIRAN conference has 9% smaller Nr 
footprint and land use requirements and 17% smaller C-footprint. Protein intake is also smaller by 
9% but with 26 g per portion about half the recommended daily intake, and thus suitable for a 
meal consumed at lunch. 

4. Conclusion and outlook 

We quantified so far the possible environmental impact of RAMIRAN2015 meals with regard to 
losses of Nr, greenhouse gas emissions, and land use. The data will be improved during the con-
ference by taking into consideration ‘real’ data measured during the conference including the 
whereabouts of the residues. Participants of the conference were asked to contribute 30 € per 
participant in order to compensate the nitrogen losses for a project which helps reducing the N-
footprint of food production. The project chosen for support is an ongoing Urban gardening project 
in Indonesia, especially in densely populated kampong areas in Jakarta. Next steps for achieving 
N-neutrality are the quantification of the overall reduction of N-losses that can be achieved with 
the voluntary compensation contributions. 
 
The N neutrality approach has proven to be an efficient tool for increasing the sustainability of a 
conference. However, even though the concept and general methodology is well developed, the 
complexity of the food chain and N interactions in the environment leaves many options for its 
implementation. RAMIRAN2015 is an important milestone to formulate standards and improve 
future implementations. 
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1. Background and objectives 

Manure and other organic fertilisers are a crucial aspect of the interactions between agriculture 
and the environment. On the one hand, the local recycling of manure saves non-renewable re-
sources (mineral fertilisers) and reduces nutrient flows, on the other hand, manure is also a major 
source of emissions and other impacts on the environment. Especially in grassland areas, where 
livestock production is the major or only branch of agricultural production, manure recycling and 
good manure management practice is essential to limit the environmental impact of agriculture. To 
assess the importance, the potential benefits and impacts, as well as, generally, the strengths and 
weaknesses of the use of manure and other organic fertilisers in agriculture, a holistic view at the 
farm, regional and national level is important. This requires information on the structure of agricul-
ture, the total flows of plant nutrients and organic substance, common management practice, the 
relevant policy and economic framework etc. In most countries no compiled source of such infor-
mation is available. To bridge this gap, the idea of compiling "Country manure management pro-
files" (CMMP) in a more or less standardized form was discussed at the RAMIRAN conference in 
2013.  
RAMIRAN uses the instrument of "task groups" to compile transnational information and to make 
optimal use of the unique potential of the expertise of its wide membership. Using Switzerland as 
an example, this contribution is meant to illustrate the potential content and structure of such a 
CMMP as a basis for discussion in a task group how and how far a common template should be 
established for the CMMPs. As a full CMMP would certainly surpass the scope of this contribution, 
information on the Swiss situation will only be given "in a nutshell". A full CMMP will be available 
at the RAMIRAN conference and www.ramiran.net. 

2. Methodology 

This section should briefly summarize how the information on the current management practice, 
the relevant framework conditions (policy, structural conditions etc.), recommendations and man-
agement aids was compiled, analyzed and interpreted. For the Swiss profile the information is 
mainly based on the results of representative surveys on farm management technique (most re-
cent for 2010, approx.. 3000 farms; Kupper et al. 2015), on the national nutrient balance, on the 
official "guidelines on fertilization of arable crops and grassland" and legislative requirements. 

3. Manure management in Switzerland 

3.1 Role of manure in fertilization 

This section should give a general overview of the contribution of manure (and other organic resi-
dues) in the nutrient flows of agriculture. 
Livestock manure is by far the most important fertiliser in Swiss agriculture. In 2010, the average 
amount of nutrients used per hectare of utilized agricultural area (UAA; excluding alpine pastures) 
was 179 kg N (total N), 26 kg P and 165 kg K (data from Spiess 2011, supplemented). Manure 
(livestock excreta with no account of losses) contributed 70% of N, 80% of P and 85% of K and 
other organic fertilisers 1.6% of N, 3.7% of P and 1.2% of K. If we assume that for N only 50% of 
the excretion is plant available (rest: losses from housing/storage/spreading plus share of spread 
N that is not plant available), manure still accounted for more than half of N fertilization.  
The importance of manure is also evident if we look at the total nutrient cycle. According to Spiess 
(2011, supplemented), who calculated a farm-gate balance for total Swiss agriculture according to 
the OSPAR methodology, the internal nutrient flow is far greater than the flow in external inputs. 
For 2010 inputs of N/P/K, respectively, were 51/4/22 kg ha-1 in mineral fertiliser, 48/9/13 kg ha-1 in 
imported feedstuffs, 3/1/2 kg ha-1 in recycled non-agricultural residues, 35/0/0 kg in biological fixa-
tion and 24/0/0 kg in atmospheric deposition. Exports were 35/7/13 kg ha-1 in livestock products 
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and 10/1/3 kg ha-1 in crop products. At the same time the flow in locally grown plant feedstuffs was 
131/22/145 kg ha-1 and in livestock excreta 140/22/151 kg ha-1. 

3.2 Current manure management practice 

This section should provide an overview of current management practice for manure and other 
organic residues recycled in agriculture. Depending on the availability, this information can be 
based on statistics, survey results or expert judgement. If not mentioned otherwise, the data 
shown for Switzerland is from the 2010 survey on management practice performed by Kupper et 
al. (2015). 

Share of different livestock categories: Using N as indicator, cattle contribute 79% to total live-
stock excretion (dairy cows 49%, heifers 16%, suckling cows and their calves 9%, other beef and 
veal production 5%), pigs 11% (fattening pigs 7%), poultry 3.7% (hens 1.7%, broilers 1.9%), 
equids 2.3% and small ruminants 3.5% (sheep 2.8%, goats 0.7%) (calculated from official live-
stock number statistics and excretion guide values).   

Housing systems and share of liquid and solid manure: In 2010, 52% of the dairy cows were 
still kept in tied housing systems (heifers about 30%). 53% of the dairy cows produced only slurry 
and 46% slurry plus solid manure. 
Nearly 18% of livestock excretion is on pasture. Of the N excretion in the housing area 72% is 
collected in the form of liquid manure and 28% as solid manure. 

Manure storage: For new slurry storage facilities Swiss farms should have a storage capacity of 
at least 5 months in the valley and hill zones and 6 months in the mountain zones. Taking into 
account the average dilution of slurry of about 1 : 1 (parts excreta : parts water), this would for 
example mean 19-23 m3 per dairy cow (7000 kg milk yield, housing system producing slurry only) 
or 67-80 m3 for 100 fattening pig places. Before 2011, the minimum storage capacity was defined 
in more steps ranging from 3.0 to 6.0 months. Most farms comply with these requirements. In 
2010, 67% of the slurry was stored with solid cover, 16% with perforated cover, 6% with natural 
crust and 11% without cover. The average depth of the slurry stores was 3.0 m. 
The storage capacity for solid manure should be sufficient for at least six months. Solid manure 
has to be stored on a concrete edged surface that is drained to the slurry store. 

Manure use and application: Over 90% of the manure is used on the farm on which it is pro-
duced; even in the area with the highest livestock density (Canton Luzern) it is 83%. Over 80% of 
the slurry and around 60% of the solid manure is used on grassland. About 44% of the slurry and 
24% of the solid manure is used during the summer months of June to August.  
The average dose of slurry per application is about 25 m3. With the average dilution of 1 : 1.2 
(parts undiluted excreta : water added from washing, milking, drained surface etc.) this would be 
20-25 kg/ha Ntotal or 9-15 kg/ha P. About three fourths of the slurry is spread with splash plate and 
one fourth with trailing hose. About two thirds is spread with tankers and one third with umbilical 
systems. Around 20% of the slurry is intentionally spread in the evening after 6 p.m. to reduce 
ammonia losses. About one fourth of the solid manure is incorporated within one day (about 9% 
within 8 h) and 45% is not incorporated (mostly on grassland). 

Feeding practice: The feeding practice has a large influence on livestock excretion and must 
therefore be considered when nutrient flows in manure are assessed. In Switzerland, representa-
tive survey data on ration composition is available for dairy cows and pigs. 
In 2010, the share of dairy cows receiving silage during winter feeding was 59% and during sum-
mer feeding 40% (Menzi, this conference), respectively (silage is prohibited for farms producing 
milk for cheese making). During winter feeding, 48% of the dairy cows received hay, grass silage 
and maize silage, for 29% the roughage diet consisted of hay only. During summer feeding, the 
roughage ration consisted of grass only for 20% of the dairy cows, while all the rest received some 
additional roughage with lower protein content. The average amount of concentrate used per cow 
was 740 kg per cow per year, but there is a high variability between farms. 
Over 95% of the dairy cows are grazed, about 80% during the whole summer feeding period. 55% 
of the cows are grazed for 5 to 12 hours per day, about 20% <5 h and 20% >12 h.  
Around 70% of the pig feed sold in Switzerland has a reduced protein and P content (rPP; Spring 
and Bracher 2014). For grower/finisher feed the crude protein (CP) content is 10% lower and the 
P content is 22% lower in rPP than in standard feed. For all-round sow diets the difference is -8% 
and -22%, for CP and P respectively. Phase feeding is still not common (only about 10% of the 
fattening pigs). 
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3.3 Relevant framework conditions  

Structural conditions: The most important structural indicators of Swiss agriculture are the rela-
tive small average farm size of 18.6 ha (2012) and that livestock production is a major branch for 
over 80% of the farms. Consequently, nearly all farms have some animals and forage (71% of 
UAA) and in the lowlands crop production (26% of UAA; "mixed farms").  

Policy requirements: As condition for receiving direct payments all Swiss farms have to fulfill a 
relatively broad list of criteria in favor of ecology and animal welfare. For manure management the 
most relevant is the soil surface nutrient balance ("Suisse-Bilanz"; input in form of manure and 
mineral fertiliser minus requirements according to recommendations) for N and P. This balance 
aims at preventing nutrient losses and restricting the livestock density to the local potential. 60% 
(base value; reduction for solid manure, arable crops, grazing) of the N applied in form of manure 
and 100% of the P is counted as plant available. The maximum surplus tolerated is 10%. Thanks 
to these policy requirements, the use of mineral fertiliser decreased between 1990 and 2010 by 
approximately 20% for N and by over 70% for P (Spiess 2011, supplemented), while the amount 
in agricultural products increased by nearly 25% for N and over 50% for P. Thus, the surplus was 
reduced by 15%, 75% and 55% for N, P, and K, respectively.  
Farm facilities like animal houses and manure stores have to fulfill detailed and rather restrictive 
standards (e.g. new slurry store must be covered, solid manure stores must be drained to slurry 
store) and are controlled by the authorities. Furthermore, incentive programs have been initiated 
at the regional level (e.g. low NH3 emission application techniques) and newly at the national level. 

3.4 Recommendations and management aids 

Fertilization guidelines: The Federal Agricultural Research Station Agroscope publishes the 
Fertilization Guidelines (FG), which should contain all the basic information needed for sustainable 
and good practice in nutrient management. This document consisting of extensive tables and 
some explanatory text is revised every few years (2002, 2009, 2016). It is the standard document 
on which more application oriented extension documents and tools as well as policy implementa-
tion tools like the "Suisse-Bilanz" for the N and P balance are based. For manure the FG (and 
other documents derived from it) contain standard values for excretions of different livestock cate-
gories (N/P/K/Mg/Ca), the amount of liquid (without dilution) and solid manure, the content of liquid 
and solid manure produced per animal place per year, typical amounts of additional water getting 
into the slurry from washing, milking, drained surface around the buildings etc. Apart from these 
standard values the document contains recommendations for good fertilization practice respecting 
the environment. 

Nutrient balance "Suisse-Bilanz": For the compulsory N and P balance "Suisse-Bilanz" detailed 
rules for the calculation procedure have been developed and are yearly updated. While the bal-
ance was originally filled in by hand or in an Excel template, it is today mainly calculated with spe-
cial software. Farmers often rely on the support of experts from the extension services. 

Policy implementation aids: In 2012 and 2013, the Federal Offices for Agriculture and Environ-
ment published new "Guidelines for environmental protection in agriculture" 
(www.bafu.admin.ch/gewaesserschutz/01308/10890/index.html?lang=en). So far the following 
modules have been published: 1) Rural installations, 2) Fertiliser elements and the use of fertilis-
ers 3) Agricultural biogas plants, 4) Plant protection products in agriculture, 5) Soil. These docu-
ments, which were prepared by groups of dedicated experts, have no juristic power, but should 
summarize all the relevant restrictions and recommendations.  

3.5 Historical development 

Production systems: The biggest change in production systems could be observed between 
1950 and 1980 and since 1990 (see chapter " Relevant framework conditions: policy require-
ments"). From 1950 to 1980 there was a rapid increase in the production intensity. For example, 
the average milk yield per dairy cow increased from 3000 to 5000 kg per cow. The increase in 
production intensity had strong effects on animal performance, feed rations, mineral fertiliser use 
and the appreciation of the nutrient value of manure. An impressive illustration of this is the dra-
matic increase in mineral fertiliser use. Between 1950 and 1980 the use of mineral N, P and K 
fertilisers increased by a factor of 8.1, 1.8 and 3.4, respectively. However, even at the peak of 
mineral N fertiliser use around 1990, the amount in livestock excretion, which was all recycled as 
manure, was more than double that in mineral fertiliser for N and about 150% for P. In 2010, ma-
nure was 240%, 480% and 640% of that in mineral fertilisers, for N, P and K respectively.  

http://www.bafu.admin.ch/gewaesserschutz/01308/10890/index.html?lang=en
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Livestock production and N excretion: Cattle production (especially dairy) has quite a long 
tradition in Switzerland while pig and poultry passed the level of local consumption only after the 
Second World War. To take into account not only the change in animal numbers but also changes 
in management and productivity, we can look at the development of N in livestock excreta which 
we tried to reconstruct for a historical view on NH3 emissions. Between 1900 and 2010 total N 
excretions increased by a factor of about 1.4, those of dairy cows by 1.2, other cattle 1.7, pigs 3.5, 
poultry 4.5, horses 0.5 (50% decrease), small ruminants 0.95. Comparing 1900 with the peak 
around 1980 it was for total N excretion 1.5, dairy cows 1.45, other cattle 1.65, pigs 6.2, poultry 
3.3, horses 0.2 (80% decrease), small ruminants 0.6. The most drastic growth occurred between 
1950 and 1980. 

Livestock and manure management: The further back we look, the bigger the uncertainty about 
farm and manure management. However, livestock excreta was always fully used as fertiliser (at 
least since 1800) and we can assume that changes in manure management practice were not 
very big until about 1960. Farmers mostly collected both solid and liquid manure. After about 
1960, slurry increasingly gained in importance in cattle and pig production. 
With the rapid increase of fertiliser use after 1950 (especially N and K) the value of manure was 
hardly recognised by many farmers, although with about 60 kg N and 15 kg P the maximum aver-
age fertiliser use per hectare UAA was lower than in many other countries. This changed quite 
drastically with the new agricultural policy introduced in the 1990s (see chapter "Relevant frame-
work conditions"). With the nutrient balance requirements farmers had to fully take into account 
the N and P value of the manure and they also increasingly started to systematically reduce NH3 
losses and to reduce N and P excretions of pigs and poultry by using phytase and pure amino 
acids in the diet. 
Since 1990 there were also considerable shifts in livestock management, which especially had a 
strong influence on NH3 emissions (Kupper et al. 2015). The most important were 1) the shift from 
tied to loose housing systems for cattle (loose housing for dairy cows 1990 6%, 2010 48%) and 
the introduction of exercise yards for dairy cattle, 2) the increasing use of silage (especially maize) 
for cattle (less milk used for cheese making, abolishment of ban on silage use for dairy cattle dur-
ing summer feeding period), 3) the increasing importance of grazing because of incentives for 
animal friendly systems, 4) the introduction of multi-pen housing systems with outside access for 
pigs because of label programs for animal friendly systems. Evidently, the continuous increase in 
productivity of livestock systems (e.g. milk yield per cow 2010 7000 kg), the introduction (1976) 
and abandonment (2009) of milk quotas and the effect of free-trade agreements also were im-
portant drivers. 

Ammonia emissions: In 2010, agriculture contributed 92% to the Swiss NH3 emissions, of which 
livestock and manure management were responsible for 90% (Kupper et al. 2015). Between 1870 
and 1983 agricultural NH3 emissions increased by a factor 2.4 and then decreased again by 16% 
until 2010. This reduction was mainly due to declining livestock numbers, since the emissions per 
animal became bigger for most livestock categories. 
In 2010, cattle, pigs and poultry contributed 78%, 15% and 3%, respectively, of NH3 emissions 
from livestock and manure management. Housing, storage, application and grazing contributed 
34%, 17%, 46% and 3%, respectively. 

4. Conclusions and outlook 

Manure clearly always was and most probably will be the most important fertiliser in Swiss agricul-
ture. During the past 20 years, the awareness of farmers about the value of manure and good 
manure management practice has grown considerably as a consequence of policy incentives. 
Most countries will probably not have such detailed and representative information on manure 
management as Switzerland. The template for the country manure management profile therefore 
has to be flexible. Nevertheless, a common structure and approach will be helpful to make such 
profiles comparable. We hope that this example can stimulate similar activities and a coordinated 
approach to provide a good knowledge base about manure management. 
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1. Objectives 

The “N and P costs” of food production in China almost doubled between 1980 and 2005 [1]. In 
the peri-urban region of Beijing with very high livestock densities, industrialized land-less animal 
operations are facing a large number of small-scale crop farmers. Shunyi District in particular has 
a very intensive animal production [2] with very high livestock densities amounting to 10.6 live-
stock units (LU) ha-1 arable land in 2007 ([3], calculated from [4]; 1 LU approx. 500 kg). High 
amounts of organic residues are improperly disposed of, causing severe environmental pollution. 
At the same time, the National Development and Reform Commission (NDRC) of China is seeking 
to vastly expand energy production from biogas. The aims of the research were to: 
 estimate N and P inputs, outputs and balances of major cropping systems in a typical peri-

urban area of China at a farmer’s field scale and a cropping system scale 
 compare different manure treatment systems under nutrient, soil fertility and economic aspects 
 elaborate recommendations for improving the current soil nutrient status. 

2. Methodology 

A large pig farm in the Shunyi District of Beijing with attached biogas and composting plants 
served as pilot farm for investigations 2008-2011. On this farm pig production is carried out on a 
dual scale. Large-(industrial-)scaleμ The “Centralized pig plant” has an annual stock of 12,000 
breeding boars and 20,000 fattening pigs yr-1, with less than 10 ha cropland area. Small-
(household-)scale: Meat production is also carried out in so-called “Ecological Feeding Gardens” 
as part of the same farm, consisting of 160 households with a total cropland area of 25.33 ha and 
producing a total of about 25,000 fattening pigs yr-1. Each of the small-scale farm households sells 
on average 140 fattening pigs yr-1 and has approx. 0.2 ha of cropland. [5]. The so-called gan qing 
fen system [6] is used as manure system on both the large and the small-scale farms, with pigs 
housed on solid floors and the solids and liquids in manure separated manually. For this study, 
three major investigations were carried out on the farm and in the wider surrounding area. 
 A soil screening investigation covering 26 plots under the five major cropping systems of the 

area (winter wheat-summer maize double-crop rotation, Chinese cabbage (Brassica rapa, ssp. 
pekinensis)-maize (glutinous corn, with a higher amylopectin content) double-crop rotation, 
open-field vegetables, orchards and poplar plantations) was carried out from 2009 to 2011 [7]. 
In the Shunyi and Huairou Districts of Beijing, 1λ and 7 farmers’ fields were selected, respec-
tively. These included plots belonging to the “Centralized pig plant”, to the “Ecological Feeding 
Gardens” as well as to crop farms in the area surrounding the large farm of the study. In March 
2009, 2010 and 2011, as well as at the end of each growing season after summer crop harvest 
in September/October 2009, 2010 and 2011, soil samples were taken with an auger in 0-200 
cm, in six depth increments. 

 In another area of Shunyi District, soil surface N balances (68 households, two-year period, 
2008/2009 - 2009/2010 [3]) and P balances (65 households, one year period, 2008/2009 [8]) 
were calculated for the cropland. Three specific villages with cereals (maize and wheat double-
crop rotation), orchards and open-field vegetables as the predominant cropping systems were 
selected, and smallholder households with an arable land area ranging from 0.2 to 1.5 ha per 
farm were monitored during interviews performed twice over the two-year period. The N and P 
balances were calculated separately on an annual and per hectare basis as well as on a 
farmer’s field and a cropping system scale [3; 8]. 

 In a life cycle assessment (LCA), the required cropland area for a sound disposal of biogas 
effluent from animal wastes was calculated based on crop demand [9]. Annual input and out-
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put of different types of pigs of the “Centralized pig plant” was calculated on the basis of LU. 
The then “current” system (status quo) regarding manure treatment, with 75% of the solid frac-
tion (pig feces) used in a biogas plant and 25% in a composting plant, without, and with land 
application of biogas effluent (Option 1) was compared to two alternative management sys-
tems: In Option 2 all the feces were used in an improved composting plant, while in Option 3 
100% of the feces were fed to the biogas plant, in both cases with land application of biogas 
effluent. 

3. Results and discussion 

3.1 Soil nutrient status 

Typical soil types in Shunyi and Huairou Districts of Beijing are classified as Eutric Cambisols 
(WRB) with relictic hydromorphic characteristics and a silt loam texture [7]. The soils were heavily 
over-fertilized. Residual mineral nitrogen (Nmin: NO3

--N + NH4
+-N) contents in 0-200 cm soil profiles 

sampled at five different dates during 2009-2011 ranged from 412 ± 281 to 1299 ± 287 kg N ha-1, 
showing no significant differences between plots of the five cropping systems and seasons [7]. 
Nmin contents in topsoils (0-20 cm) were equally very high, corresponding to 10-20% of the 
amounts in the 0-200 cm profiles [7]. 
The mean available P content (Olsen P) on all the 26 plots monitored was 73 ± 55 mg kg-1 in 0-20 
cm topsoils, with half of the 26 investigated plots showing “very high” (>50 mg kg-1 available P 
contents in topsoils (Fig. 1) [7]; classification according to [10]. On the 19 investigated plots in 
Shunyi District, mean contents of available P had increased almost tenfold from 1981 to 2009, 
from 7.3 to 67 mg kg-1, respectively, and this increase was very likely mainly due to high farmyard 
manure (FYM) inputs [7]. On average, the critical limit for increased risk of P loss of 30 mg kg-1 
Olsen P in soil (cited in [11]) was reached or exceeded in all five cropping systems in the study [7]. 
 

 
Figure 1: Available P contents in topsoils (0-20 cm) on 26 plots of the five major cropping systems in Shunyi and Huairou 

Districts of Beijing in March 2009 (classified according to [10]. Plot no. designates the number of each individual 
plot (from [7], modified).  

3.2 Soil surface N and P balances 

Extremely high amounts of FYM, ranging from 6-293 t DM ha-1 yr-1, mean 45 ± 69 t DM ha-1 yr-1 
were applied to most of the observed field plots receiving FYM (n=19) in 2008, resulting in the 
investigated soils being vastly over-supplied with nutrients from organic and inorganic sources [7].  
The mean annual soil surface P balance surpluses calculated for the three cropping systems (Ta-
ble 1) amounted to 83 kg P ha-1 yr-1 for cereal crops, 130 kg P ha-1 yr-1 for orchards and 492 kg P 
ha-1 yr-1 for the vegetable production system, the latter significantly higher (P<0.05) than the other 
two [8]. Based on these values, upscaling to the level of the whole of Shunyi District, the total an-
nual surplus P amounts on cropland reached 4,300 tons (Table 1; Hou, 2009, unpublished). For 
the whole of Beijing Municipality, an annual P surplus of 15,689 t ha-1 was calculated for the year 
2011 [2]. 
The soil surface N balances calculated for the cropping systems in the three specific villages of 
Shunyi District resulted in annual balance surpluses of 531, 519 and 1,548 kg N ha-1 yr-1 for the 
cereal crops, orchards and vegetable production systems, respectively [3]. Upscaling by the re-
spective cropping areas of the whole of the District (see Table 1), the annual surplus N amounts 
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reached 11,294 t N yr-1 for cereal, 634 t N yr-1 for orchard and 7,501 t N yr-1 for open field vegeta-
ble systems, totaling 19,429 t N yr-1 (Hou, 2009, unpublished). These high P and N surpluses 
pose a serious threat to the environment. 
Fertilization in all three cropping systems, and to vegetables in particular, exceeded crop demand 
by far (Fig. 2). There was a great variation amongst the different farms in mineral fertilizer N and 
animal manure N input for the three cropping systems [3]. Farmyard manure requires higher la-
bour for transport and handling and was therefore only applied to open-field vegetables and or-
chards from which higher economic benefit is achieved in this peri-urban area with high off-farm 
labour and income opportunities. However, the nutritive value of FYM was not properly taken into 
account since farmers also applied additional mineral N and P fertilizer (Fig. 2, Table 1). 

Table 1: Soil surface P balance calculation for three major cropping systems based on a survey of 65 households in 
Shunyi District (2008/2009). Mean values and range (in brackets) (from [8]). Upscaled figures for Shunyi District: 
Hou (2009, unpublished). Sown area in Shunyi District from [4]. 

P balance items 

 

Cropping systems 

Cereals  

(n=21) 

kg P ha-1 yr-1 

Orchards  

(n=23) 

kg P ha-1 yr-1 

Vegetables  

(n=21) 

kg P ha-1 yr-1 

Inputs  
Mineral fertilizer 111.3 (28.5 - 271.1) 89.8 (0 - 350.4) 59.6 (0 – 98.2) 
FYM 3.9 (0 - 35.6) 59.1 (0 – 304.5) 617.7 (177.1–1298.6) 
Incorporated residues 13.1 2.6 0 
Atmospheric P deposition 0.25 0.25 0.25 
Total 128.6 (44.0 - 286.9) 151.8 (2.8 - 479.8) 677.6 (226.4–1362.7) 

Outputs    

Crop product 45.9 (29.1 - 59.4) 22.3 (7.4 – 39.6) 185.7 (66.0 – 351.9) 

P Balance    

Surplus/deficit 82.7 (-1.4 – 294.0) 129.5 (-10.7 – 464.8) 491.8 (111.3–1198.8) 

Upscaling to Shunyi District    

Sown area Shunyi District  

(year 2009) [ha] 
21262 1221 4847 

Total annual P surplus Shunyi 
District [t yr-1] 1758 158 2383 

 

 

  
Figure 2: Frequency distribution (in percent) of number of surveyed farms based on different classifications of mineral 

fertilizer N input (a), animal manure N input (b) (mean value of the investigated two years) for the three cropping 
systems (after [3], modified). 

3.3 Life Cycle Assessment (LCA) 

In the year 2011, the centralized pig plant had a stock of 1,037 LU and produced 1,956 LU annu-
ally [9]. Only the P flows are presented here. The annual P input and output of the pig plant, the 
biogas plant and the composting plant for the “Current” manure management system without, and 
with (Option 1) land application of biogas effluent, as well as for Options 2 and 3 in 2011 is given 
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in Table 2. Input and output flows of the pig plant, the biogas plant and the composting plant be-
tween the “Current” manure system and Option 1 were equal (Table 2), the difference consisting 
in the use of the biogas plant output. Under the “Current” manure management system, a large 
part of the liquid biogas plant effluent flowed into a nearby lagoon (with no insulation-liner) and 
was frequently discharged into a semi-dry riverbed, with very little proper land application [9]. 
Phosphorus losses during composting were assumed to be zero. The improved compost under 
Option 2 can be sold and thus offers the possibility of exporting surplus nutrients to other farms 
with nutrient demand. Thus in the LCA the cropland area required considered only biogas effluent. 
 
 
Table 2: Annual P input and output of the centralized pig plant, biogas plant and composting plant of the Pilot Pig Farm 

(based on Life Cycle Inventory (LCI, year 2011) under the current manure management system without and with 
land application of effluent, as well as for two alternative options (adapted from [9 and] [12]). (Unit: tons P yr-1).  

           Pig stables                         Biogas plant                     Composting plant 

Input Output Input Output Input Output 

Current manure management system without and with (=Option 1) land application of effluent (unit: t P yr-1) 
Feed: 
23.64 

t 

Pigs to market:  
1956 LU 

Pig faeces:  
9.89 t 

Liquid effluent:  
13.32 t 

Pig faeces:  
3.30 t 

Compost:  
3.99 t  

 Dead pigs:  
49 LU 

Poultry manure:  
1.16 t 

Biogas sludge: 
 0.68 t 

Biogas sludge:  
0.68 t  

 Pig faeces:  
13.19 t  

Wastewater:  
2.95 t 

 Sawdust:  
0.02 t  

 Wastewater:  
2.95 t 

    

Sum: 
23.64 

t 

 14.0 t 14.0 t 4.00 t 3.99 t 

Option 2: All pig feces to improved composting plant  (unit: t P yr-1) with land application of effluent 
Feed: 
23.64 

t 

Pigs to market:  
1956 LU 

Pig faeces: 
 0 t 

Liquid effluent: 
 2.95 t 

Pig faeces:  
13.19 t 

Compost:  
19.57 t 

 Dead pigs:  
49 LU 

Poultry manure:  
0 t 

Biogas sludge: 
 0 t 

Corn stalks:  
0.61 t  

 Pig faeces:  
13.19 t 

Wastewater:  
2.95 t 

 T-Superphos.  
5.76 t  

 Wastewater: 
 2.95 t 

    

Sum: 
23.64 

t 

 2.95 t 2.95 t 19.56 t 19.57 t 

Option 3: All pig feces to biogas plant (unit: t P yr-1) with land application of effluent 
Feed: 
23.64 

t 

Pigs to market:  
1956 LU 

Pig faeces: 13.19 t Liquid effluent:  
16.14 t 

Pig faeces:  
0 t 

Compost:  
0 t  

 Dead pigs:  
49 LU 

Poultry manure: 0 t Biogas sludge:  
0 t  

Biogas sludge:  
0 t 

 

 Pig faeces:  
13.19 t  

Wastewater: 2.95 t  Sawdust: 
 0 t 

 

 Wastewater:  
2.95 t 

    

Sum: 
23.64 

t 

 16.14 t 16.14 t 0.0 t 0.0 t 

a
 T-Superphos. = Triple-superphosphate 

 
Biogas effluent should be applied onto the surrounding cropland area but strictly based on crop 
nutrient demand. A typical winter wheat-summer maize double-crop rotation in Shunyi District has 
an approximate nutrient demand per ha and year of 338 kg N, 56 kg P, 263 kg K and 50 kg Mg [7; 
9] in a balanced system (optimum plant-available nutrient contents in soil). The resulting cropland 
area demand for a sustainable land application of biogas effluent for the “Current” system with 
land application (Option 1) would then be 238 ha yr-1 (with 14.3 L effluent m-2, limited by P demand 
of crops), for Option 2 it would be 139 ha yr-1 (24.4 L m-2, limited by N demand), while for Option 3, 
the demand would be 288 ha yr-1 (11.8 L effluent m-2, limited by P demand) [9; 12]. However, as 
long as the cropland is over-supplied with nutrients (see 3.1), the land area necessary for a sus-
tainable utilization of the wastewater nutrients would be 476 ha yr-1 at the “Current” manure man-
agement (Option 1), 168 ha yr-1 for Option 2, and 576 ha yr-1 for Option 3 (nutrient recommenda-
tions based on one half of the annual crop requirement during years 1-5) (Schuchardt, Luo, 
Heimann, 2012; unpublished). However, the centralized pig plant only cultivated about 10 ha. If all 
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solids were used for composting (Option 2), it would be possible to transfer 87% of P, 29% of total 
N, 34% of K and 75% of magnesium (Mg) to compost for export out of the farm and region [9]. 
Outlying areas of the North China Plain have low soil organic matter (SOM), total N and low to 
medium available P and K contents. Transport of processed manure would lead to a better and 
faster build-up of SOM compared to returning crop straw alone in this sub-humid region. 

4. Conclusion and outlook 

 Differences in farming practices within and among cropping systems should be taken into ac-
count when calculating nutrient balances and designing strategies of integrated nutrient man-
agement on a regional scale [3]. 

 As an immediate measure, part of the excessive FYM should be processed (e.g., composted) 
and surpluses nutrients be transported out of the peri-urban region via marketable products [7]. 

 Governmental subsidies to compost production are in place in several Chinese provinces [7]. It 
is assumed that the market price for quality fertilizer products is likely to increase. Good com-
posting procedures may become economically attractive without subsidies in the future. 

 The question of whether to promote manure processing or whether to focus on energy produc-
tion from biogas and subsequent nutrient removal from effluent via technological means can 
only be solved on a case by case basis in China. 

 There is an urgent need for on-farm research on the use of biogas effluent in Chinese cropping 
systems, considering nutrient as well as emission (NH3, N2O, N leaching) aspects. 

 In the medium term, a reduction of livestock densities, by moving part of the intensive, landless 
livestock operations to surrounding provinces closer to the cropland demand, is essential.  
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1. Objectives 

To create a mobile application that helps farmers and growers put a nutritive and economic value 
on slurries and manures, and aid with manure management by calculating crop available nitrogen, 
phosphate and potash in different manures and slurries at different spreading rates based on the 
soil type, season and crop type. Allow farmers to visualise their applications in terms of nutrients 
via an image library. To aid record keeping for nutrient management plans. 

2. Case study description 

The Farm Crap App is a manure management mobile application designed to raise awareness 
amongst farmers and growers about the nutritive and economic values of slurries and manures, 
principally so they start to value it rather than see it as a waste product. The app can help with 
planning manure applications, avoiding over application and mitigating pollution risks.  
The app has three functions: The first is a simple calculator (Figure 1) that determines the crop 
available Nitrogen (N), Phosphate (P2O5) and Potash (K2O) in different slurries and manures at 
different spreading rates depending on the season, soil type and crop type. DEFRA’s Fertiliser 
Manual, RB209 [1] was used to populate the calculator function of the app. RB209 provides indus-
try derived estimates of mean nutrient contents of different manure types and the percentage of 
those nutrients that are crop available, depending on when and how the manure is applied. The 
app utilises the financial data from Manner NPK [2], assigning a monetary value to the manure 
applied.  
 

 
 
Figure 1.  The apps calculator function and image library, in this screen shot the crop available NPK are expressed in units  

per acre, the user can select the measurement units at the field input page. 
 
Table 1 represents a typical example of the data used to populate the calculator function of the 
app. In this example the total and readily available nutrient content on fresh weight basis for cattle 
slurry is shown.  
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Table 1: Total and readily available nutrient contents on a fresh weight basis for cattle slurry.  

Dry matter 
(%ge) 

Total N 
(kgN/m³) 

Readily 
available 

N (kgN/m³) 

Total P₂O₅ 
/ m³ 

Availability Total 
K₂O / m³ 

Availability 

2 1.6 0.9 0.6 50 2.4 90 
6 2.6 1.2 1.2 50 3.2 90 

10 3.6 1.3 1.8 50 4.0 90 
 
 
An example of the data used to determine available nitrogen on different soil types is presented in 
table 2. The data is seasonal and represents surface applied and soil incorporation six hours after 
application, figures in parenthesis are for winter grassland and oilseed rape cropping.  
 
Table 2: Percentage of available nitrogen to next crop from cattle slurry surface application and incorporation by  

ploughing. (Figures in parenthesis are for winter grassland and oilseed rape.) 

 Autumn (Aug –Oct, 450 
mm rainfall to end 
March) 

Winter (Nov – Jan, 
205mm rainfall to end 
March) 

Spring 
(Feb – 
Apr) 

Summer 
use on 
grassland 

 Sandy / 
shallow 

Medium / 
heavy 

Sandy / 
shallow 

Medium / 
heavy 

All soils All soils 

Cattle slurry – Surface applied 
2%   DM 5 (10) 30 (35) 30 30 45 35 
6%   DM 5 (10) 25 (30) 25 25 35 25 
10% DM 5 (10) 20 (25) 20 20 25 20 
Soil incorporated 6 hours after application 
2% DM 5 (10) 35 (40) 25 35 50 N/A 
6% DM 5 (10) 30 (35) 20 30 40 N/A 
10% DM 5 (10) 25 (30) 15 25 30 N/A 

 
 
The second unique function is the image library (Figure 1) which allows farmers to visually assess 
their application. This is thought to be a unique function that connects manure application rates to 
imagery and crop available nutrients, with the added practical benefit that it can be used in the 
field to make real time comparisons. 
The third function is for record keeping (Figure 2). The user can set up their individual fields, re-
cording name, size, soil and crop type and then add the details of the manure application. The 
user can select their desired units, and then export a csv (comma separated value) file containing 
all of the field records via email to the farm computer. These records can be kept, shared or incor-
porated into a nutrient management plan.   
 

 
Figure 2: Record keeping, in this screenshot the csv file of the field records opened in excel. The records can be emailed  

directly to the farm computer, or to any chosen email address. 
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2.1 The development 

Engaging with the end user was an important consideration from the inception of the app. It was 
important that the app was genuinely useful to farmers and simple to use. A beta version of the 
farm crap app on the android platform was developed; it was presented to young farmer clubs in 
the south west, to farmer discussion groups, agricultural students, farm advisors, industry partners 
and the scientists behind RB209 and MANNER-NPK.  
The feedback was overwhelmingly positive and constructive, resulting in modifications to the lay-
out of the app, and the addition of more images. Importantly this feedback led to the incorporation 
of equivalent prices of nutrients based on current bagged fertiliser prices, i.e. the incorporating the 
relative monetary value of manure application. It was evident that to capture our target audience 
the app needed to be developed on iOS for Apple devices.  

3. Observations  

3.1 Benefits 
The practical benefits to the farmer that are related to the safe recycling of organic residues are: 
increasing soil organic matter and enriching soil biology, leading to a healthier soil. In addition soil 
organic matter affects the physical and chemical properties of soils, improving structure, water 
holding capacity, root penetration and ultimately crop productivity. 
As an agronomic tool the app has the potential to demonstrate to farmers the affect that their 
management in terms of application timings and amount has on the amount of nutrients available 
to their crop, thus allowing them to get the most benefit from their organic residues. 
The app has the potential to reduce costs to farmers in terms of fertiliser applications and savings 
on fuel, with targeted manure applications. It also saves the farmer time in respect of nutrient 
management planning by calculating the crop available nutrients instantly and can be performed 
anywhere even in the field!  
Interestingly, the app offers a novel vehicle for communicating changes in legislation. For example 
should there be a change to the close period in Nitrate Vulnerable Zones (NVZ), the app can be 
updated with this information by way of an informative ‘pop-up’, which will be notified to those 
devices on which the app has been installed.      

4. Conclusion and future developments 

For livestock farmers, good manure management planning can be a key component of farm prof-
itability. Applying nutrients at recommended rates can potentially double yields of most crops, and 
getting this wrong risks yields, profits and breaching environmental and compliance regulations.  
The Farm Crap App allows farmers to access science in a very practical way allowing them to see 
direct benefits to their farm business from manure management.   
Future developments include the input of the farmer’s own slurry and manure analysis data for N 
P205 and K20 values to allow a further level of farmer confidence. The ability to include the method 
of application to the calculation so that slurry injection and band spread slurry applications are 
factored into the available nutrients for the crop. The app has potential as an education tool, it is 
currently utilised in nutrient management planning lessons at Duchy College. The app has poten-
tial to be integrated into the teaching of agronomy across higher education establishments in the 
UK. A more ambitious development is to explore the ability of the app to import field and manure 
application data directly into whole farm management software programs.   
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1. Objectives 

Different regions in Western Europe are large importers of chemical fertilizer, while at the same 
time livestock intensive regions face disposal problems of the nutrients in animal manure. If pro-
cessing transforms farm waste streams into biobased fertilizers, what are the reasons for farmers 
to accept these products? What is the willingness to pay for the different attributes of this fertilizer? 

2. Methodology 

A discrete choice experiment was conducted in Belgium to reveal the importance of key character-
istics for new bio-based fertilizers to replace their current mineral fertilizer use. The method is in 
accordance with Lancaster’s [1] attribute theory of value, which states that a good can be de-
scribed as consisting of a bundle of characteristics at certain levels where utility is not derived 
from the good as such, rather from the specific attributes. The convenience of choice experiments 
is that respondents choose between analogous products depending on their attributes. In this 
case, respondents were asked to choose between two bio-based fertilizers (A or B) depending on 
their described characteristics, or none of them. The key attributes for a new alternative organic 
fertilizer were identified by experts,  at stakeholder meetings and interviews. Six attributes were 
included in the choice experiment. The attributes considered as key in determining the prefer-
ences of farmers are presented in table 1. 
 
Table 1: Attributes and attribute levels. 

Attributes Attribute levels 

Price reduction 0 
-20% 
-40% 
-60% 

Form Liquid 
Pasty 

Granulate 
Combination of liquid and solid 

Volume Same as current 
×2 
×4 
×6 

Uncertainty of N 0 
25% 
50% 
75% 

Organic carbon Yes 
No 

Hygienic Yes 
No 

Rate of nutrient release Fast 
 slow 

 
 
A conditional logit was used to analyze the key attributes. The logit analysis is the simplest model 
for the analysis of choice experiments, assuming: the preference of individuals can be determined 
based on the selected attributes and homogeneous preference among respondents [2]. 
 
 

3. Results and discussion 

Farm characteristics of the respondents are shown in Table 2. 43% of the respondents had an 
age above 50 years. Looking to the main economic activity of the farm, livestock farming was 
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most represented in our sample (53,25 %), followed by the production of crops 32% and horticul-
ture 14,8%. 92.5% of respondents used manure as a fertilizer. 
 
Table 2: Farm characteristics. 

Characteristics 
  

Surface 
 

48.98 ha 
Age 

20-30 9.5% 

30-40 15.56% 

40-50 31.13% 

>50 43.71% 
Main activity 

Crop production 31.95% 

Livestock 53.25% 

Horticulture 14.79% 

Farms using manure as fertilizer 
 

92.46 % 

Main responsible for the farm? 
 

92.81% 

 
Our results show that Flemish farmers have significant preferences for granular form of the fertiliz-
er over pasty or liquid forms, a concentrated product, certainty in the nitrogen content, presence of 
organic carbon, hygienization of the fertilizer and fast release of the nutrients at lower price than 
the conventional ones. The coefficients for the attributes of the organic fertilizer are presented in 
Table 3. 
 
Table 3μ Flemish farmers’ reference for attributes or bio based fertilizer. 

Attributes Coefficient 
 

Standard Error P-value 

Price 0.014 *** 0.003 0 

Solid form 0.253 *** 0.077 0.001 

Liquid form -0.127  0.13 0.329 

Pasty form 0.086  0.097 0.381 

Volume -0.118 *** 0.031 0.000 

Uncertainty of N -0.017 *** 0.002 0.000 

Organic carbon 0.385 *** 0.075 0.000 

Hygienic 0.285 *** 0.067 0.000 

Rate of nutrient release 0.155 ** 0.069 0.025 

Protest -0.799 *** 0.169 0.000 

Note: ***, **, * ==>  Significance at 1%, 5%, 10% level. 

 
The uncertainty in nitrogen content is a well-known problem of the use of manure, because ma-
nure is not a homogenous product and nutrient contents can differ as a function of the feeding 
efficiency as well as storage and spreading conditions [3]. Nitrogen content is a critical component 
for crop yield, thus certainty in nitrogen content is key for crop fertilization. At the same time, an 
accurate reading of the nitrogen content and its available fraction would help prevent environmen-
tal problems such as the losses of nutrients to surface or ground water [4,5].  
Due to the comparatively lower nutrient content, the amounts of manure required to fertilize the 
fields are comparatively larger than those of mineral fertilizers. Larger volumes of manure have 
also an effect on the spreading conditions. In some cases, spreading more might influence soil 
compaction, soil structure or crop damage. This will also increase the costs, which explains why 
our sample of farmers dislike larger volumes.  
Preferences for more solid and concentrated fertilizer forms are also related to the reduction in 
transport costs and simplified ways to spread the product. This is indeed one of the main ad-
vantages often associated with mineral fertilizers. Additionally, solid forms of organic fertilizer have 
higher C/N ratios. This is in line with the expressed preference for organic carbon. The depletion 
of organic carbon is a common problem nowadays in agricultural land that has been cultivated 
intensively. An increase in the organic content contributes to a better soil structure and soil physi-
cal structure [6]. In this context, farmers usually have to apply manure or other bio-based products 
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with organic carbon content, particularly in intensive crop rotations unable to replenish the organic 
matter requirements via crop residues. 
A preference for the hygienization of the product was also found significant. Hygienization is ap-
plied to avoid the presence of pathogens and pests or herbs [7]. At the same time, it is a legal 
requirement for the transport of organic fertilizers across borders [8]. However, due to financial 
reasons only few of the available preventive treatment alternatives, such as composting or anaer-
obic treatment, are routinely applied [9].  
The attribute rapid release of nutrients was found significant expressing a preference of farmers 
for the fast release of nutrients.  
At the time of the analysis an extra “Protest” variable was added. In this study, the negative sign 
indicates that respondents had a tendency not to choose the Opt-out. This tendency may not be 
related to the attributes of the designed alternatives, but perhaps because they perceive that there 
is a current issue regarding the question of disposal and recycling nutrients. 
The most commonly used chemical fertiliser in the EU is ammonium nitrate or calcium ammonium 
nitrate. These are fertilisers with readily available nutrients, with guaranteed nitrogen content in 
hygienic conditions, typically applied in concentrated granular form and without present organic 
carbon. It is interesting to see that farmers prefer a bio-based product that is quite similar to their 
current chemical fertilizer. A distinctive difference is that farmers prefer a product with organic 
carbon presence, mostly present in bio-based fertilizers.   
Table 4 presents the willingness-to-pay (WTP) for the attributes in Flanders. The WTP measures 
are calculated as the ratio between the monetary attribute and the other significant attributes, 
keeping everything else constant. In this case, WTP measures are expressed in terms of a per-
centage of the price of mineral fertilizer. 
 
Table 4: Estimated willingness to pay for different attributes. 

 WTP Standard Error 

Solid form 17.86 0.165 

Volume to spread (x2) -8.57 5.088 

Nitrogen Uncertainty (1%) -1.21 2.035 

Organic Carbon Presence 27.14 0.148 

Hygienization 20 4.999 

Fast release of Nutrients 10.71 - 
 

 
According to the results, uncertainty about the nitrogen content or having to spread more organic 
fertilizer results in a reduction in WTP. Conversely, if the organic fertilizer is in granular solid form 
or in a hygienic condition or has organic carbon or a fast release of nutrients, farmers are willing to 
pay more for the organic fertilizer than for a bio-based fertilizer lacking these characteristics. The 
highest WTP is associated with the presence of organic carbon. In the Flemish context, the mone-
tary values associated with granular solid forms in Belgium might be also understood in the light of 
the intensive livestock farming region in need for transport of manure (products). The WTP for 
hygienization of the products is easily explained with the pathogen constraints associated with the 
exchange of manure.  
In this study, farmers were asked in a questionnaire whether they would be willing to replace their 
mineral fertilizer use by an alternative organic fertilizer with enhanced characteristics through pro-
cessing. Nowadays, the availability of mineral fertilizers at relatively low prices has changed farm-
ers’ view of manure. Despite its nutrient content, manure is often considered as a waste product. 
Martinez et al.[5] point out the need for new methods of waste management to protect the envi-
ronment and, at the same time, reintroduce the recycling for manure management. Thus, pro-
cessing of waste and manure streams into bio-based fertilizers with improved characteristics will 
increase the overall sustainability of the farming systems. At the same time, opportunities for nu-
trient exchange between different European regions would be created. Despite the existence of 
alternative management technologies, the adoption of these technologies has been low, stressing 
the importance of research on the topic. Previous research has focused on presenting new tech-
nologies [10–13], but there is a lack of studies examining the attitude and role of farmers in the 
adoption of these new technologies [14]. For policy makers it is of special interest to understand 
the factors explaining the adoption and diffusion of these technologies, as well as the acceptance 
of new products[15]. There is also a clear lack of knowledge in the literature about the preferences 
and WTP of farmers for the products of manure processing technologies. Due to the importance of 
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this information for decision making and management in the agribusiness sector, retrieving these 
data is becoming increasingly important [16]. The main contribution of this research is that it gives 
insights in the preferences of farmers towards biobased fertilizers, and that it quantifies to what 
extend deviations from a preferred product should be compensated by lower prices for that prod-
uct.   

4. Conclusion and outlook 

This paper elicited Flemish farmers’ preferences for different attributes of a bio-based fertilizer, 
and quantifies to what extent deviations from a preferred product should be compensated by lower 
prices for that product. The results indicate that the demand for new bio-based fertilizer products 
could increase if the processing industry takes into account the preferences of farmers. Our re-
sults show that farmers Flanders have preferences for granular form of the fertilizer over pasty or 
liquid forms, a concentrated product, certainty in the nitrogen content, presence of organic carbon, 
hygienization of the fertilizer and fast release of the nutrients at lower price than the conventional 
ones. However, these preferences of the farmers are not always straightforward to apply for pro-
cessers and markets due to technological constraints, legal and logistic issues. It is interesting to 
see that farmers prefer a biobased product that is quite similar to their current chemical fertilizer. 
One difference is that farmers would prefer a product with organic carbon presence. 
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1. Objectives 

Microalge-based wastewater treatment systems have drawn attention to combine wastewater 
treatment and bioenergy production. The most straightforward process is anaerobic digestion, 
which produces biogas along with a digestate that may be reused as an organic fertilizer in agri-
culture in order to recover its mineral and organic constituents. However, the suitability of this 
microalgae-derived digestate for agricultural reuse has yet to be determined. The aim of this study 
was to characterize the digestate from microalgae anaerobic digestion and co-digestion with pri-
mary sludge in terms of nutrients, pathogens, emerging contaminants, heavy metals, dewaterabil-
ity and potential phytoxicity.  

2. Methodology 

Microalgal biomass consisted of microalgae-bacteria consortia grown in a pilot raceway pond 
treating wastewater from a municipal sewer in Barcelona (Spain), while thickened primary sludge 
was collected in a municipal WWTP near Barcelona.  
 
In order to improve microalgae biodegradability, algal biomass was thermally pretreated (75ºC, 
10h) [1]. Besides the anaerobic co-digestion of pre-treated microalgal biomass with primary sludge 
(25%-75% VS, respectively) was also performed to enhance biogas production [2].  
 

Anaerobic digestion was carried out in three lab-scale mesophilic reactors (1.5 L) using the follow-
ing feedstock: 

 Digester 1 (D1): Microalgal biomass; 
 Digester 2 (D2): Co-digestion of pre-treated microalgal biomass with primary sludge; 
 Digester 3 (D3): Thermal pre-treated microalgal biomass. 

 
Influent and effluent (digestate) were characterized weekly (integrated samples) over a period of 
11 weeks of stable operation. Samples of digestates were analyzed for pH, electric conductivity 
(EC), total solids (TS), volatile solids (VS), volatile fatty acids (VFA), chemical oxygen demand 
(COD), total organic carbon (TOC), total nitrogen (TN) total Kjeldhal nitrogen (TKN), ammonium 
nitrogen (N-NH4

+), P, Ca2+, Mg2+, Na+, K+, pathogens, emerging contaminants (galaxolide, to-
nalide, triclosan, caffeine, triphenyl phosphate, methyl dihydrojasmonate, ibuprofen and naproxen) 
and heavy metals. Dewaterability was evaluated by means of the capillary suction time (CST) and 
potential phytoxicity by the Germination Index (GI) [3].   

3. Results and discussion 

3.1 Physical-chemical characterization and macronutrients 

According to the results shown in Table 1, digestates presented appropriate pH and EC values for 
agricultural use [3]. Moreover, microalgae-derived digestates showed a high and fairly similar or-
ganic matter content (54%, 47% and 53% VS/TS for D1, D2 and D3 respectively). C/N ratios were 
also similar (ranging from 2.98 to 3.27), showing again that digestates could be considered as 
organic fertilizer containing high quantity of TN [4]. VFA concentrations at the end of the anaerobic 
digestion resulted to be far below the level supposed to cause phytotoxicity [5].  
An important aspect for digestate management and final disposal is its dewaterbility, a parameter 
that describes the ability of biomass to release water. While microalgae digestates presented poor 
dewaterability (23 and 26 s·gTS-1·L for D1 and D3 respectively), after co-digestion the results 
were consistently improved (8 s·gTS-1·L). 
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Table 1: Physical-chemical characterization of microalgae-derived digestates (mean ± SD, n=11). 

  D1 (algae) D2 (co-digestion) D3 (preteated algae) 

pH pH unit 7.66 ± 0.07 7.30 ± 0.15 7.55 ± 0.08 

EC mS·cm-1 7.0 ± 0.7 6.0 ± 0.4 8.3 ± 0.3 

TS g·g-1,% 3.0 ± 0.6 2.9 ± 0.2 2.9 ± 0.4 

VS g·g-1,% 1.6 ± 0.3 1.4 ± 0.1 1.5 ± 0.2 

VS/TS % 54 ± 3 47 ± 1 53 ± 4 

COD g·L-1 45 ± 10 48 ± 6 42 ± 9 

TOC g·L-1 7.55 6.08 6.43 

TN g·L-1 2.38 1.86 2.16 

C/N - 3.17 3.27 2.98 

VFA mgCOD-eq·L-1 70 ± 31 92 ± 50 53 ± 24 

CST s·gTS-1·L 23 ± 2 8 ± 1 26 ± 1 

 
Macronutrients characterization results are shown in Figure 1. High contents of TKN were found in 
all digestates (from 1.7 to 2.4 g·kg-1); while the highest concentrations of N-NH4

+ were found in the 
pretreated microalgae digestate, because of the thermal pretreatment that lead to the release of 
N-NH4

+ from proteins [1].  Interesting quantities of P and K+ were found in all the digestates; more-
over, comparing these digestates with those derived from farm-byproducts [6,7], microalgae-derived 
digestates appeared to be richer in terms of phosphorus and potassium (from 1.6 to 1.9 g P·kg-1 
and from 1.1 to 2.2 g K+·kg-1, respectively). Other macronutrients (Ca2+, Mg2+ and Na+) presented 
similar high concentrations in all the cases because of the composition of the wastewater treated. 
The content of Na+ should be carefully considered while applying the digestates to the soils to 
avoid their salinization.   

 
Figure 1:  Concentrations of macronutrients in microalgae-derived digestates (mean+SD, n=11). 

3.2 Heavy metals 

With respect to heavy metals (Fig.2), the concentrations on a dry mass basis in the three tested 
digestates of all heavy metals were lower than the limit values established by the current Europe-
an Directive[8], and also by EU draft published in 2003 [9]. Considering the common issues of Zn 
and Cu presented by farm-derived digestates, microalgae-derived digestates appear to be suita-
ble for soil application. Attention should be paid when applying the co-digestion digestate because 
of its higher content in Zn originated from the primary sludge. 
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Figure 2:  Concentration of heavy metals in microalgae-derived digestates (mean+SD, n=3).  

3.3 Hygienisation 

Regarding digestate hygienisation, low Escherichia coli (E.coli) presence was found in the diges-
tates (Table 2), below the limit values proposed by the EU draft [9]., Moreover, the thermal pre-
treatment improved the hygenisation obtaining almost E.coli absence in the digestate.  

Table 2: E. coli content in in microalgae-derived digestates (mean ± SD; n=8). 

  D1 (algae) D2 (co-digestion) D3 (pret. algae) 

E. Coli ulog CFU·g-1 1.6 ± 0.4 1.4 ± 1.3 0.1 ± 0.3 

3.4 Emerging organic contaminants 

The presence of some common emerging organic contaminants, mainly personal care products 
and pharmaceuticals, was evaluated for microalgae and co-digestion digestates. As can be ob-
served in Table 3, the highest presence of these contaminants was detected in the co-digestion 
digestate, due to the primary sludge contribution. However, only five of the eight contaminants 
analyzed were found in the digestates. A correlation between their presence and the hydrophobi-
city behavior of the compound (kow) was observed. In spite of the low values obtained, these 
compounds may exert ecotoxicological effects at relatively low concentrations [10], so the presence 
of these compounds should be taken into account to avoid the problems associated.   

Table 3: Emerging organic contaminants concentration in microalgae-derived digestates (mean values; n=4).  
Note: LOD=limit of detection 

  D1 (algae) D2 (co-digestion) 

Galaxolide ng g-1 dw 200 3500 

Triclosan ng g-1 dw 50 600 

Tonalide ng g-1 dw 400 1750 

Triphenyl phosphate ng g-1 dw 10 40 

Methyl dihydrojasmonate ng g-1 dw 25 25 

Caffeine ng g-1 dw < LOD < LOD 

IIbuprofen ng g-1 dw < LOD < LOD 

Naproxen ng g-1 dw < LOD < LOD 

 

3.5 Potential phytotoxicity  

Effects of the digestates tested in different concentrations (100%, 10%, 1% and 0.1%) on the 
germination of cress seeds are shown in Figure 3. Germination values are expressed as % of a 
control prepared with deionized water.  
No germination was detected for all the pure digestates, probably due to the poor dewaterability 
that had not allowed for a good imbibition of the seeds or to some residual phytotoxicity effect. 
Conversely, positive results were found testing the lower concentration dilution. D1 and D3 gave 
similar trend of GI, showing the highest germination indexes for the 0.1% dilution (GI respectively 
of 109.9% and 97.3%). Concerning D2, there were no significant differences between dilutions of 
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10%, 1% and 0.1% (GI of 97.8%, 109.5% and 101.9% respectively), meaning that with co-
digestion phytotoxicity effect was reduced. Nevertheless, all the digestates, conveniently diluted, 
can be considered to have plant nutrient or plant growth stimulant properties as reported in litera-
ture for manure digestates [6].  
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Figure 3:  Effects of microalgae-derived digestates and dilutions on the germination index (GI) of cress (mean+SD). 

4. Conclusion and outlook 

Microalgae, pre-treated microalgae and in co-digestion with primary sludge digestates presented 
high organic matter and macronutrients content, especially organic and ammonia nitrogen, readily 
available for agricultural reuse as organic fertilizer. Dewatering proprieties were significantly im-
proved after co-digestion. With the thermal pre-treatment, almost absence of E.coli was found in 
the digestate, while low E.coli content was observed in the other digestates. Only some emerging 
contaminants were detected in the digestates, mainly in the case of the co-digestion. When 
properly diluted, microalgae-derived digestates didn’t show potential phytotoxicity; on the contrary, 
they showed interesting stimulant properties for plants. On the whole, co-digestion of thermal-
pretreated microalgae and primary sludge appears as a promising alternative to improve microal-
gae digestion and move towards 0 waste generation in microalgae-based treatment systems. To 
further assess the agricultural value of the microalgae-derived digestates, in-depth assays will be 
conducted involving plant growth bioassays and the study of their biological stabilization.   
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1. Intensive livestock industry development and environmental problem 

Over the past 30 years the livestock industry in China has developed rapidly, and the percentage 
of livestock numbers reared in confined animal feeding operations (CAFOs) has significantly in-
creased, with the value of 51%, 23%, 46%, 22%, 78% and 85% for pig, beef cattle, dairy, sheep, 
laying hen and broilers, respectively, in 2010[1]. We estimated that, the amount of livestock ma-
nure was 554 Tg DM, of which 277 Tg DM was generated from CAFOs, and 278 million Mg DM 
from traditional household systems in 2012. The livestock manure contained 14.4 Tg N, 5.0 Tg P 
and 7.7 Tg K (Jia Wei et al., unpublished). The development of a sustainable livestock industry in 
China is a huge challenge. 
About 79% of manure N and 50% of manure P were lost to the environment in the management 
chain (barn-storage-treatment-application) in China in 2010, in which 33% of N and 95% P losses 
via discharge of manure to water bodies or landfilling (Bai Zhaohai et al., unpublished). The first 
national pollution census in China showed 57% of N and 67% of P were discharged from agricul-
ture, in which 38% of N and 56% P discharge were associated with animal production source[2]. 
The NH3, denitrification and N2O emission generated by the livestock production were 6.4, 1.7 and 
0.3 Tg in China in 2010, respectively (Bai Zhaohai et al., unpublished).  
Recently, urbanization has resulted in livestock farms being located close to large cities. In these 
areas with high densities of intensive livestock rearing farms, manure loading rate to arable land 
are very high due to the lack of available land. In 2009, the average loading rates of manure, ma-
nure-N and -P to Chinese cultivated land were 6.3 Mg ha−1,105.9 kg ha−1 and 25.2 kg ha−1, re-
spectively[3]. In Netherlands, the application limit of manure P is 35 kg ha−1 [4]. Horticultural crops 
receive large quantities of manure in China[5]. For example, vegetable crops, which account for ca. 
12% of the cropping area in China, receive 55% of manure P[6]. 

2. Separation technique and manure utilization in CAFOs  

Separation technique of solid-liquid of animal manure in livestock farm is the key to select the 
method to recycle animal manure to farmland in China. Three systems are commonly used in 
China, including Shui Chong Fen (“use water to wash the manure”), Shui Pao Fen (“manure dunk 
in water”) and Gan Qing Fen (“cleaning the manure dryly”)[7-8]. The Shui Chong Fen system is 
often used in cattle farms, and solid-liquid separation is based on extrusion. The Gan Qing Fen 
method is wildly accepted by small pig farm. However, because of labor resource constraints, 
large pig farms usually adopt the Shui Chong Fen system. 
Different techniques in solid-liquid separation mean different N and P contents in different animal 
waste fractions. Using the Gan Qing Fen method results in ca. 70% less total P content in the 
liquid fraction compared to that from the Shui Chong Fen system. Furthermore, the average pig 
daily water consumption is only 10-15 L head-1, which is only 30-50% of that in the Shui Chong 
Fen and Shui Pao Fen systems. The Gan Qing Fen method not only reduce the content of various 
pollutants in wastewater (Table 1), but also obtain the solid waste with a high nutrient content. 
However, ca. 38%, 38% and 43% of N, P and K from manure is still lost during the storage stage 
of the manure management chain[3].  
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Table 1: Nutrient concentrations in different wastewater from livestock farms that adopt different in-house manure collec-
tion strategies

[9]
 

Type Manure collection 

strategies 

NH4
-N (mg L-1) Total N (mg L-1) Total P (mg L-1) pH 

Pig Shui Chong Fen 590 805 127 6.30-7.50 

 Gan Qing Fen 261 370 43.5 

Beef Cattle Gan Qing Fen 22.1 41.1 5.33  

7.10-7.51 Dairy Cow Gan Qing Fen 51 67.8 18.6 

Laying Hens Shui Chong Fen 261 342 31.4 6.53-8.49 

Duck Gan Qing Fen 1.85 4.7 0.14 7.39 

3. Manure and slurry processing techniques  

In China, most solid manure (or solid fraction of manure) are used on farmland, but the utilization 
of liquid manure (slurry, digestate and liquid fraction of separated manure) are limited due to small 
household farms with little mechanisation. In most developed countries, slurry or solid manure are 
generally applied directly to farmland without composting or anaerobic fermentation[3,10-11]. 

3.1 Aerobic composting 

Aerobic composting is the main form of solid manure treatment in China, including traditional and 
commercial aerobic composting[12]. Windrow, in-vessel, reactor and trough types composting 
strategies are widely used in China, especially groove type composting due to land limitation[3]. 
Manure heaps are turned and combined with additional aeration to accelerate the composting 
process, although only 38% of compost enterprises currently use forced aeration. It is estimated 
that ca. 31% of N, 11% of P and 19% of K in manure is lost during composting. NH3 volatilisation 
represents the main form of N loss (Table 2). 
Several methods have been commonly used to reduce N loss during composting. These include: 
(1) Choosing the most appropriate process condition; (2) Addition of Conditioner during compost-
ing; (3) Controlling the moisture of feedstock; (4) Covering in a shed, and so on. Recently we have 
found that addition of woody peat (10% w/w) to composting manure can reduce NH3 emissions by 
80%. 
Commercial added-value products, i.e. ordinary organic fertilizers and bio-fortified organic fertiliz-
ers have been promoted by the composting industry in China. Commercial composting production 
is subsidized, for example subsidies of 200 yuan Mg-1 (23.5 Euro Mg-1) were used for composting 
in 2012. Composting is the most appropriate way to reduce and redistribute manure N and P. 
After composting the mass of the composting feedstock has been reduced by 50%-80%[13], thus 
reducing transport costs and increasing the value of the product [14]. 

Table 2:  Nitrogen losses, NH3 and N2O emissions during manure composting [15-29] 

Type Re-

gion 

TN Losses %  NH3 Losses %  N2O Losses %  

n Mean Max Min n Mean Max Min n Mean Max Min 

Pig 

Manure 

Others 27 50.0 69.2 1.0 26 57.7 96.9 18.5 21 9.7 74.6 0.68 

China 100 24.2 78.0 6.3 100 66.5 64.2 2.1 66 6.9 78.0 6.4 

Cow 

Manure 

Others 
36 54.6 79.0 22.3 5 38.5 55.4 21.6 22 1.8 6.1 

0.00

1 

China 1 42.0 42.0 42.0 18 52.6 16.4 7.5 1 5.0 42.0 - 

Chicken 

Manure 

Others 12 8.7 24.6 7.60 18 12.64 16.4 7.6 - - - - 

China 6 31.5 60.2 37.7 5 28.3 60.2 37.7 - - - - 

n: number of samples. 
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3.2 Anaerobic digestion  

Anaerobic fermentation technology is generally more feasible for large-scale livestock farms in 
China. In 2010, there were ca. 5000 large and medium-sized biogas plants in China[30], and annu-
al production of anaerobic digestate was >1.3 x 109 Mg[31]. However, discharge of untreated an-
aerobic digestate still occurs with severe effects on the environment. Digestate solid material is 
typically composted or applied direct to farmland[32]. Digestate liquid material is often used as a 
liquid fertilizer on some livestock farms, and is applied by drip irrigation, furrow irrigation and sur-
face broadcasting. Improper application results in high losses of NH3 volatilization[33-34], green-
house gas emission sand N leaching[35-36], and greatly reduces the nitrogen use efficiency of di-
gestate. In landless livestock farms, digestate needs to be treated to reach the standard (GB8978-
1996) before discharge into watercourses.  

3.3 Slurry and Wastewater treatment 

At present, the utilization of the slurry and other liquid effluents are challenging for “landless” live-
stock systems, because of the high costs of processing to minimise pollution of watercourses. 
Most farmers have little enthusiasm to apply biogas digestate to land because of difficulties in 
transportation[37]. 
Chinese scientists are developing several engineering and ecological solutions to process the 
slurry and digestate, including physicochemical methods, biological-chemical methods, use of 
natural filtration beds and combined anaerobic-aerobic treatment strategies. Natural pretreatment 
can reduce the concentrations of pollutants with high organic matter contents and increase the 
biochemical degradability of wastewater with microorganism[38-39]. Then physicochemical deep 
treatment can further remove or recover the N and P nutrient in wastewater [40-41]. 

4. Land application of manure 

There is no limitation to control manure and slurry use on farmland in China. In the USA and Eu-
rope, manure applications are commonly based on the manure P and/or N content, as there is a 
recognition of the different N:P ratios of manures and crops. A P-based manure application strate-
gy would limit manure application rates significantly, and possibly require additional N fertilizer 
applications to satisfy crop demand.  
However, the availability of N, P and K in manure includes fast-phase and slow-phase release. 
About 40-60% of N, 80-90% of P is available to crops in short-term, which reflects the manure 
application on the equivalent of chemical fertilizer in the same year. It is possible to predict the 
short-term availability through total N, ammonium N and the C:N ratio of the manure [42].  Long-
term (slow-phase) availability reflects organic N release via mineralization following manure suc-
cessive manure applications. This increases the long-term fertilizer equivalent value of manure to 
40%-70%. It is necessary to understand mineralization rates of organic N to determine N fertilizer 
equivalent of manure so that using optimum manure rate to replace chemical N. 

5. Perspective  

Large-scale farming systems promoted by land consolidation and pressures to improve resource 
use efficiencies will require new strategies for manure management and land application. Farmers 
with large-scale planting areas could pay more attention to input-output efficiencies, and opt to 
utilize manure nutrients instead of chemical fertilizers to improve production efficiencies. Manure 
management in China should utilize technology with low cost according to local conditions. Pro-
duction of the value-added commercial organic fertilizer product is a successful model for recy-
cling nutrients from regions of intensive livestock production to other areas where organic matter 
and nutrients are required. This results in a recycling of nutrients at the broader/regional scale and 
reduces manure nutrient loads in areas of intensive livestock farms. Aerobic composting will re-
main an important treatment of manure in China for many years. However, technical innovation is 
urgently needed to a) reduce N loss from large composting factories and centralized anaerobic 
digestion plants, and b) sustainable utilize liquid manure (slurry, digestate and the liquid fraction of 
separated manure). Recently, the Chinese government has enhanced the environmental legal 
enforcement for livestock waste management, such as the Regulation on the Prevention and 
Treatment of Livestock Farm Pollution of 2014, New Environmental Protection Law of 2015, and 
the Water Pollution Control Action Plan of 2015. Legislation, guidance and process innovation 
area all needed to improve the sustainable use of manures in China. 
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1. Objectives 

Flanders (northern part of Belgium) is one of the best students in the field of separate collection of 
waste. This also counts for the organic fraction.  A large amount of organic residues are pro-
cessed by the people, at home or in their gardens. The Flemish government wants to further in-
crease the number of home processors and the quality of home processing of these organic mate-
rials. To put this into practice, Flanders follows a very specific and unique approach. 

2. Methodology 

In Flanders, Vlaco npo supports and implements the policy of biowaste. Vlaco is a membership 
organisation with representation of both the Flemish government (OVAM and intermunicipal waste 
associations) and the private sector (private waste treatment companies). All the Vlaco activities 
support the sustainable material cycle of biowaste. 
The ‘Biocycling at home’ unit of Vlaco focuses on raising an environmental awareness concerning 
bio-organic materials. All individuals are to be sensitized and convinced in a different way. On the 
longer term ‘Biocycling’ (or ‘Kringlopen’, a verb in dutch) must evolve in a ‘way of life’. A 2-fold 
awareness approach has proven its success. The first approach - the most specific one - focusses 
on volunteering, enthusing and engaging. The second focusses on the content of the message 
and educating. 
 
First approach 
Around the year 2000, home composting was hot; it entirely fitted within the former Waste Decree.  
The main issues we distinguish in that ‘Home Composting’ scheme were composting itself, and 
the use of that self-made compost. 
As the Waste Decree was interpreted more broadly, through the years, the ‘Home Composting’ 
scheme evolved to a ‘Closed Loop Gardening’ scheme (± 2003). From that moment on, besides 
composting, also other methods were recommended to process organic residues at home: f.i. 
lawn maintenance, processing of branches, perennials and how you can reduce organic waste by 
using these perennials instead of grass, chicken keeping …. 
As the Waste Decree was replaced by the Materials decree (2012) solving the waste problem was 
no longer the central theme, but the using of waste as a basic material within a closed loop (or 
biocycle) became the main message from that moment on. Also Vlaco as initiator, facilitator and 
supervisor of the policy on organic biological waste evolves in this direction. In 2012 the ‘BioCycle 
at Home’ scheme was initiated. A new theme that was added to the responsibilities of Vlaco was 
the communication about food losses and how to prevent them.  From that moment on also a lot 
of secondary, more specific themes came into the picture.   
 
Currently, the Vlaco-unit ‘Biocycling at Home’ has trained several thousands of volunteers. These 
volunteers (so called Master Composters, or Biocycle Volunteers as we call them now) assist the 
Municipality by promoting the ‘Biocycle at Home’. They communicate about seven different tech-
niques to achieve the biocycle of:  

 Food waste  
 Lawn  
 Prunings  
 Home composting 
 Compost use  
 Chicken keeping 
 Perennials 

 
Vlaco trains the Master Composters. About 40 teachers are available to regularly train these 
volunteers and to update them. In total 4000 Master Composters have been trained the last 20 
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years.  For the moment 2700 of those Master Composters are still active (which is about 1 per 
2000 inhabitants).  
They are volunteers that assist municipalities and the so called Intermunicipal Waste Associations 
in promoting the BioCycle at Home, in their own municipality or city. 
Master Composters (or biocycle volunteers as we call them now) are volunteers in a team sup-
ported by the environmental, sustainability or green officer at the municipality. 
The reason why Master Composters are being ‘used’ in communication (and not just folders or 
online information), and the cause of their ascertainable success, is because Master Composters 
have a better credibility compared to the ‘official message’, they stand with both feet in practice 
(that’s why people believe them), they use their own words and work in their own village, and they 
can demonstrate things. 
 
Second approach 
Vlaco also approaches the public directly. This includes:  

 organizing courses (about the preventing and processing of organic remains),  
 (co-)organizing campaigns and events (Closed Loop Weekend, Closed Loop Festival, 

Floralies 2016 …),  
 distributing leaflets, brochures, posters (leaflets as some sort of teasers, and booklets for 

those who want to know more about a specific theme),  
 communicating by several types of (social, internet or paper) media, and through inter-

municipal waste associations and the local environmental services,  
 using other educational materials (demonstration tools about processing organic remains 

f.i. compost boxes and –bins, wormeries, insect hotels, mulch mowers, wood chipper, 
school games, compost information box…) 

3. Results and discussion 

Research shows that this approach makes sense and is gradually evolving the way we wanted. A 
combination of instruments undoubtedly lies at the basis of the success (financial, policy and pub-
lic awareness). 
In the table below you see the percentage of citizens that are practising the closed loop technique 
named ‘Home Composting’. 

- In 1991 5% of the people in Flanders were composting at home. 
- In 21 years time this amount evolves to 52%.  

 
Note that this percentage includes all inhabitants of the Flemish region, not just those who have a 
garden.  Currently, pproximately 106.000 tons of organic waste is processed at home, by com-
posting.  The exact amount is very difficult to estimate. 
 

 
Figure 1:  The percentage of inhabitants that are composting (all or part of) their organic waste at home (by using wormery, 
compost box, compost bin or compost heap), throughout the past 21 years. 
 
 
In the table mentioned below, one can see some other methods of processing home produced 
organic residues and the percentage of people that are practising these methods at home. 

 About 17% of the people practices one or another residue reducing method to maintain 
their lawn. 
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 Over 22% of the people applies one of the pruning processing methods I mentioned earli-
er. 

 Around 58% applies perennials in the garden to reduce the garden residues and garden 
work.  

 And more than 1 on 4 families in Flanders keeps chickens to reduce the organic garden 
and kitchen residues. 
 

 
Figure 2:  The percentage of inhabitants that are applying other closed loop techniques to reduce their organic waste.  
 
The amount of people that practises (our) specific food loss reducing methods (= the most recent 
Biocycle at Home-theme) we do not know yet. 
 
Almost 75% applies one or another biocycling technique to process organic waste at home, and 
more than 75% is planning to do so.  
 
The unique co-operation model with authorities on different levels, a network of well trained 
teachers and trained volunteers (Master Composters / Biocycle Volunteers) who sensitize citizens 
was and still is successful.  
The last years, we see that citizens still want to engage themselves and like to co-operate in or-
ganisations, but they want to do it in a more noncommittal and trend-sensitive way. Social media 
and direct action are playing an important role in this. The lifelong commitment that we saw in 
former days is slowly disappearing. 

4. Conclusion and outlook 

The 2-fold policy followed, clearly has a positive result, but integrating the experience and 
knowledge of our original volunteers in the new ways of communicating and community creating, 
is the challenge for the future, ànd at the same time it is the assurance that the biocycle message 
is alive ànd meaningful! 
What will bring the future for the ‘BioCycle at Home’ in Flanders?   
The next years we will focus on some potentials, namely: 

 Home Composting: research showed that 59% of the people are composting at home or 
are planning to do that on the short term.  Getting to that 59% home composters is one 
target.   

 Idem ditto what concerns Closed Loop Gardening. 75% is planning to implement one or 
another BioCycle theme in his own garden.  So 75% or more is our goal. 

 A gradual change of tasks and communication content requires a change of name.  
That’s why we will gradually evolve to the a new terminology (from Master Composters to 
BioCycle Volunteers). 

 Trying to introduce the principles of the BioCycle into other (garden-, environment- and 
nature related) npo’s 

 Taking into account and flexibly respond on a constantly changing legislation 
 Further expanding our communication and sensitizing items 
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 We will focus on the future, but remembering and taking into account some preconditions, 
namely: 

 That all individuals must / want to be sensitized, convinced in a different way (leaflet, edu-
cation, google-discovering …) 

 That Home composting is a valuable first step towards an improved relationship with envi-
ronment 

 That BioCycling at Home is part of a sensitizing process in order to change consumption 
behaviour (f.i. food loss). 

 The roadmap on circular economy http://ec.europa.eu/smart-
regulation/roadmaps/index_en.htm.  
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1. Objectives 

Slurry injection is currently the recommended method for slurry application to soil but, in some 
specific conditions (small field plots, stony fields), it might be difficult to use slurry injection and 
farmers are asking for some alternatives.  
Slurry acidification has proved to be efficient to minimize ammonia (NH3) emissions during soil 
application and band application of acidified slurry could be a good alternative to slurry injection. 
However, most of studies dealing with acidified slurry application to soil were performed in coun-
tries from North Europe with soils and climate conditions very different from those existing in Medi-
terranean countries. Furthermore, these studies are generally considering only NH3 emissions and 
biomass production and there is a lack of knowledge relative to the impact of acidified slurry appli-
cation to soil in terms of greenhouse gases emissions, nitrate leaching or long term effect on soil 
quality. Our main hypothesis is that slurry injection could be substituted by band application of 
acidified slurry and that soil incorporation of acidified slurry could be avoided. 
 
The objective of the present study was to assess the efficiency of band application of acidified 
cattle slurry relative to non-acidified slurry injection, to supply plant nutrients with low nitrogen and 
carbon losses to air and water in two Portuguese soils. 

2. Methodology 

A medium scale experiment (1 m2 plots) was performed at the campus of ISA in Lisbon (Portugal) 
with two different soils: a sandy soil (Haplic Arenosol) and a sandy loam soil (Haplic Cambisol). 
The sandy soil was collected in the Pegões area (near Lisbon) and the sandy loam soil in the 
center of Portugal (Castelo Branco). The former had a pH of 7.0 and its textural composition was 
700 mg kg-1 of coarse sand, 170 mg kg-1 of fine sand, 97 mg kg-1 of silt and 26 mg kg-1 of clay. 
Sandy loam soil had a pH of 6.1 and its textural composition was 271 mg kg-1 of coarse sand, 558 
mg kg-1 of fine sand 72 mg kg-1 of slit and 99 mg kg-1 of clay. The slurry used was taken from a 
dairy farm located near Lisbon. Slurry acidification was performed by addition of concentrated 
sulphuric acid (5ml to 1L slurry) to reach a final pH of 5.5.  
Five treatments were considered: 1) control; 2) slurry injection (SI); 3) Band application of raw 
slurry followed by soil incorporation (SS); 4) Band application of acidified slurry (AS); 3) Band ap-
plication of acidified slurry followed by soil incorporation (ASS). Tree replicates of each treatment 
and control were considered.  
The traditional double cropping system maize (spring)/oat (autumn) was established between 
September 2012 and September 2014 in these two different soils. Untreated and acidified slurry 
were applied at a rate of 90 kg N ha-1 before oat and 170 kg N ha-1, before maize sowing.  
During the 2 years experiment, the following information was collected in all plots: NH3, CO2, CH4 
and N2O emissions, nitrate leaching during oat growth, plant yield, slurry nutrients uptake by 
plants and finally soil quality with special emphasis on soil enzymatic activity. 
Ammonia emissions were measured during the 8 days following slurry application using the dy-
namic flow chamber system. The nitrate-N leached from the crop root zone was estimated by 
combining the drainage flux with the nitrate-N concentration in the soil water collected from the 
suction cups installed at the depth of 70 cm. The soil water module of the Root Zone Water Quali-
ty Model (RZWQM) [1] was used to compute the drainage fluxes at the bottom of the root zone. 
The daily soil water balance was performed using precipitation data as a surface boundary condi-
tion. The bottom boundary condition was a variable drainage flux, calculated by the Darcy equa-
tion, as described in detail in [2]. Methane (CH4), nitrous oxide (N2O) and carbon dioxide (CO2) 
fluxes were measured regularly using the closed chamber technique and the concentrations of the 
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gas samples stored in vials were measured by gas chromatography using a GC-2014 (Shimadzu, 
Japan). Plant harvest was performed manually; fresh material was weighed and subsamples tak-
en for determination of dry matter and total N and P concentration, after pre-drying at 80 ºC for 24 
h. Nitrification potential [3] and β-glucosidase, acid and alkaline phosphatases [4] and arginine 
deaminase activities [3] were determined in soil samples (0-20 cm) at the end of the experiment. 

3. Results 

Application of acidified slurry followed or not by soil incorporation, led to residual NH3 emissions 
similar to those observed in SI treatments while significant NH3 losses were observed in SS 
treatment (Figure 1). At spring application, before maize sowing, residual NH3 emissions were 
observed from SI and ASS treatments but a small amount of NH3 was also released from AS 
treatment, even if at a significantly (P<0.05) lower rate than from SS treatment. This release of 
NH3 in AS treatment occurred only 3-4 days after application and might be due to the pH increase 
of acidified slurry to values close to the untreated slurry. Our results showed that band application 
of acidified slurry is a good alternative to slurry injection to minimize NH3 emissions. Furthermore, 
incorporation of acidified slurry might not be necessary since it contributed to a very low decrease 
of NH3 emissions.   

Figure 1: Cumulated amount of ammonia released after each slurry application before oat and maize growth in the two soils 
………… and five treatments considered (N=3) 

 
 
When considering greenhouse gases emissions, SI led to the highest (P<0.05) N2O emissions 
during the summer period in sandy soil but to the lowest (P<0.05) during oat production where 
similar N2O emission rates were observed in SS, AS and ASS. Slurry acidification has no negative 
impact on N2O emissions since similar values were observed in SS, AS and ASS. Methane emis-
sions were observed only during the first hours following application in all amended treatments 
with no significant (P>0.05) differences between treatments. Band application of acidified slurry 
might lead to lower GHG emissions than slurry injection even if such decrease relies strongly on 
the soil and climate conditions. 
 
During the first oat production (2012-2013), slurry injection led to the highest (P<0.05) losses of N 
through nitrate leaching in both soils (Figure 2). Similar values of nitrate leaching were observed 
following acidified and raw slurry application when soil incorporation was performed immediately 
after application (SS and ASS). However, a significantly (P<0.05) higher nitrate leaching occurred 
in AS than in SS or ASS in both soils. During the second oat production (2013-2014), a significant-
ly lower amount of nitrate was leached in all treatments and different trends were observed in 
each soil: the highest (P<0.05) nitrate losses were observed in AS and SI in the sandy soil and in 
SS and ASS in the sandy loam soil. Rainfalls were significantly lower in 2013-2014 relative to the 
previous years and rain events occurred mainly one month after slurry application what explained 
the lower N losses observed during this second year of experiment. Our results indicated that it 
might be of interest to incorporate the acidified slurry in soil to minimize nitrate leaching even if, 
such treatment led to the highest losses in sandy loam soils in 2013-2014. It is still to refer that the 
amounts of nitrate leached in SS and ASS were very close. 
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Figure 2: Cumulative amount of nitrate leached in each treatment in the two soils considered during oat production  
    (N=3) – values quoted with similar letter are not statistically different at (P<0.05). 

 
To assess the impact of slurry injection and band application of acidified slurry on crop yield, we 
calculated the percentage of yield increase obtained with each treatment relative to SS, consid-
ered here as the traditional (and still most used) techniques for slurry application to soil. All over 
the experiment, ASS, AS and SI treatments led to an increase of biomass production relative to 
SS except during oat production in 2013 where AS application to sandy soil led to a lower dry 
yield than SS (Figure 3). Nevertheless, the higher total yield increase relative to SS was obtained 
with ASS treatment in the sandy soil while in the sandy loam soil, ASS treatment led to the highest 
yield increase relative to SS. It is still to refer that an higher net N uptake was observed in ASS 
and AS treatments in the sandy and sandy loam soil, respectively, relative to SI and SS. It can 
then be concluded that band application of acidified slurry led to higher or similar yields relative to 
slurry injection. It is still to note that in the sandy loam soil, higher yields were obtained in AS rela-
tive to ASS indicating that incorporation should be avoided. 

 
Figure 3: Variation of biomass production in SI, AS and ASS treatments expressed as % of the dry biomass yield obtained 
……… …in SS treatment over the 2 years experiment (N=3). 
 
After 4 consecutive slurry applications, a significantly higher activity of β-glucosidase was ob-
served in AS and ASS relative to SS and SI in sandy soil whereas in the sandy loam soil, such 
effect was observed only in AS treatment (Table 1). Application of acidified slurry stimulated the 
activity of Acid phosphatase but depressed the activity of alkaline phosphatase relative to SS and 
SI. The impact of acidified slurry application on the activity of Arginine deaminase depends on the 
soils considered and is also influenced by soil incorporation. Finally, a significant (P<0.05) de-
crease of the Nitrification potential was observed in soils amended with acidified slurry relative to 
SI or SS, namely in the sandy loam soil where values in AS and ASS are similar to values ob-
served in control. 
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Table 1: Nitrification potential and enzymatic activity in soils at the end of the experiment (N=3) 

 

β-glucosidase 
(µg p-nitrof.g-1 h-1) 

Acid 
 phosphatase 

(µg p-nitrof.g-1 h-1) 

alkaline  
phosphatase 

(µg p-nitrof.g-1 h-1) 

Arginine 
 deaminase 

(µg N-NH4
+ g-1 3 h-1) 

Nitrification 
 potential 

(µg N-NO2
- g-1 5 h-1) 

Sandy soil 

control α42.6c 71.1e 61.3d 2.8c 1.4e 

SS 70.1b 116.5d 129.1a 3.8b 3.6a 

SI 65.6b 147.5b 111.4b 3.8b 2.8b 

AS 83.2a 136.7c 106.4b 4.2a 2.1d 

ASS 87.7a 176.0a 97.5c 3.7b 2.4c 

      
Sandy loam soil 

control 65.6d 221.2e 81.1d 1.4c 1.0cd 

SS 107.1b 299.5d 206.7a 2.4a 2.9a 

SI 97.6c 325.9c 159.3b 2.2ab 2.2b 

AS 130.5a 341.2b 134.0c 2.1b 0.9d 

ASS 96.9c 378.4a 88.0d 1.6c 1.1c 

α values in a same raw followed by similar letter are not statistically different at (P<0.05) 

4. Conclusion  

Our results showed that band application of acidified slurry is a good alternative to slurry injection 
and that soil incorporation of acidified slurry is recommended to minimize nitrate leaching. 
 
No negative impact on enzymatic activity was observed after 4 consecutive application of acidified 
slurry and in some instances, it can be said that application of acidified slurry is beneficial since it 
decrease the nitrification potential and increase enzymatic activity. 
 
It is also important to highlight the fact that acidified slurry application induced, in most cases, an 
increase of crop yield relative to the traditional slurry broadcast followed by incorporation (SS). 
This increase of crop production and the lower energy required for soil application relative to injec-
tion might be sufficient to balance the cost associated with slurry acidification. Nevertheless more 
studies are still needed to improve safety during the acidification process, namely the utilization of 
other additives rather than concentrated sulfuric acid. 
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1. Objective 

Substituting mineral phosphorus (P) fertilizer with secondary P fertilizers is a crucial step towards 
increased P sustainability. Secondary P fertilizers are based on P in waste products in comparison 
to mineral P fertilizer that is produced with rock phosphate, a limited resource. Substance flow 
analysis is a useful tool to estimate the amount of P in waste products and a country’s recycling 
potential. Many studies, however, only consider total P amounts e.g. [1], [2] and [3], even though 
in secondary P resources the fraction of plant-available P is often considerably lower than the total 
P amount. This is because P in secondary resources is commonly found in the form of various 
complex P compounds of different solubility [4], in comparison to mineral fertilizer, where P is pre-
sent as simple compounds (e.g. monocalcium phosphate). Mineral fertilizer equivalents (MFE, %) 
represent the fractions of P in secondary resources that are plant-available and that can substitute 
mineral fertilizer. The objective of the present study was to estimate the P recycling potential in 
Norway by comparing the total and plant-available amount of P in secondary resources. In order 
to do this, we combined the results from a P flow analysis [2] with the MFE of secondary P re-
sources, as studied by a bioassay and literature.  

2. Methodology 

 P flow analysis (PFA):  
PFA was applied to the Norwegian food system to estimate the P recycling potential of 
Norwegian biomass. The system included plant agriculture, aquaculture/fisheries, human 
consumption and waste management. Averaged data from 2009-2011 were used in order 
to avoid annual variations. Data were collected from government statistics, reports, com-
pany publications, expert interviews and scientific publications. For a detailed description 
of the P flow analysis see [2]. 
 

 Mineral fertilizer equivalents (MFE) 
MFE were determined for those secondary resources that represented the largest 
amounts of total P. MFE were calibrated assuming that plant uptake of P in mineral ferti-
lizer = 100%. MFE were mainly derived from a 1-year bioassay and supported by values 
from literature describing experiments on the P fertilization effect of secondary resources 
the first year after application. In the bioassay, the P fertilization effects of 7 Norwegian 
secondary resources (dairy manure, chicken manure, meat bone meal, fish sludge, 2 
types of digestate based on source-separated household waste and reactor-composted 
catering waste) were compared with that of mineral fertilizer (Ca(H2PO4)). Ryegrass (Loli-
um multiflorum var. Macho) was used as experimental crop and a nutrient-deficient sand-
peat mixture at two pH levels as experimental soil. Confidence intervals (95%) of MFE 
were calculated based on the available studies and assuming a normal distribution. The 
lower and the upper values were used to calculate the minimum and maximum recycling 
potential. 

 
 Recycling potential 

The Norwegian recycling potential was defined as the sum of the recycling potentials of 
the secondary P resources and determined by multiplying total P amounts in secondary 
resources with their associated MFE. The total demand for fertilizer P in Norway was de-
fined as equal to the P uptake by agricultural crops. With this definition we assumed a 
long-term situation where all agricultural soils have optimal P levels and losses are negli-
gible, thus only the amount of P removed with the crop has to be applied as fertilizer to 
achieve optimal yields [5]. Data on plant-available soil P (measured as P-AL, mg P/100g 
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soil, extracted by 0.1 M ammonium lactate and 0.4 M acetic acid adjusted to pH 3.75) 
from the Norwegian soil database for the period 2001-2011 shows that 89% of the soil 
samples fall into the categories optimal, moderately high, high, and very high levels of P-
AL [6]. Therefore, in the short run, our definition leads to an overestimation of the total 
demand for fertilizer P.  
 
Figure 1 is an illustration of how our model distinguished between directly plant-available 
P versus not directly available P in returned secondary resources. We assumed that crops 
utilize only the directly plant-available fraction (equal to 100% MFE) the first year after ap-
plication, while the not directly available fraction is added to the P-stock in the soil. P de-
mand is defined here as demand for plant-available P. In our model, there is no flux be-
tween the not directly available and directly available P pools. We assumed that these two 
compartments remained isolated from one another. In reality, this is not the case, as there 
are several interactions and flows in both directions between the two P pools. These 
mechanisms, however, are dependent on local factors such as soil type and pH, which 
were not included in this model. 
 

 
 

Figure 1. Illustration of secondary P partitioning 

3. Results and discussion 

3.1 PFA 

In the period 2009-2011, on average agricultural crops took up 11000 Mg P/yr, in our model rep-
resenting the demand for plant-available P. 8400 Mg P/yr was applied to Norwegian soil as miner-
al fertilizer, all of which was produced by imported rock phosphate. In comparison, 28000 Mg P/yr 
was estimated to be in secondary resources, of which the most important were animal manure 
(11400 Mg P/yr with 60% as cattle manure and the residual as sheep, pig, poultry, fox and horse 
manure), losses in aquaculture in the form of fish excrements and feed residues (fish sludge, 9000 
Mg P/yr), municipal solid waste (2600 Mg P/yr), meat bone meal (2100 Mg P/yr), sewage sludge 
(1900 Mg P/yr) and dumped fish scrap (1100 Mg P/yr). In 2009 – 2011, all P in manure in addition 
to 20% of meat bone meal, 50% of P in sewage sludge and 3% of municipal solid waste was 
returned to agricultural soil.  

3.2 MFE 

MFE used in the study can be found in table 1.  

3.3 Recycling potential 

By combining the total amount of P in secondary resources with their MFE, we found the total P 
recycling potential in Norway to be 12600 – 26200 Mg P/yr. Despite large uncertainty, based on 
the minimum recycling potential we conclude that the total demand for fertilizer P in Norway could 
theoretically be covered by directly plant-available P in secondary resources and that all mineral 
fertilizer could therefore be substituted.  

3.4 Data quality 

Large deviation between the minimum and the maximum recycling potential can be explained by 
MFE of secondary resources being dependent on a range of parameters. Examples are the char-
acteristics of the soil to be fertilized, the experimental crop used as well as the experimental de-
sign. 
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Table 1: Confidence intervals (95%) of mineral fertilizer equivalents (MFE, %) used in the study, calculated assuming nor-
mal distribution. If n = 1, we assumed the uncertainty to be 50%. 

Secondary P re-
source 

Category/treatment MFE (%) n Reference 

Manure Cattle manure [85, 115] 14 Bioassay; [7]; [8]; [9]; [10]; [11]; [12] 

 Sheep and goat manure [75, 125] 1 [13] 

 Pig manure [77, 123] 6 [10]; [12]; [14] 

 Poultry manure [65, 74] 3 Bioassay; [12] 

 Fox manure [29, 79] 1 [15] 

 Horse manure a [75, 125] 1 Own assumption 

Fish sludge Reactor-composted [21, 115] 3 Bioassay, own unpublished data 

Municipal solid waste Compost [39, 65] 10 Bioassay; [19] 

 Digestate [55, 86] 4 Bioassay 

Meat bone meal Treated with heat and pressure [5, 64] 5 Bioassay; [15]; [16] 

Sewage sludge Chemical or chemical-
biological treatment [20, 29] 9 [17] 

 Biological treatment [75, 125] 1 [18] 

 Mechanical treatment [75, 125] 1 Own assumption 

Dumped fish scrap b  [10, 60] 1 Own assumption 
a Assumed to be equal to cattle manure, b assumed to be equal to meat bone meal 

 
In addition to the MFE uncertainty, the data quality of the PFA greatly influences the reliability of 
this study. While the estimation of P uptake by agricultural crops is estimated based on relatively 
robust data, data gaps and mass balance inconsistencies within the PFA were most prevalent in 
the waste sectors. For example, poor data availability for food processing and post-consumer 
wastes required crude assumptions with high uncertainties. Additionally, the methods used to 
individually calculate each flow could have masked hidden waste flows, contributing to large mass 
balance inconsistencies. The sections of the model that were estimated due to large data gaps, 
however, were crosschecked with secondary data and were shown to be in the correct order of 
magnitude. For more information related to the PFA uncertainty, refer to [2]. 

3.5 Theory versus feasibility 

Currently, P recycling is far from optimized, as shown by the great over-application of plant-
available P in secondary resources and mineral fertilizer to agricultural soil compared to the 
actual crop P requirements [6]. This contributed to an average net accumulation of 12000 Mg P/yr 
in Norwegian soil stocks in the years 2009-2011. The reasons for this include a combination of 
technological, economic and social parameters as well as a lack of political incentives. Some as-
pects are discussed below:  
 
One of the main reasons for insufficient utilisation of plant-available P in Norwegian animal ma-
nure is the uneven geographical distribution of animal husbandry and crop farming [6]. Transpor-
tation of P in animal manure to P-deficient areas would require treatment of the bulky material to 
reduce its water content without reducing the high P fertilisation effect.  
 
The main challenge regarding the recycling of P in fish sludge from aquaculture is its collection 
from open cages in Norwegian fjords. While technologies exist, they are in their infancy and re-
quire further development before this can be realised. Moreover, collected fish sludge would re-
quire dewatering and desalting before it could be used as secondary fertiliser. Even though the P 
fertilisation effect of fish sludge has been shown to be promising in the bioassay, its performance 
under field conditions is still to be tested. 
 
Today, fish scrap, meaning fish bones and guts from fisheries, is dumped off-shore. Bringing 
this secondary resource to land is costly, and therefore utilising P in fish scrap would require 
political incentives. Little is known about the P fertilisation effect of fish scrap. P in fish scrap is 
assumed to be mainly present as stable calcium phosphates in fish bone. Therefore, for the 
present study we assumed MFE to be equal to meat bone meal.  
 
Meat bone meal and sewage sludge are both characterised by low MFE. In meat bone meal P 
is mainly present as hydroxyapatite [20], which is only partially soluble in soils, also dependent on 
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pH in the soil to be fertilised. Only if P in meat bone meal is solubilized e.g. by treatment with sul-
phuric acid, could it be turned into a valuable secondary P fertiliser. In Norwegian sewage sludge, 
P is mainly present as phosphate bound to aluminium (Al) or iron (Fe) with low plant-availability. 
This is due to the common use of Al- and Fe-precipitation agents to remove P during wastewater 
treatment [18]. 

4. Conclusion and outlook 

The presented study is an attempt to improve the quality of phosphorus flow analysis (PFA) and 
the estimation of a country’s recycling potential, using Norway as a case. Combining PFA with 
mineral fertilizer equivalents as a parameter for the plant-availability of P in waste products, we 
demonstrate that the total demand for fertilizer P in Norway could theoretically be covered by 
plant-available P in secondary fertilizers. In this study we did not take into account other parame-
ters that could limit the P recycling potential such as distribution (e.g. manure) of secondary re-
sources and collection (e.g. fish sludge), or waste quality (e.g. heavy metals, pathogens, antibiot-
ics, salt concentration), regulations and attitudes. 
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1. Objectives 

Among the treatments to reduce nitrogen (N) surplus from livestock slurry, ammonia stripping is 
an effective technology [1], but currently expensive and difficult to manage. In this work we 
evaluated a simplified, slow-release ammonia stripping system to examine if nitrogen could be 
removed from slurry and collected in an acid solution, thus turning it into a mineral fertilizer that 
reduced its potential environmental impact. Here we report only results of the ammonia removal 
experiments. 

2. Methodology 

A pilot plant consisting of 3, 50-L reactors was used (Figure 1). Reactors were thermally con-
trolled at 30, 40, and 50 °C and continuously mixed. Ammonia volatilization was obtained by 
pumping an air stream at 10 L min

-1
 through the headspace of the reactors. Two tests lasting 

10 days each were conducted on a digested slurry (digestate). The first test was conducted at 
the natural pH of digestate (about 8) and the second at an adjusted pH of 9. The pH and Total 
Ammoniacal Nitrogen (TAN) content were determined daily. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  Reactors to assess removal of nitrogen from slurry with a slow-stripping technique. 
 
The digestate was collected from a biogas plant (1 MW) fed with animal manure (pig and cattle 
slurry, cattle farmyard manure and poultry manure) and a limited amount (5%) of maize silage. 
The digestate was collected following mechanical (screw press) separation.  
At the start of each experiment, each reactor was filled with around 40 L of digestate drawn 
from a 150-L batch previously mixed manually. The digestate in the second test was corrected 
to pH 9 by adding sodium hydroxide. The Total Kjeldahl Nitrogen (TKN), TAN and dry matter 
content of the digested slurries were determined at the beginning and the end of each experi-
ment using standard procedures (APHA, 1998). Results are reported in Table 1. 
 

Table 1:  Characteristics of digestate at the beginning and end of the two experiments. 
 

Parameter Experiment 1 Experiment 2 (pH 9) 
(natural pH, ca. 8) 

Total Kjeldahl Nitrogen (g/L) 4.50 2.96 
Ammoniacal Nitrogen (g/L) 2.38 2.09 

Dry matter (%) 3.14 2.89 
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The TAN content of each reactor was determined daily. As some water evaporation occurred 
during the experiment, the volume in each reactor was noted and the results of the analyses 
were corrected to obtain a mass balance of the nitrogen losses. 

3. Results and discussion 

3.1 Removal efficiencies at natural pH 

The results of experiment 1 (natural pH) are reported in Figure 2 and show the expected effect of 
temperature. At 30 °C the stripping process was slower than at the higher temperatures, and after 10 
days only 44% of the initial ammoniacal N was lost. At this temperature ammoniacal N in the reactor 
occasionally increased, albeit slightly, probably due to the mineralization of organic N together with 
the reduced ammonia emissions. At higher temperatures, nitrogen removal was more significant. 
Initial TAN was reduced by 67% and 81% at 40 °C and 50 °C, respectively.  
These results can be explained also by the pH trend. Figure 1 shows that the pH increased to 9 
(at the end of testing at 30 °C). As ammonia volatilization should decrease pH, this trend might 
be unexpected. However, it is well known that digested slurry contains considerable CO2 that 
can be easily released in conditions such as those of the experiment (heating and mixing). 
Thus, the trend of pH can be interpreted as the result of two opposite phenomena: CO2 stripping 
that increases the pH and ammonia stripping that reduces pH. This is confirmed by the lower 
pH measured in the reactor kept at 50 °C, in which ammonia removal was more substantial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Trends in concentrations of ammoniacal nitrogen (above) and pH (below) during the experiment carried out 

with digested slurry at natural pH. 
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3.2 Removal efficiencies at modified pH 
 
As expected, ammonia emission at pH 9 was significantly different from that at the lower, natu-
ral pH because the elevated pH moved the chemical equilibrium towards (non-dissociated) 
ammonia. Compared with Figure 2, Figure 3 shows clearly the quicker decrease of TAN at the 
higher pH, reaching reductions of 66%, 86% and 96% at 30 °C, 40 °C and 50 °C, respectively. 
However, the ammonia volatilization rate decreased noticeably after the first 3-4 days. This 
result can be explained by examining pH which, after the initial modification, remained relatively 
stable. Furthermore, the reduced concentration of ammonia in the liquid after the first days re-
duced the driving force, and thus the rate, of further emissions. As in experiment 1, there is a 
clear increase in TAN concentration after the first day in the reactor maintained at 30 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Trends in concentrations of ammoniacal nitrogen (above) and pH (below) during the experiment carried out  
    with digested slurry with an initial pH value corrected to 9 by addition of NAOH. 

3.3 Considerations on pH adjustment and process temperature 

These experiments highlighted the potential of stripping technology based on a long retention 
time, and of limited pH adjustment, to obtain ammonia reduction in digested livestock slurry of 
up to 90%. These results are encouraging as this technique is rather simple and does not re-
quire dedicated preprocessing of slurry. In fact, considering that a separation step is already a 
common treatment in many biogas plants, the nitrogen removal process tested can be imple-
mented easily. The relatively high dry matter content of digestate at the beginning of treatment 
does not seem to adversely affect process efficiency.  
Comparing the results obtained with and without pH adjustment, it is obvious that better ammonia 
removal can be achieved at increased pH. However, Figure 4 shows that it is possible to have trade-
offs among operating conditions. For example, the same ammonia removal efficiencies in 10 
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days of retention time can be obtained at 30 °C with pH adjusted to 9, and at 40 °C without pH 
adjustment. Moreover, the same efficiencies can be obtained by modifying the retention time. 
For example, if the target ammonia removal is 60%, this can be achieved with almost all the 
experimental conditions tested (with the exception of 30 °C without pH adjustment) by varying 
the retention time from 3 to 9 days.  
In principle, high ammonia removal efficiencies can be obtained with an initial, natural pH 
around 8 and at ambient temperature, provided that the retention time is long enough. Further, 
considering that this treatment can be accomplished as a batch process, it might be integrated 
into slurry storage facilities, especially those that are covered. The subsequent storage and 
handling of the processed slurry will not require special attention as further ammonia emissions 
will be very limited. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4:  Ammoniacal nitrogen reduction in digested slurries under different conditions. 

4. Conclusions and outlook 
 
The results of this work show that air stripping at pH 9 and 50 °C promotes the greatest reduc-
tion of ammonia from digested animal slurry. Nevertheless, ammonia reduction at pH 8 and 40 
°C is interesting because these are common conditions at typical biogas plants. As most of such 
plants are mesophilic, the stripping process does not need supplementary heat beyond what is 
necessary to maintain the liquid at the required temperature. The results demonstrate that the 
nitrogen removal efficiency of this slow-release system is close to that of faster treatments that 
require higher pH and temperature [2].  
In order to develop a widely applicable technique however, further research is necessary. The 
process should be tested on different slurries to define the performances of the system when 
the initial waste material has characteristics different from those in this study. A second investi-
gation should optimize the process in terms of airflow and mixing requirements, and an as-
sessment of the energetic and economic sustainability of the process is needed. Lastly, re-
search should evaluate if it would be advantageous to raise the reactor pH rapidly, accelerating 
the volatilization of CO2, by optimizing the aeration system [3]. 
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1. Objectives 

The work is a part of the project for the treatment of leachate from the methanogenic landfill site at 
Ihlenberg, Germany. Removal and/or recovery of ammonium from the leachate as magnesium 
ammonium phosphate (MAP), also known as struvite was investigated. The work focuses on en-
hancing the quality of precipitate to facilitate agricultural use. The research targeted at: 
 Assessing the influence of wastewater matrix on product purity, 
 Investigating the combination of nanofiltration with struvite precipitation 
 Determining the optimal pH for the process. 

2. Methodology 

A schematic of the membrane sys-
tem used in this work (also existing 
at Ihlenberg) is shown in Figure 1. 
The reverse osmosis retentate (R1) 
obtained from the landfill site was 
further handled using a nanofiltration 
unit (DOW NF270 membrane).  
All precipitation experiments were 
performed with 1l batch volume in an 
Imhoff cone equipped with a propeller mixer (set at 130 rpm) and a pH meter. 1M solutions of 
MgCl2 and H3PO4 were dosed in small volumes in 1:1 molar ratio at equal intervals. 2M NaOH 
solution was utilized to regulate the pH during the experiments. 
 
 To establish the effect of wastewater matrix, experiments were conducted with the wastewater 

from the streams (see Figure 1) P2 and F (five times dilution of R1) at pH 8.75, 
 To understand the effect of pH, experiments were conducted with the permeate P2 at pH val-

ues ranging from 8.0-9.5. 
 

In all experiments, small aliquots were withdrawn from the supernatant at regular intervals and 
analysed for NH4

+-N concentration using a Seal AutoAnalyser 3, following DIN 38406-E5-1. Sam-
ples from two experiments were analysed for Total Organic Carbon (TOC) by difference method 
and Total Nitrogen (TN) using a Multi N/C 3000 analyser from Analytik Jena, following DIN EN 
1484-1997 and DIN EN 12260:2003-12 respectively. After the experiment, the precipitate was 
dried at 50oC for about 48h and analysed by wet chemical techniques i.e. by re-dissolving in de-
ionized water acidified with HCl and analysed for NH4

+-N, o-PO4
3--P (using Hach Lange LCK 348) 

and TOC for determining the product purity. Furthermore, the dried product was analysed using a 
Siemens D500 X-ray diffractometer (copper source, 30 mA, 40 kV). 

3. Results and discussion 

Table 1: Characteristics of different streams 

Parameter Unit Method F R1 P2 

NH4
+-N mg/l DIN 38406-E5-1 594 3455 1966 

TOC mg/l DIN EN 1484-1997 691 4328 320 

TN mg/l DIN EN 12260:2003-12 660 3995 2432 

Measured by the landfill operator in 2013 

Mg2+ mg/l DIN EN ISO 14911 - E 34 81 350 - 

o-PO4
3- mg/l DIN EN ISO 6878 - D 11 4.50 15.6 - 

NO3
—N mg/l DIN EN ISO 10304-2 - D 20 < 2 < 2 - 

NO2
—N mg/l DIN EN 26777 - D 10 < 0.3 1.15 - 

 

1 - Reverse osmosis  
     (2 stage) 
2 - Nanofiltration 
F - Raw leachate   
R - Retentate 
P - Permeate 

Figure 1: Membrane process train utilised 
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The values of relevant parameters for different wastewater streams are presented in Table 1. It 
becomes clear that the leachate also contains organic bound nitrogen and that the measured TN 
values can be considered as total Kjeldahl nitrogen (TKN) since the concentrations of other forms 
is negligible.  

3.1 Effect of wastewater matrix 

To establish the effect of matrix and to analyse the combination of membrane techniques for en-
hancing product quality has been the main focus of this work. Figure 3a shows the measured 
NH4

+-N and TN concentration in the supernatant with the addition of MgCl2 and H3PO4 during the 
experiments with raw leachate (F) and nanofiltration permeate (P2) performed at a pH of 8.75. 
 

    
Figure 3: Comparison of (a) N-removal (b) TOC reduction: in permeate and raw leachate with dosage of MgCl2 and H3PO4 

 
Upon comparing the slopes of ammonium-nitrogen removal curves, the slope for removal in per-
meate which is roughly twice that of raw leachate, indicates a better removal capacity or in other 
words, a better utilization of added chemicals in the former. It becomes further clear with the fol-
lowing comparison. In the case of NF permeate, for an added volume of 41.5 ml of both solutions 
a removal of 760 mg NH4

+-N was achieved whereas for raw leachate, a removal of only 361 mg 
NH4

+-N was measured for a dosage of 40 ml. This should be attributed to the interactions of add-
ed Mg2+ and PO4

3- ions with the already existing Mg2+ and Ca2+ ions in leachate and predominant-
ly with organic molecules. The concurrence of TKN (TKN≈TN, as inferred from table 1) with am-
monium-nitrogen suggests a removal of organic bound nitrogen. 

The interaction with organics leading to co-precipitation becomes evident from figure 3b, which 
shows the decrease in TOC concentration in supernatant with the dosing of MgCl2 and H3PO4. An 
overall reduction of about 25% of measured initial TOC concentration was observed in both cases, 
with a higher rate of removal in raw leachate, which can be again concluded from the slope. Table 
2 presents the results of wet chemical analysis of the product from these experiments. The first 
glance at the TOC content of the two products says it all. NF permeate, which had less than half 
organic load in comparison to raw leachate, provides a product which also has lesser organic 
impurities (less than half) than the latter. Furthermore, the deviation in P/N ratio (by mass) is much 
larger in the product from raw leachate when compared to the theoretical value. This is likely due 
to the formation of aggregates of magnesium hydrogen phosphate associated with organic matter. 

Table 2: Effect of matrix on product purity - results of wet chemical analysis 

Product NH4
+-N content 

(mg/kg) 

o-PO4
3--P content 

(mg/kg) 

P:N 

(w/w) 

TOC content 

(mg/kg) 

Theoretical 57,047 126,197 2.21 - 

NF permeate (P2), pH 8.75 40,556 102,222 2.52 4,058 

Raw leachate (F), pH 8.75 37,120 126,087 3.40 8,281 

y = -17,34x + 1780,3 
R² = 0,9866 

y = -8,117x + 436,9 
R² = 0,9842 
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Figure 4: X-ray diffractogram of the precipitation product from raw leachate and photo of products from the two experiments 

 
Figure 4 shows the X-ray diffractogram of the product from raw leachate and a photo of the prod-
ucts from the two experiments for visual comparison, the precipitate from raw leachate being slight 
brown in colour. The results from XRD were not different from one another for the two samples.  

3.2 Effect of pH 

Figure 5a shows the measured N-NH4
+ concentration in the supernatant with the addition of MgCl2 

and H3PO4 at various pH. There was no effect of pH on the removal kinetics in the range studied. 
However, it is to be noted that pH has a significant role in the degassing of ammonia which was 
indicated by decreasing initial concentration with increasing pH (see legend of figure 5a). 
 

     
 
Figure 5: (a) Ammonium-nitrogen concentration in supernatant – effect of pH on the process kinetics, (b) X-ray diffracto-

gram of product from NF permeate, precipitation at pH 9.0 
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Table 3: Effect of pH on product purity - results of wet chemical analysis 

Product NH4
+
-N content 

(mg/kg) 

o-PO4
3-
-P content 

(mg/kg) 

P:N 

(w/w) 

TOC content 

(mg/kg) 

Theoretical 57,047 126,197 2.21 - 

pH 8.0 52,976 131,148 2.48 3,741 

pH 8.5 45,000 101,111 2.25 3,126 

pH 8.75 40,556 102,222 2.52 4,058 

pH 9.0 43,333 103,889 2.40 3,789 

pH 9.5 45,440 108,791 2.39 4,824 

 
Figure 5b shows the X-ray diffractogram of the precipitate obtained from the experiment with NF 
permeate at pH 9.0. Although the effect of pH on kinetics was nil, there was a pronounced effect 
on the purity of the product. Table 3 shows the results from the wet chemical analysis of the dried 
product from various experiments. 
It becomes clear that the product obtained at pH 8.0 has the closest composition to that of theoret-
ical with an ammonium-nitrogen content of 93% and a phosphate-phosphorus content of 103% of 
theoretical contents. The slight excess of phosphorus can be attributed to the presence of magne-
sium hydrogen phosphate in the product. The lower nitrogen content in the products from higher 
pH is possibly due to the simultaneous stripping of ammonia at these conditions which was also 
reflected by the initial values indicated in the legend of figure 5a. Besides, the possibility for the 
existence of magnesium hydroxide in the precipitate formed at higher pH exists, which is however 
not characterised here. It is also to be noted that the TOC content of the product is not changing 
significantly with the change in pH.   

4. Conclusion and outlook 

The precipitate obtained from raw leachate was found to be slightly brown in colour, similar to 
previous research works [1] and has been proven to contain organic impurities reflected by a TOC 
content of about 8.3 g/kgprecipitate. The potential for employing such a product for agricultural pur-
poses would be low due to the unknown risks that the impurities can pose. The product should 
then be dumped into a landfill site as suggested in earlier works [3]. However, the product from NF 
permeate was characterised to contain only about 3-4 gTOC/kgprecipitate. The work proves that a co-
precipitation of organics is inevitable (also reported in [1, 2]). A TOC reduction of about 25% was 
measured in the supernatant in both systems. For precipitation of MAP from NF permeate, a pH 
close to 8.0 was found to offer best results, with an ammonium-nitrogen content of about 93% of 
the theoretical value. The observed pH optimum is in agreement with pH optimum range of 8.0-
10.0 found in the literature.  
The potential to enhance the product purity further remains if raw leachate is directly treated with a 
nanofiltration step and the precipitation is made from its permeate. If the produced struvite is 
meant for agricultural reuse, indeed an integration with nanofiltration step would result in a better 
product with lesser risks or hazards when compared with precipitation from raw leachate. Besides 
the reduction of organic impurities, this would also facilitate zero heavy metal content in the prod-
uct, as they would be retained in the retentate. Further research with direct nanofiltration and pre-
cipitation is necessary to comment on the process economics, as a nanofiltration step before re-
verse osmosis is likely to reduce the overall energy demand and result in greater flexibility for 
treatment.  
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Introduction and objectives 

The liquid fraction of digestate contains nutrients, particularly nitrogen and potassium, predomi-
nantly in ionic forms. Ion exchange and adsorption technologies can potentially be applied to re-
cover and concentrate these valuable nutrients.  
In a number of publications, ion exchange with clinoptilolite has been shown to be very effective 
for the removal of ammonium from domestic wastewater. Furthermore, more than 90% removal 
efficiencies for both ammonium and potassium from source-separated human urine have been 
reported in the literature [1, 2]. Biochar has recently been suggested as bio-sorbent material for 
removing various types of contaminants from wastewaters [3]. Combination of clinoptilolite and 
biochar could be an alternative solution for the concentration of nutrients from the liquid fraction of 
digestate.  
To the best of our knowledge, the combination of clinoptilolite and biochar to remove nutrients 
from the liquid fraction of digestate has not been investigated.  

Methodology 

The liquid fraction of pig slurry digestate was sampled from Morsø Bioenergy (Denmark). Clinop-
tilolite (particle size 1-3 mm) was preconditioned with 0.01 M NaCl in a continuous column system 
with 1 BV h-1 flow rate for 24 h. Holm oak biochar (pyrolysed at 650 °C) was used with particle size 
1-4 mm. 
Combination of clinoptilolite and biochar was tested in 3 different experimental setups. In the first 
experimental setup, biochar and clinoptilolite samples were homogenously mixed and filled in one 
column. The second and the third experimental setup had two columns each where clinoptilolite 
and biochar were filled in different columns separately.  Columns were filled with the mass ratio of 
1:1 for biochar and clinoptilolite.  
The experiments were run for 72 hours and sampling was done every 24 h. Ammonium, ortho-
phosphate, potassium, total nitrogen, total phosphorus and total organic carbon were analysed in 
all samples.  

Results 

The experimental work is in progress and the results will be shown at the conference. 
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TA-O_11 Wood ashes – A new fertilizer for agriculture 
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1. Objectives 

Ashes generated by wood-burning industries in Switzerland are currently discharged due to their 
elevated trace element concentrations that exceed the authorized thresholds for application on 
agricultural lands as recycling fertilizer. This is a significant loss of natural nutrients, especially as 
the amount of ashes is growing from the increased interest in renewable green energy. The objec-
tives of this study were to determine (i) the mineralogical and physicochemical composition of wet 
wood bottom ashes from the wood burning power station Enerbois (Canton of Vaud, Switzerland) 
and (ii) their possible application in agriculture as a potassium fertilizer. 

2. Methodology 

2.1 Sampling and analysis of ashes 

Wet wood bottom ashes were sampled in 2011 during a four week period that consisted of five to 
seven daily samples (500 g each). Ashe samples were dried at 40°C and sieved (2 mm screen). 
Total macro- microelements and trace metal elements (TME) content were determined by ICP-
AES after hydrofluoric and perchloric acid digestion (Ciesielski et al. 1997). Sequential extraction 
procedure (Rauret et al. 2000), x-ray diffraction analyzes (XRD) and scanning electron micro-
scope analyzes (SEM) were used to study the chemical speciation and mineralogical composition 
of macroelements and TME contained in ashes. 

2.2 Greenhouse experiment 

Greenhouse experiment was conducted by Agroscope in Changins to study the agronomic effects 
of ashes as a source of potassium (K) on sunflower, which is a very high demanding K crop. Each 
pot contained 2 kg dry soil and only one plant. The soil used was a clay soil with 53.8% clay and a 
slightly acidic pH of 6.5. Total soil content of nitrogen (N), phosphorus (P), K and magnesium (Mg) 
was 3.4, 0.94, 19.8 and 12.4 g / kg DM, respectively. Soil moisture was maintained at about 70% 
of field water holding capacity with deionized water. The temperature during this trials was main-
tained between 20-25°C.  
Four treatments were tested: (i) "Control" without ash and fertilizers; (ii) "Ashes” consisting of ap-
plication of ash only, which would substitute for K fertilizer; (iii) "NPMg + Ashes" with N, P, and Mg 
as chemical fertilizers and (iv) "NPMg + K" with K, N, P, and Mg, all applied as chemical fertilizers. 
Each treatment was repeated three times in a randomized complete block design. The amount of 
nutrients and ashes was calculated to meet sunflower K requirements according to Swiss guide-
lines for fertilization practices (Sinaj et al. 2009). Chemical fertilizers used were ammonium nitrate 
(NH4NO3), triple superphosphate [Ca (H2PO4)2.H2O], magnesium chloride (MgCl2), and potassium 
chloride (KCl). Sunflower total dry matter and macro-microelements content were measured, and 
Student's t-test and Fischer's LSD tests were used to assess the effect of 4 treatments. 

3. Results and discussion 

3.1 Characterization & speciation 

Characterization 
The ashes of the wood burning power station Enerbois are very alkaline, which is to be expected 
due to their high levels of Ca and Mg (Table 1). XRD analyzes indicated that Ca occurs mostly as 
carbonate [(calcite: CaCO3)] and hydroxyl [portlandite: Ca(OH)2], which are not very reactive 
forms explaining the slower action of ashes on changing soil pH compared to quicklime (CaO) 
(Maltas and Sinaj 2013). 
Ashes organic matter (OM) and N content were low due to burning during the combustion pro-
cess. Ashes are an important source of K and to a lesser extend of P (Table 1). They also contain 
significant amount of microelements [aluminum (Al), iron (Fe), manganese (Mn) and boron (B)] 
and TME such as copper (Cu), nickel (Ni), zinc (Zn) and lead (Pb). TME originate from Swiss soil 
(Luster et al. 2006), and subsequently, concentrate in ashes during wood combustion. As a re-
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sults, Cu and Ni concentrations in the ash exceeds the Switzerland authorized thresholds for ap-
plication on agricultural lands as recycling fertilizer (Table 1). 

Table 1: Chemical characteristics of wood ashes and Switzerland authorized thresholds for recycling fertilizer application on 
agricultural lands. Coefficient of variation is indicated in parenthesis. 

Wet wood bottom ashes 

pH 13.2 (1%)  

Organic matter (g/kg) 15 (55%)  

Total macroelements (g/kg) Total microelements (mg/kg) 

Calcium 281.3 (2%) Aluminum 17300 (7%) 

Potassium 67.4 (9%) Iron 12175 (3%) 

Magnesium 6.5 (5%) Manganese 7550 (7%) 

Phosphorus 9.2 (9%) Boron 147 (12%) 

Nitrogen 0.07 (27%) Molybdenum 1.1 (7%) 

Total TME (mg/kg) Switzerland authorized thresholds 

Zinc 178 (14%) 400 

Copper 110 (21%) 100 

Nickel 52 (7%) 30 

Lead 21 (53%) 120 

Cadmium <0.6 1 

Mercury <0.02 1 

 
Speciation 

The sequential extraction methods was used to study the speciation of each element. The results 
from this study (Fig. 1) showed that most of macronutrients (K, Ca and Mg) in wet ashes are im-
mediately available (fraction 1) and slowly-available (fractions 2 and 3). More than 50% of K was 
present in the fraction 1 (immediately available). Phosphorus was mainly present in a slowly or 
non-available forms, associated perhaps with Ca as calcium phosphate, which forms at high tem-
peratures during the combustion. 
Zn, Cu, Ni and Pb (Fig. 1) were almost absent from the fraction 1 (readily available). More than 
50% of Zn, Cu & Ni were present in fractions 2 and 3 (slowly-available) while almost the entire Pb 
was in the residual fraction (considered not-available). The speciation analysis indicates that the 
risk related to TME in wet ashes in the short term is negligible as long as the pH of the receiving 
environment remains neutral to basic. 
 

 

 

 

 

 

 

 

 

 

Figure 1: Speciation of macroelements and trace metal elements from sequential extraction procedure (from Maltas and 
  Sinaj, 2014). 
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3.2 Effect of wood ashes on sunflower biomass production & elements absorption 

Biomass production 
Total dry matter and nutrients uptake by sunflower are shown in Table 2. Sunflower fertilized with 
ashes only produced more dry matter than control treatment though not significant (“Control” vs. 
“Ashes”, p>0.05). However, ashes added to the NPMg fertilizers produced significantly more total 
dry matter compared to K added to the NPMg (“NPMg-Ashes” vs. “NPMg-K”, p<0.05). This posi-
tive effect of ashes has been observed on several crops: oats, wheat, fescue, spinach, peas, corn, 
poplar and soya (Demeyer et al., 2001). Increased biomass production has been related to the 
liming effect of ashes especially in acidic soil and/or macro-microelement input. 

Table 2: Effect of treatments on total dry matter produced and total amount of macronutrients and TME absorbed by sun-
flower. Different letters indicate significant differences at Fischer's LSD test (p<0.05). 

 

Macroelements and TME absorption 

As expected, the absorption of K by sunflower was higher in the “ashes” treatment than “control”, 
following K supply by ashes. In addition, the quantities of absorbed K were not significantly differ-
ent between the two forms of applied K (K - ashes vs. K - fertilizer) (Table 2). Furthermore, the 
addition of ashes improved significantly the absorption of N and P (Table 2), despite the fact that 
ashes are practically free of N. The beneficial effect on N uptake is likely related to the effect of 
liming on soil organic matter mineralization (Maltas and Sinaj, 2013). The positive effect of ashes 
on P absorption could be explained by the significant amounts of exchangeable P provided by the 
ashes (Fig. 2) and the positive effect of liming on soil P availability in acidic soils, generally at-
tributed to the dissolution of Al and Fe-phosphates. 
The absorption of Mg by the sunflower decreased significantly in the presence of ashes (Table 2) 
despite the addition of Mg by the ashes. The antagonism between Ca and Mg could explain this 
effect. 
In the presence of ashes, sunflower absorbed less Zn and Ni. This effect was significant in limiting 
NPMg +K conditions but not in non-limiting conditions (Table 2). This can be explained by the 
lower amounts in the soil of exchangeable Zn and Ni observed when acidic soil is limed. 

 
Figure 2:  Effects of lime and ashes addition on soil exchangeable P (P-AAE) content. Soils were incubated for 4 months. 

Different letters indicate significant differences at Fischer's LSD test (**: p<0.01; ***: p<0.001).  

Treatments 
Total dry 

matter 
 N P K Ca Mg Zn Cu Ni 

 g/plant  mg/plant 

Control 23.9 c  236.3 c 86.0 b 514.4 c 475.9 b 86.4 b 0.86 ab 0.34 a 0.11 a 

Ashes 26.2 bc  257.7 c 96.8 b 704.2 b 514.2 b 58.8 b 0.64 b 0.39 a 0.06 b 

NPMg+Ashes 37.6 a  706.1 a 123.9 a 1110.1 a 1051.0 a 168.6 a 0.58 b 0.44 a 0.12 a 

NPMg+K 31.0 b  605.2 b 85.0 b 1124.5 a 1117.3 a 187.1 a 0.99 a 0.42 a 0.13 a 
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Long-term risk of TME contamination 

Defining maximum quantities of TME (kg/ha) supplied can prevent long-term risk of TME accumu-
lation in soil. Maximum quantities of recycling fertilizer authorized for manure have been estab-
lished at a value of 25 t/ha (based on dry matter) over a 3 years period (annex 2.6, ch 3.2.2 of 
ORRChem). Based on K content of wood ashes (Table 1) and crops K requirements (Sinaj et al., 
2009), the amount of ashes applied should not exceed 5 t/ha (based on dry matter). Wood ashes 
are highly concentrated in K and would require smaller application rates. The suggested 5 t/ha of 
ashes would supply less TME compared (i) to the established maximum rates of 25 t/ha recycling 
fertilizer and (ii) quantities generated by conventional agricultural compost (used at the maximum 
dose of 25 t/ha). Based on the characteristics of Swiss agricultural compost given by Kupper and 
Fuchs (2007), ashes provide 92 and 33 times less Pb and Ni respectively compared to composts 
for the same amount of supplied K. 
Despite high Ni and Cu contents above the current Switzerland authorized thresholds for recycling 
fertilizers, content of K limits the amount of ashes to be applied. This amount would be too low to 
increase significantly TME concentration in soil, given the initial soil concentration. This reinforces 
the idea of a low short-term risk of using ashes in agriculture and raises the question of the rele-
vance of TME thresholds currently authorized for ashes. These thresholds should take into ac-
count the doses for each applied manure, which are calculated based on critical nutrients (N, P 
and K). Other studies have also highlighted that wood ashes occasionally used at agronomic dos-
es, do not pose short or long-term environmental risk (Demeyer et al., 2001, Hébert and Breton 
2008). 

4. Conclusion and outlook 

The results of this study indicate that wood ashes coming from the wood burning power station 
Enerbois (i) present a low risk to soils and crops and could be used as potassium fertilizer on acid 
soils, (ii) contain TME but in “slowly” or “unavailable” forms and (iii) further research is needed on 
the effects of these ashes on acid and neutral soils at field/farm level. 
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1. Objectives  

The present work aimed to: 
 assess the maturity degree of organic composts/fertilizers actually used in agriculture, 
 evaluate the influence of the compost source and the storage time in the maturity degree and 
 study the compatibility of three methodologies used to assess the maturity degree. 

2. Methodology  

Four types of commercialized composts, from different sources, were analyzed: without storage 
(T0) and with 24 months of storage (T1). The specifications of the compost production are de-
scribed in Table 1.  

Table 1: Operational parameters of compost production.  

Operational parameters Composts 

 A B C D 

Raw Material MSW MSW + Green 
wastes  

MSW + Green 
wastes 

Poultry manure + 
ash + carcass 
meal 

Type of Collection Unseparated Unseparated Separated Separated 

Type of process Reactor Windrow  Reactor Windrow 

Time of process (months) 6 6 6 4 

MSW- Municipal solid waste 
 
The physical-chemical characterization of composts was made according with standard proce-
dures, as reported by Silva et al. [1]. Humic-like substances (HS), extracted from the composts, 
were also tested. As a control, a commercial liquid fertilizer (Humistar®) was used. HS extraction 
was carried out according with the methodology described in the Spanish official method for the 
analysis of fertilizing organic products (R.D. 1110/12, July 1991). The maturity was assessed by 
Germination Index (GI), Growth Test (GT) and Cation Exchange Capacity (CEC). All tests were 
performed in triplicate except for GI, for which seven assays were done. The methodologies were: 
 
 GI: Composts aqueous extract or dialysed HS extract were analyzed using cress seeds 

(Lepidium sativum) and radish seeds (Raphanus sativus) following the procedure described 
by Tiquia et al. [2]. 

 GT: Composts were tested using radish seeds in pots with a mixture of sand, perlite and 
peat [3]. 

 CEC: The air-dried composts were treated with ammonium acetate [4].  
 

3. Results and discussion 

3.1 Physical-chemical characterization of organic composts/fertilizers 

The physical-chemical properties of the composts are summarized in Table 2.  
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Table 2: Physical-chemical characterization of composts at different maturity stages. 

Composts 
Moisture 

(%) 

OM 

(% dry matter) 

pH EC 

(mS/cm) 

 T0 T1 T0 T1 T0 T1 T0 T1 

A 53.7 61.4 64.5 47.8 8.0 8.4 4.9 3.4 

B 13.1 8.7 44.5 44.7 8.4 8.3 6.5 6.7 

C 13.7 10.1 52.3 50.5 8.4 8.2 8.1 7.1 

D 40.0 23.0 33.2 28.2 9.0 8.7 5.6 4.0 

OM - Organic matter; EC - Electric Conductivity 

 

In general, the physical-chemical parameters range widely between values, among the analyzed 
composts, even for those produced from MSW. Briefly, moisture content varied from 13% to 54% 
for all composts at time T0 and, except for compost A, these values decreased during the storage 
time. The organic matter content had a rather wide variation, with compost D showing the lowest 
value at both times. In general, the composts registered an organic matter content decrease over 
time; however compost A showed the highest decrease. Composts had a slightly alkaline pH (be-
tween 8.0 and 9.0). All composts presented electrical conductivity higher than 4 mS/cm, which is 
considered to be the tolerable conductivity by plants of medium sensitivity [5]. This was not veri-
fied for compost A at time T1. Data suggests that significant changes occurred on composts prop-
erties during the storage. But, as the pH is the parameter that does not change over storage time, 
it cannot be used as an indicator of the compost maturation. 

3.2 Maturity degree of organic composts/fertilizers 

Although the age and maturity might differ amongst the composts analyzed, these products were 
sold or supplied by the producers as being ready-to-use. Throughout this report, the different 
compost evaluation was done based on such assumption. 
 
Overall, higher maturity degree is related to higher values for the three tests. For example, values 
of GI below 50% characterize an immature compost indicating that it has phytotoxic characteris-
tics [6]. According with the GI obtained (Figure 1), for time T0, the organic composts were poten-
tially phytotoxic, indicating a low maturity degree. Composts without storage (T0) and with the 
similar source (MSW) exhibited different GI, between 0% and 44%. Compost D showed the high-
est GI value (72%) for cress seed, which can be considered as a mature compost. Overall, the GI 
values were in the same range as reported by Lasaridi [5], which presented values between 25% 
and 151%. The phytotoxicity exhibited by some composts may be related with their high EC val-
ues (e.g. compost C). 
 

 
 

Figure 1:  Germination index of cress and radish seeds in composts (A, B, C, D) at time T0 and T1 
 
A similar trend was observed for stored compost (T1). The composts with similar raw material 
revealed different GI values. These results seem to indicate that the compost source does not 
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influence the maturation degree, and that probably other parameters may influence the matura-
tion, such as the type of collection and process. Nevertheless, for all composts the GI increased, 
mainly for compost A that showed a clear improvement in the properties with the storage time. At 
time T0, this compost had significant inhibitory effect on the seeds germination; however at time 
T1 the germination levels were higher than 100%. This may be explained by the fact that this 
compost was not stabilized at time T0 and the biodegradation occurred during the storage, which 
was confirmed by the highest organic matter decrease. These results indicated that the phytotoxic 
organic compounds are gradually eliminated during the storage time. Among the two seeds – 
cress and radish – the cress proved to be a more sensitive plant when compared to radish as 
reported before in the literature [7]. The germination index results for dialysed HS extract and 
commercialized liquid fertilizer are summarized in Table 3. 

Table 3: Germination index (GI) for Humic Substances (HS) extracts from composts with different storage time and for the 
commercial liquid fertilizer.  

HS extracts 
GI_cress (%) GI_radish (%) 

T0 T1 T0 T1 

A 141.0 139.6 132.6 165.0 

B nd 105.2 nd 106.3 

C 113.9 105.9 138.9 115.0 

D nd 99.3 nd 105.3 

Commercial liquid 
fertilizer 

nd 153.9 nd 94.5 

  nd – not determined 

 
All HS extracts presented GI values higher than the composts. These values are between 99% 
and 165%. In this case, the data is similar for both evaluated periods (T0 and T1). Results seem 
to indicate that some phytotoxic compounds are reduced with the extraction process and further 
dialyse. In fact, the immature composts may contain high concentrations of salt, high amounts of 
free ammonia, certain organic acids or other water-soluble compounds which can limit seed ger-
mination and root development [8]. These results suggest that some of these compounds may be 
reduced with the extraction and/or dialysed processes and the HS extracts may be applied as 
fertilizer. This could be a way to valorize composts with low quality and to avoid the HS extraction 
from natural resources. To further evaluate the maturity, the GT and CEC evaluation were carried 
out at time T1 (Table 4).  

Table 4: Growth test (GT) and Cation Exchangeable Capacity (CEC) for composts with storage (T1).  

Composts 
GT 

(%) 

CEC 

(Cmol/kg dry matter) 

A 87.1 79.3 

B 62.0 111.8 

C 68.8 71.8 

D 48.9 25.9 

 
It was found that composts A and D showed the highest (87%) and lowest (49%) values for 
growth test, respectively. It can be said that the highest EC values of compost C did not inhibit the 
radish plant growth as happened with the seed germination. This may be explained by the organic 
matter content at time T1. The organic matter content is very important to soil and thus to the plant 
growth because increase the water holding capacity, act as buffer against pH changes, improve 
the aggregation between silt and clay particles and increase the retention of metal micronutrients 
(limiting their leachability) [9]. It is known that high humified organic matter should increase CEC. 
In fact, the different capacity of composts to supply essential nutrients, which is confirmed by the 
highest CEC of MSW composts, could explain the highest growth of the radish in these composts. 
The high CEC values could be attributed to the accumulation of materials bearing the negative 
charge, such as lignin derived products, and the increase of carboxyl and/or phenolic hydroxyl 
groups, which may be produced by the humification occurring during the composting process. In 
fact, according to Bernal et al. [8] humification produces functional groups, increasing organic 
matter oxidation and a consequent increase of CEC. This is the key reason why CEC is a pa-
rameter that has been used to evaluate the maturity of compost. The values obtained for the CEC 
are between 26 and 112 Cmol/kg of dry matter, with composts B and D showing the utmost and 
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the lowest value, respectively. Bernal et al. [10] found values of CEC for composts between 36 
and 236 Cmol/kg of compost. The same trend was verified in all composts except for compost D, 
with CEC lesser than 36 Cmol/kg of dry matter. Again, it was observed different profile among the 
composts with similar raw material.  

3.3 Compatibility of three methodologies used to assess the maturity degree 

The maturity degree can be evaluated using several methodologies; however in our case the re-
sults did not show the same trend. Comparing the data obtained with the 3 methodologies, at time 
T1, it was observed that compost A had the highest GI and GT values, and compost B the highest 
CEC value. Therefore, maturity degree may be evaluated by germination or growth tests, but the 
test plants have to be chosen with care. In fact, it appears that more consistent results can be 
achieved with GT, CEC and organic matter content evaluation. Probably the use of the compost 
directly in the GT, with longer test periods, and the direct contact between the test seeds and the 
compost will be more accurate to overcome the phytotoxicity effects. Perhaps, this test is the one 
that simulate more accurate the real utilization of these products. 
Overall, each test used may influence the evaluation of the maturity degree, indicating the need to 
perform several tests to assess the effectiveness of the compost maturity.  

4. Conclusion and outlook  

The composts showed low maturity degree, which may cause germination inhibition. Data sug-
gests that maturation is independent of the compost source and that probably other production 
features may influence the maturation, namely the type of collection, effectiveness of wastes sep-
aration or the type of composting process: open vs. container. Nevertheless, the storage time 
endorse an increase of maturation. Although the HS extraction from the compost may increase 
the fertilizer preparation complexity, it was shown that was an effective process for toxic com-
pounds removal from the fertilizer products. The use of these HS extracts may be a solution for 
valorization composts with low quality and to avoid the HS extraction from natural resources. The 
results indicate that the various methodologies did not show the same trend, strengthening the 
need to further study the factors that are behind these observations.  
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1. Objectives 

Ammonia (NH3) losses after field application of slurry may be high and are responsible for several 
environmental problems like deposition of nitrogen (N) to N-sensitive ecosystems. In Denmark a 
new officially permitted system exists to lower the pH of slurry by adding concentrated sulphuric 
acid (H2SO4) shortly before application in the field. Lowering the pH suppresses the dissociation of 
NH4

+ to NH3 + H+ and thus lowers NH3 volatilization. To test different praxis available NH3 abate-
ment techniques, a collaboration project between Kiel University, Aarhus University and the Dan-
ish Knowledge Centre for Agriculture was established. In a field trial injection and acidification of 
cattle slurry were compared to bandspreading. 

2. Methodology 

Two sites with similar climatic conditions but contrasting soils were chosen to test interactions 
between soil conditions and applicability of the examined methods.The field trial was conducted in 
2012 and 2013 at 2 perennial grassland sites at the German Coastal Marsh (site A; 40% clay soil) 
and on a sandy soil (site B) in Southern Denmark. Following treatments were tested: 1. Control, 2. 
Bandspreading, 3. Injection A (0.175 m slot distance), 4. Injection B (0.35 m slot distance), 5. 
Acidification A (pH 6.5), 6. Acidification B (pH 6.0). Slurry was applied plotwise at each application 
date (site 1: n = 8 and site 2: n = 6, respectively) and application rate was determined total ammo-
niacal nitrogen (TAN) based. To calculate N yield response, increased mineral fertilization treat-
ments (CAN) were established. N-uptake (not at site A in 2012) and dry matter yield was deter-
mined and ammonia emissions were measured by a combined method of calibrated chamber 
measurement and passive flux samplers in each plot [1]. The field trial was set up as a fully ran-
domized block design (4 replicates) with plots of 9m x 9m. Between the plots guard areas of the 
same dimension were established to reduce the influence of NH3 drift between plots, resulting in a 
chess-board design. At site A N2O emissions were determined by a static chamber approach 
(Hutchinson and Mosier 1981) in following treatments:1st year (April 2012 - March 2013): 1. Con-
trol, 2. Mineral N (320 kg N ha-1) 3. Bandspreading, 4. Injection A, 5. Acidification A and 6. Acidifi-
cation B. 2nd year (April -October 2013): 1. Control, 2. Bandspreading, 3. Injection A, 4. Injection 
B and Acidification B. Slurry was taken site specific in 2012 and the same slurry for both sites was 
used in 2013; pH of the raw slurry was 7.2 – 7.4. 

3. Results and discussion 

3.1 Slurry and weather 

At both sites slurry NH4
+ concentration varied between 1.4 and 2.9 kg N ton-1 and dry matter var-

ied between 5.7 and 11.6% (Tab. 1). For the 1st application dates temperatures were below 10°C, 
while wind velocity was varying but in average higher at site A due to exposure to the North Sea 
and dense hedges at site B. The average acid amount needed for acidification of the slurry to pH 
6.5 and 6.0 was 2.8 and 4.4 l 96% H2SO4 t

-1. 
  



TA Quality fertilizers from residues   Oral 

 

86 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

2012 2013 

Site 
A 

Site 
B 

Table 4: Slurry characteristics and mean weather conditions over measurement period for all slurry application dates. 

Site Year 

Applica-

tion 

number 

TANap-

plied [kg N 

ha-1] 

Slurry 

volume 

[ton ha-

1] 

DM concen-

tration [%] 

NH4
+ 
-

concentra-

tion [kg N 

ton-1] 

Total N con-

centration 

[kg N ton-1] 

Wind 

[m s-1] 

Tempera-

ture [°C] 

Site 

B 
2012 1 80 40.0 7.4 2.0 3.2 3.7 6.8 

  2 50 25.5 7.2 2.0 3.3 1.7 17.9 

 2013 1 80 50.0 5.9 1.6 2.6 4.7 3.3 

  2 50 29.4 6.2 1.7 3.1 2.7 14.1 

  3 40 25.0 6.1 1.6 2.6 2.1 18 

  4 30 17.6 5.8 1.7 2.5 1.9 16.4 

Site 

A 
2012 1 80 32.8 7.2 2.4 3.0 2.8 6.4 

  2 80 33.3 11.6 2.4 5.0 3.8 17.3 

  3 60 21.6 10.5 2.8 5.2 5.9 15 

  4 60 21.1 8.5 2.9 4.9 4.6 14.5 

 2013 1 80 57.1 5.8 1.4 3.4 5.5 9.4 

  2 80 50.0 6.1 1.6 3.4 6 14.6 

  3 60 37.5 6.1 1.6 2.6 3.6 16.5 

  4 60 37.5 5.7 1.6 2.6 2.9 15.6 

 

3.2 Ammonia losses 

 NH3 losses ranged from 0.5 – 39.9% of TANapplied and the average loss of all application dates 
was 14% of TANapplied. Average NH3 losses of the reference method band spreading were for site 
A 19.1% and 15% and for site B 11.0% and 7.4% in 2012 and 2013, respectively. The lower level   

 
 
of losses found at site B might be caused by higher wind velocities at site A. Maybe also faster 
infiltration of slurry on sandy soil might have played a role for lower average losses of NH3 at site 
B (Sommer et al. 2006). Significantly highest losses of NH3 always were found for bandspreading 

 
Figure 2: Cumulative absolute ammonia losses of single applications at site A and B in 2012 and 2013 for all 
   slurry treatments. Different letters indicate significant differences within one year and site (ANOVA, 
...............LSD test, p < 0.05). 
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(Fig. 1); On average, injection A and B and acidification A and B showed reduced losses of 
31.4%, 60.6%, 42.2% and 68.9% compared to bandspreading, respectively. 

3.3 N2O emissions 

The emissions of N2O from the first experimental year were on a low level between 0.6 and 1.8 kg 
N2O-N ha-1 (0.12 - 0.38% of Ntotal), while slurry treatments showed no significant differences. The 
mineral reference (CAN, 320 kg N ha-1) showed significant highest N2O emissions (Fig. 2). In 
2013 overall losses were on a higher level ranging from 0.4 to 4.2 kg of N2O-N ha-1 (0.12 - 0.38% 
of Ntotal). Highest losses could be observed from Injection B and lowest losses from the control. 
But also Injection A and Acidification B showed higher N2O emissions, though not significant dif-
ferent to control and band spreading. But this may indicate that injection of slurry or lowered/saved 
ammonia losses not always will enhance denitrification processes. But in specific situations N2O 
emissions may be higher. Here a higher concentration of nitrogen in the open slot from injection B 
may be causing enhanced denitrification. The level of N2O emissions in this trial is low compared 
to other studies. 

.  

 

3.4 Dry matter and N yield 

By tendency dry matter yields increased with saved NH3 losses, but considering both sites and all 
application dates, slurry treatments did not differ significantly in dry matter yield.  
Cumulative N uptake (Tab. 2) at site B in 2012 was highest for Acidification B, while band spread-
ing showed lowest N uptake. In 2013 no significant difference in N uptake could be observed from 
the slurry treatments at site B. At site A in 2013 band spreading, injection A and B and acidification 
A showed no significant difference in N uptake while significantly highest N yield was observed 
from acidification B. This implies, that not only saved N from lower NH3 losses causes higher N 
uptake from the plants. After strong acidification on Marsh soil (pH 7.3) a higher mobility of N and 
also other nutrients could be influencing nutrient uptake of the grass. 
 
Table 2: Cumulative Nitrogen uptake [kg N ha-1 a-1] of site A in 2013 and site B in 2012 (2 cuts) and 2013. Letters in 
  brackets indicate significant differences (ANOVA, LSD test, p<0.05). 

Site and year Band spreading Injection A Injection B Acidification A Acidification B 

Site B, 2012 148.0 (b) 152.5 (ab) 148.0 (b) 160.3 (ab) 171.9 (a) 

Site B, 2013 208.5 (a) 207.6 (a) 196.6 (a) 211.1 (a) 197.2 (a) 

Site A, 2013 308.8 (b) 322.8 (b) 329.2 (b) 311.5 (b) 428.4 (a) 

  

Figure 2: Cumulative N2O emissions for selected treatments in 2012 and 2013 at Waygaard. Different letters 
………  indicate significant differences between the treatments within one year (ANOVA, LSD test, p<0.05). 
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4. Conclusion and outlook 

Ammonia losses may be high after field application with band spreading, but already practice 
available techniques could help reducing this problem. All measures to lower NH3 losses proved 
to be effective under the same field conditions and are already available for practice. Under sandy 
site conditions injection methods proofed to work effective while at the marsh site injection some-
times yielded lower NH3 abatement success under dry soil conditions. Strong acidification of slurry 
on a marsh soil with high pH may also enhance nutrient uptake by the plants. Reducing NH3 loss-
es by more than 50% with acidification or injection with wide slot distance compared to the actual 
good practice of band spreading are realistic. But restrictions in both methods may occur. De-
pending on slurry type (pig / cattle / anaerobic digestate) different amounts of acid are necessary. 
Especially anaerobic digestates from biogas production have a demand of approx.  
8 – 10 l H2SO4 t

-1. Therefor the crop sulphur demand and also liming to neutralize the applied acid 
have to be considered. Efficiency of slurry injection will also be determined by soil conditions while 
under conditions like stony or dry soil penetration by the injectors may be disturbed. 
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1. Objectives 

The objective of this study was to assess the effects of different acidification levels and drying 
conditions on the total and ammonium nitrogen content of dewatered digestate solids. We hy-
pothesized that: 
 Gradual acidification of the solids will progressively reduce nitrogen losses during thermal 

treatment, 
 Higher drying temperatures will result in higher nitrogen losses, and   
 Forced-air assisted drying will significantly increase the nitrogen loss from the solids. 

2. Methodology 

Solids, produced by decanter centrifugation of slurry-based (70% cow and 20% pig slurry feed-
stock) digestate, were collected fresh from Morsø Biogas plant, Denmark. The pH of the de-
watered digestate was adjusted from the initial value of 9.2 to pH of either 6.5 or 5.5, by addition of 
12.5 l or 17.5 l (g-1 fresh solids) concentrated sulfuric acid, respectively. The drying operating 
conditions included four different drying temperatures (70 °C, 100 °C, 130 °C and 160 °C) and two 
moisture evaporation regimes, regulated by application of external forced aeration or no forced 
aeration. The batch drying experiment was conducted in a laboratory conductive oven. Solids 
were placed in aluminium foil containers (250 ml) and sealed with their respective lids. Container 
lids were perforated with 25 holes (Ø=0.5mm), to promote moisture evaporation. Samples under 
externally ventilated conditions, received external air (420 ml/min) through a tube fitted centrally in 
the lid. In preliminary trials the time needed to dry the solids to a dry matter content of 85% (wet 
weight based) under each operational condition was estimated and this time divided into 4 drying 
periods of equal length. A triplicate set of samples remained in the oven for either one, two, three 
or all four drying periods. Samples were then removed, placed in a desiccator and subsequently 
their weight and pH was recorded. Before being kept frozen for later analyses, part of the solids 
was extracted with 1 M KCL for inorganic nitrogen determination. Total nitrogen and carbon (C) 
were determined on an elemental analyzer coupled to a mass spectrometer.  
 

Table 5. Main characteristics of the digestate solids used in the present study. 

 

 

3. Results and discussion 

3.1 Solids drying characteristics 

Drying of the solids revealed an almost linear moisture evaporation progress with time, across all 
acidification levels and drying temperatures (Fig.1). Drying at increased operating temperatures 
markedly decrease drying time. Time required for the solids to reach the desired DM content (85 
% of wet weight) was decreased by almost 80%, when solids were dried at 160 °C, compared to 
drying at 70 °C, both under forced aeration (Fig. 1). The higher energy input induced to the system 
under elevated temperatures, accelerates moisture diffusion and reduces the drying time. Compa-
rably, application of external forced aeration during drying, decreased the drying time by 79% and 
20% at 70 °C and 160 °C, respectively, compared to drying without forced ventilation (data not 
shown). Headspace air is more quickly saturated at low temperatures resulting in an extended 
drying time. Introduction of fresh air in the system, increases the convective transfer of moisture 
into the airstream which may explain the detected interaction between temperature and ventilation 
rate. The drying rate of the acidified solids appeared to be slightly higher than for the non-acidified 
until the 3rd time interval, across most drying temperatures (100 °C to 160 °C). An improvement in 

Dry matter content 

(% of FM) 

pH 

 

NH4
+-N    

(g Kg-1 DM) 

 

Total-N  
(g Kg-1 DM)  

 

26.4 9.2 15.1 32,5 
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sludge dewaterability after acidification has been found earlier [1], possibly due to the release of 
water held by extracellular polymers (EPS). Release of EPS bounded water might have facilitated 
the faster evaporation process during drying of acidified solids. After the end of the drying, the 
solids acidified to pH 5.5 showed significantly (p<0.05) lower moisture content in half of the tested 
drying conditions (data not shown).  
 

Figure 1:  Moisture loss curves of solids during drying under different operating temperatures and acidification levels,in   
 ventilated drying conditions. Drying times corresponding to the four drying periods for each temperature are 
 denoted on the x-axis. Error bars represent standard deviation (n=3) 

3.2 Chemical composition 

Nitrogen: Clearly, there was a strong effect of acidification on the NH4-N content of the dried 
solids (Fig. 2). While the NH4-N concentration in the non-acidified solids decreased sharply at the 
end of the drying, solids acidified to pH 6.5 and 5.5 were able to retain 72.8% and 82.9% of the 
original NH4-N content (mean recoveries across all drying temperatures), respectively. NO3-N 
concentrations were always below the detection limits, indicating NH3 volatilization as the primary 
source of inorganic nitrogen losses. The alkaline nature of the non-acidified solids, promotes the 
dissociation of NH4+ to the easily volatilized NH3. Release of NH3 from manures strongly de-
pends on the environmental conditions that manures are exposed to and thus drying under venti-
lated conditions facilitates NH3 volatilization [2]. Acidification of the solids to pH 6.5 and 5.5 pro-
portionally inhibited the formation of NH3 in the aquatic phase of the solids and reduced the NH4-
N losses. Another possible explanation for the high NH4-N recovery in the acidified samples may 
be the formation of ammonium sulfate ((NH4)2SO4) granules, after the reaction of H2SO4 with 
the NH4+ content of the solids.  
The initial values of NH4-N was increased in the acidified solids compared to the non-acidified 
ones Fig. 2). Moreover, the organic N (Norg) concentration was lower in the case of the acidified 
solids. Sulfuric acid addition to the solids may have induced partial hydrolysis of the solids organic 
matter similar to previous reports [3] , and consequently mineralization of organic N. However, no 
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significant different in Norg concentration was highlighted between solids acidified to pH 6.5 and 
5.5, possibly due to the recalcitrant nature of the solids.    
The effect of drying temperature on the NH4-N content of the solids was significant only in the 
case of non-acidified solids dried under no external ventilation, where higher drying temperatures 
resulted in higher NH4-N losses during drying (data not shown). Furthermore, we found no tem-
perature effect on Norg of the solids, within each acidification level.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Changes in NH4-N and organic N content between raw and finally dried digestate solids under different drying 

conditions and acidification levels, in ventilated drying conditions. Error bars represent standard deviation 
(n=3) 

pH and Carbon content: Changes in the solids pH during drying revealed a contrasting pattern 
between acidification levels (Fig. 3). After the conclusion of drying, the non-acidified solids showed 
a gradual decrease of pH compared to acidified solids. In the latter, the pH increased slightly ini-
tially and then remained relatively stable or declined slightly during drying, across all drying condi-
tions. The pH of the manures is regulated by the acid-base buffering systems, mainly ammonium 
and bicarbonate, in the solids, which in turn is affected by NH3 and CO2 emissions. The pH de-
crease of the non-acidified could be attributed to the acidifying effect of NH3 volatilization and 
might indicate higher NH3 volatilization compared to CO2 emissions. The stability of pH in the 
acidified samples is likely to be related with a more balanced emission of NH3 and CO2.  
The C concentration of the solids decreased significantly after acidification. The raw un-acidified 
solids contained 37,2 (± 0.3) g C kg-1 DM while the acidified had 34.7 (± 0.28) g C kg-1 DM and 
34.3 (± 0.11) g C kg-1 DM when acidified to pH 6.5 and 5.5, respectively. Drying temperature and 
ventilation did not significantly decrease the carbon content of the solids, which remained relative-
ly stable across all drying conditions (data not shown). 
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Figure 3:  Solids pH evolution during drying in ventilated samples, under different operating temperatures and acidifica-

tion levels. Error bars represent standard deviation (n=3). When error bars are not visible, they fall within 
symbols 

4. Conclusion and outlook 

We have shown that moderate additions of sulfuric acid before thermal drying can be an effective 
pre-treatment of the digestate solids in cases where management strategies focus on the reten-
tion of nitrogen in the dried product. The results of this study indicated the suitability of acidification 
as a pre-treatment of the solids, in a wide range of drying conditions. The thermo-chemical treat-
ment of the solids results in a concentrated organic fertilizer with potentially much higher nitrogen 
availability than dried, non-acidified solids. Future research should address the effect of acidifica-
tion and drying on the overall nutrient load of the solids as well as the agronomic impact of the 
products on plant nutrient uptake efficiency. 

Acknowledgements  

The research leading to these results has received funding from the People Programme (Marie Curie Actions) of the Euro-
pean Union's Seventh Framework Programme FP7/2007-2013/ under REA grant agreement n° 289887. 
This material reflects only the author’s views and the Union is not liable for any use that may be made of the information 
contained therein. 

References  

[1] Y. Chen, H. Yang, G. Gu, Effect of acid and surfactant treatment on activated sludge dewatering and settling, Wa-
ter Res. 35 (2001) 2615–2620. 

[2] S.G. Sommer, N. Hutchings, Ammonia emission from field applied manure and its reduction—invited paper, Eur. J. 
Agron. 15 (2001) 1–15. 

[3] P. Kennedy, H. Kennedy, S. Papadimitriou, The effect of acidification on the determination of organic carbon, total 
nitrogen and their stable isotopic composition in algae and marine sediment, Rapid Commun. Mass Spectrom. 19 
(2005) 1063–1068. 

  



Oral  TA Quality fertilizers from residues 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

93 

 

 

TA-O_15 Increasing thermal drying temperature 
of biosolids reduced nitrogen mineralisation 
and N2O emissions 
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1. Objectives 

Sewage sludge is frequently treated at waste water treatment plants (WWTPs). Due to the rela-
tively-high availability of nutrients in sludge, particularly nitrogen (N), the treated product can be 
used in agriculture.  
 
Thermal drying is an increasingly common sludge treatment process; however, the effect of drying 
method and conditions on N release is not well understood. We investigated the effect of thermal 
drying method (in a belt-drying process at a waste water treatment plant, WWTP, or in a laborato-
ry oven) and drying temperature (70, 130, 190, and 250 °C) on the N content of anaerobically-
digested (AD) sludge, then subsequent N release and nitrous oxide (N2O) and carbon dioxide 
(CO2) emissions in soil under field-moist (pF 2) conditions. 

2. Methodology 

2.1. Preparation of sludge materials 

AD sludge was collected from Randers WWTP, Denmark, in July 2013. WWTP-dried sludge (AD-
FD), was collected from the same facility, and had been dried on a belt drier (95 °C input tempera-
ture and 200 °C thermal fluid circuit temperature). For the other dried treatments, AD sludge was 
dried in a laboratory-oven at 70, 130, 190 or 250 °C to less than 5% GMC (AD-LD70, 130, 190, 
250).  

2.2. Incubation test with dried sludges 

AD and dried sludges were added to 45 g (d. w.) of sandy loam soil at a 2 % d. w. rate in plastic 
pots (D = 4.7 cm, H = 7.0 cm). Soil water contents were adjusted to pF 2, and samples were incu-
bated at 15 °C in the dark for 120 days (close to the average Danish summer temperature). Soil 
ammonium (NH4

+) and nitrate (NO3
-) concentrations were analysed on day 0, 3, 7, 14, 42, 80, 120, 

and soil N2O and CO2 emissions were analysed on day 0, 1, 3, 5, 7, 10, 16, 24, 48, 80, 120. The 
percentage of mineralisable N in sludge (Min-N), and the percentage of sludge total N emitted as 
N2O-N (N2O%) or percentage of sludge total C emitted as CO2-C (CO2%) were calculated from 
these results. 
 
 Total combustible C and N: Sludge samples were dried and analysed on an elemental analys-

er. Total combustible N was used as the value of organic N for subsequent calculations. The 
total N content of sludge was determined by adding total combustible N and inorganic N con-
tent. 

 NH4
+/NH3 and NO3

- concentrations: Soil or sludge was mixed with 1 M KCl at a 1:4 or 1:40 
ratio respectively, shaken for one hour and filtered. The extracts were analysed using a FIAstar 
5000 analyser (Foss Analytical, Denmark). These concentrations were used to calculate min-N 
(below). 

 Min-N: The equation to calculate the percentage of sludge mineralisable organic N (min-N) 
was taken from the literature [1]: 
 � − % = − − ∗   Eq. 1 

 
Where Ns is the inorganic-N concentration in sludge-amended soil at the end of the incubation 
period, Na is the amount of NH4

+-N supplied to the soil in the sludge, Nc is the mineral-N concen-
tration of the control soil, and Norg is the amount of organic-N added to the soil by the sludge. All 
units are mg N kg-1. 
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 Percentage of total sludge N or C emitted as N2O or CO2 (N2O% and CO2%): First, N2O and 
CO2 gas fluxes were analysed. Soil and sludge mixes were placed in sealed glass jars for up 
to two hours. 10 ml gas samples were taken using syringes at the start at end of closing, and 
stored in 3 ml vials. Concentrations were then analysed on a gas chromatograph (Bruker 
450C, Germany), from which gas fluxes were calculated. The mean hourly gas flux between 
two time points was multiplied by the time difference in hours, and the result was divided by the 
total N or C in the sludge, giving N2O% or CO2%. 

 Statistics: One-way ANOVAs were conducted, followed by Tukey’s honest significant differ-
ence test. 

 pH: Sludge or soil samples were put in deionised water for 1 hour before pH analysis using a 
PHM210 pH meter (Radiometer analytical, UK). 

3. Results and discussion 

3.1 Sludge N concentrations and mineralisable organic N 

Sludge NH4
+/NH3 concentrations in anaerobically-digested sludge (AD) were reduced by at least 

29% after thermal drying, and decreased most in sludges dried at high temperatures (~87% re-
duction in AD-LD190 and AD-LD250, Table 1). This was expected, as the drying process typically 
volatilises NH4

+ within sludge as NH3, of which most is lost. Organic N contents in the sludge were 
similar between dried and un-dried sludges (Table 1). 
 
Table 6: Dried and fresh sludge N properties. Treatments: AD = dewatered AD sludge, AD-FD = WWTP-dried  
  sludge and AD-LD70, AD-LD130, AD-LD190, and AD-LD250 = laboratory-dried AD sludge dried at 70,  
  130, 190 or 250 °C respectively. SE = standard error, n = 3. Letters indicate treatments that are significantly  
  different from one another (p > 0.05). 

Sludge  

parameter 

Treatment 

AD AD-FD AD-LD70 AD-LD130 AD-LD190 AD-LD250 

Drying method NA Belt dryer Lab oven Lab oven Lab oven Lab oven 

Drying tempera-
ture (°C) NA 95 - 200 70 130 190 250 

NH4
+-N / NH3-N 

g kg-1 d.w. (SE) 
8.98 (0.37) a 3.43 (0.04) b 6.38 (0.11) c 4.64 (0.03) d 1.09 (0.03) e 1.15 (0.07) e 

Organic N 

g kg-1 d.w. (SE) 
45.0 (0.5) a 46.0 (0.3) a 45.1 (0.2) a 45.8 (0.6) a 44.8 (0.5) a 45.8 (0.5) a 

Total C 

g kg-1 d.w. (SE) 
284.0 (2.4) a 293.3 (1.4) b 300.4 (4.0) b 300.5 (4.3) b 297.8 (2.4) b 290.2 (1.5) a 

pH 

(SE) 
8.43 (0.02) e 7.32 (0.02) d 6.91 (0.02) c 6.65 (0.05) b 5.79 (0.03) a 6.47 (0.07) b 

Min-N 

% (SE) 
46.4 (2.9) c 50.5 (1.4) c 35.4 (0.4) bc 30.0 (7.3) ab 28.1 (0.9) ab 19.3 (1.2) a 

 
Thermal drying did not increase min-N in the sludge compared to undried sludge (the AD treat-
ment) regardless of the drying technique used (in a WWTP facility or in a laboratory oven, p > 
0.05, Table 1). Min-N decreased with increasing laboratory drying temperature, e.g. from 35.4 to 
19.9% between 70 and 250 °C. The data indicated that drying sludge does not increase min-N, 
while reducing the N content of the sludge. From this we concluded that thermal drying of the AD 
sludge did not improve its N fertiliser properties.  
 
It is possible that the drying process altered the physical and biochemical properties of the N re-
tained in sludge (mostly amides and proteins), rendering them less available to soil. For example, 
Maillard reactions occur at temperatures of 170°C or above and may cause the creation of recalci-
trant chemical bonds and agglomerations of particles [3]. 

3.2 N2O and CO2 production 

N2O% ranged between 0.17 and 1.64%, and sludge lab-dried at 130 °C (AD-LD130) had the 
greatest N2O% (Figure 1, group c, p < 0.05). In all cases, N2O% was close to or lower than  the 
1% emission factor defined by the IPCC for fertilisers [2] (apart from sludges dried at 70 and 130 
°C), and indicated that adding AD or dried sludge to soil did not vary greatly from the standard 
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emission factor values given for other organic fertilisers. It was not clear why the sludge dried at 
130 °C had a greater N2O% than the un-dried AD sludge. 
 

 
CO2% also differed significantly between treatments; between 8.9 and 28.6% of sludge C was 
emitted over 120 days (Figure 2, p < 0.05). AD-LD190 and AD-LD250 had the lowest CO2% (Fig-
ure 2, p < 0.05), which indicated that sludges dried at the highest temperatures were the most 
recalcitrant. The previously-mentioned Maillard reactions affect both nitrogenous and carbona-
ceous compounds in organic materials at 170 °C, and so may at least partially explain the low 
CO2% and N2O% from sludges dried at high temperatures. 
 
 

 
Figure 3: The effect of sludges on the percentage of sludge total C emitted as CO2-C, (CO2%) over 120  
     days. Filled bars indicate mean, error bars indicate significant error (n = 3). The treatment letters  
     signify the following: AD = soil dewatered AD sludge, AD-FD = soil + WWTP-dried sludge, and  
     AD-LD70, AD-LD130, AD-LD190, and  AD-LD250 = soil + laboratory-dried AD sludge dried at 70,  
     130, 190 or 250 °C respectively. Letters above bars indicate treatments that are significantly  
     different from one another (p > 0.05) 

0,0%

0,5%

1,0%

1,5%

2,0%

2,5%

3,0%

N
2
O

-N
 (

%
) 

0%

5%

10%

15%

20%

25%

30%

35%

C
O

2
-C

 (
%

) 

e 
e 

c 

d 

b 

a 

b 

a 

bc 

c 

a 
a 



TA Quality fertilizers from residues   Oral 

 

96 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

4. Conclusion and outlook 

Thermal drying reduced total and inorganic N contents of AD sludge, and did not increase sludge 
min-N. From this evidence, we concluded that drying this AD sludge was not a suitable treatment 
to increase N availability. Sludges dried at the highest temperatures had the lowest N content, 
min-N, and CO2%, which indicated they were more recalcitrant than the others. The effects of 
processes such as Maillard reactions at high temperatures on sludge physical and biochemical 
characteristics may explain these findings. More research is needed to confirm the influence of 
drying, and drying temperature on mineralisation of N from anaerobically digested biosolids. 
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1. Objectives 

Separating cattle slurry into a solid and liquid fraction is gaining more interest by dairy farmers due 
to the strict phosphate fertilizer restrictions. After separation, the solid fraction (SF) contains more 
phosphorus, what limits the application in nutrient-rich soils such as in Flanders. Furthermore, to 
export the SF, sanitation is important. We evaluated if composting or ensiling the SF, whether or 
not mixed with byproducts, could (i) optimize the quality of the processed SF as fertilizer and soil 
improver, and (ii) reduce nutrient losses during storage.  

2. Methodology 

Storage experiments were conducted in an open-air composting facility with a concrete floor be-
tween April-June 2014. Five SF treatments with a volume of 24 m³ were compared:  

 Composting SF (SF_C) 
 Composting SF (16 m³) with straw (4 m³) and grass (4 m³) (SF+S+G_C)  
 Ensiling SF (16 m³) with straw (4 m³) and grass (4 m³) (SF+S+G_E) 
 Composting SF (12 m³) with cattle farmyard manure (CFM) (12 m³) (SF+CFM_C) 
 Composting SF with clinoptilolite, a zeolite with a cation-binding capacity (2% on dry 

weight) (SF+Clin_C) 
 
The compost piles were covered with a TopTex cover which allows gas exchanges, while the 
silage was covered with a plastic to ensure anaerobic conditions. 
Temperature, CO2 levels and moisture content were monitored 3-4 times per week on four differ-
ent points per pile. The piles were aerated when temperatures reached 65°C or CO2 levels ex-
ceeded 16%, using a compost turner (TG 301, Gujer Innotec AG, Switzerland). To analyze the 
product quality, samples (n = 4) were taken at the start and at the end of the experiment (after 61 
days). Samples were analyzed for physico-chemical compost quality parameters (Table 1). During 
the experiment gaseous emissions (NH3, N2O, CO2 and CH4) were quantified once a week with a 
photoacoustic gas monitor (INNOVA 1312A, LumaSense Technologies, Denmark), after removing 
the pile covers. A N mineralization experiment was run for soil amended with the end products 
(products were added based on an equal N input of 170 kg N ha-1). Soil mineral N was measured 
according to ISO 14256-2. A pot experiment was set up based on a pot trial with English rye grass 
(products were added based on an equal N input of 100 kg N ha-1 and P2O5 was added to adjust 
for an equal P input). Control treatments were included; each treatment consisted of thee repli-
cates. 

Table 1: Overview of the analyzed parameters of the feedstock (solid fraction of cattle slurry, grass and straw) and the end 
products after 61 days of composting or ensiling. 

Parameter Unit Guideline 

Dry matter content   % FM-1 EN 13040 

Organic matter content  % DM-1 EN 13039 

NO3
--N and NH4

+-N kg Mg-1 DM BAM 4/05 (manure) 

pH-H2O - EN 13037 

Electrical conductivity µS cm-1 EN 13038 

Total N kg Mg-1 DM Dumas EN 13654-2 

Total P, K, Mg, Ca, Na kg Mg-1 DM CMA 2/IV/19 - ICP-OES 

(Hemi-)cellulose and lignin content % DM-1 Van Soest et al. (1991) 

Germinal seeds - CMA /2/IV/10 

FM-fresh matter; DM-dry matter 
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3. Results and discussion 

3.1 Temperature and CO2 evolution in the piles 

The temperature of the compost piles increased directly after the start of the experiment. Adding 
straw and grass or CFM resulted in higher temperatures during the first 20 days compared to 
composting of pure SF (Figure 1). We assume that adding more structure lead to more O2 and 
microbial activity in the pile. Moreover, the feedstock mixture at the start was dryer when straw 
and grass were added (see 3.3), which facilitated O2 transport and lead to the maintenance of 
higher temperatures (Brito et al., 2012). On the other hand, addition of straw and grass or CFM, 
lead to lower CO2 levels. Only by adding straw and grass or CFM, temperatures rose above 55°C 
for 15 days, indicating the destruction of pathogens (Lung et al., 2001) and weed seeds (Eghball & 
Lessing, 2000). Ensiling resulted in lower temperatures (maximum 45°C), but higher CO2 levels 
when removing the plastic cover from the silage, compared to composting. 
 

 
Figure 1:  Temperature profile during the composting/ensiling process. SF_C = composting solid fraction of cattle slurry 

(SF); SF+S+G_C = composting SF with straw and grass; SF+CFM_C = composting SF with cattle farmyard ma-
nure; SF+Clin_C = composting SF with clinoptilolite; SF+S+G_E = ensiling SF with straw and grass. Red sym-
bols indicate when the piles were turned. 

3.2 Gaseous emissions 

Adding straw and grass or clinoptilolite reduced the NH3 emissions. The added carbon source 
(straw and grass) could be used by the thermophilic microorganisms, inducing the microbial im-
mobilization of NH4

+-N (Li et al., 2013), while the zeolite clinoptilolite has a cation-binding capacity 
(Inglezakis et al., 2004), through which NH3 emissions decreased. When removing the plastic 
cover from the silage, higher CO2 and CH4 emissions were measured compared to the composted 
SF with straw and grass. Adding CFM to the SF resulted in more NH3 emissions during the first 
month, what can be explained by the higher pile temperatures. 

3.3 Product quality 

Adding straw and grass to the SF resulted in a lower NH4
+-N concentration (by adding structure 

and O2) and higher total N content (due to the N-rich grass); thus lowering the C/N ratio of the 
feedstock. Moreover, the DM content, NO3

--N concentration and C/P ratio of the feedstock in-
creased (Table 2). Adding CFM to the SF resulted in a higher OM and DM content, a lower total N 
content, and a higher C/N and C/P ratio (Table 2).  
Generally, composting decreased the OM content due to decomposition of the feedstock, while 
the DM content increased due to the high temperatures and the evaporation of water, resulting in 
a decrease of the C/N and C/P ratios (Table 2 and 3). The decomposition of OM resulted in a 
stabilization of the composts, confirmed by a decreased potential biodegradability. Composting SF 
with straw and grass or CFM resulted in a higher DM content and lower NO3

--N concentration and 
NO3

--N/NH4
+-N ratio of the end products compared to composting SF without amendments (Table 

3). Moreover, composting SF with CFM resulted in a product with a lower P content and higher 
C/P ratio compared to composting SF. In contrast to the composting process, ensiling SF with 
straw and grass resulted in only limited OM decomposition (Table 2 and 3). There was a small 
decrease in the potential biodegradability, indicating a limited degradation. Ensiling resulted in a 
higher OM content and a lower DM content compared to the compost of SF with straw and grass. 
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Moreover, the silage had a lower NO3
--N and higher NH4

+-N concentration, and thus a lower NO3
--

N/NH4
+-N ratio; a lower P content and a higher C/N and C/P ratio. With ensiling, relatively more 

(hemi-)cellulose and less lignin were observed (Table 3). The limited degradation process indi-
cates that OM decay was delayed due to ensilage and will continue after the ensilage product is 
applied to the soil. 
A positive net N mineralization for all products was measured (data not shown). The net minerali-
zation was higher for the silage (42 mg kg-1 DM) compared to the compost with SF and straw and 
grass (17 mg kg-1 DM) after 100 days. Adding clinoptilolite resulted in a slower N mineralization 
and less N was mineralized (46 mg kg-1 DM) compared to the compost with only SF (51 mg kg-1 
DM) after 100 days.  
The higher net N mineralization of the ensilaged SF in the incubation experiment was also ob-
served in the pot experiment where a higher DM crop yield was observed for the silage treatment 
(2938 ± 153 compared to 1937 ± 58 kg ha-1 for the compost treatment). There were no differences 
in crop yields between the other treatments after 60 days (data not shown).   

Table 2: Chemical characterization of the feedstock at the start of the experiment (n=4) 

  SF_C and SF+Clino_C SF+CFM_C SF+S+G_C and SF+S+G_E  

Organic matter content (% DM-1) 78.9 ± 2.1a 80.3 ± 0.5b 84.7 ± 1.5a 

Dry matter content (% FM-1) 24 ± 0.3a 27.3 ± 0.1b 25.6 ± 0.3c 

NO3
--N (kg Mg-1 DM) 0.014 ± 0.006a 0.006 ± 0.001a 0.020 ± 0.010b 

NH4
+-N (kg Mg-1 DM) 2.17 ± 0.25b 0.57 ± 0.04b 1.74 ± 0.40a 

N (kg Mg-1 DM) 21.8 ± 0.8b 19.6 ± 0.2a 25.8 ± 1.2c 

P (kg Mg-1 DM) 7.1 ± 0.5b 5.3 ± 0.2a 5.3 ± 0.3a 

C/N (-) 20.1 ± 0.8b 22.8 ± 0.1a 18.3 ± 0.6c 

C/P (-) 62 ± 6a 84 ± 3b 88 ± 6b 

Hemicellulose 18.9 ± 2.3a 18.7 ± 1.1a 20.5 ± 3.3b 

Cellulose 30.2 ± 1.5b 31.7 ± 1.0b 26.7 ± 2.5a 

Lignin 13.2 ± 0.2c 11.7 ± 0.6b 8.1 ± 1.1a 

Potential biodegradability 3.7 ± 0.2a 4.3 ± 0.3a 5.8 ± 0.9b 

FM-fresh matter; DM-dry matter 

Table 3: Chemical characterization of the end products after 61 days of composting/ensiling (n=4) 

  SF_C SF+Clino_C SF+CFM_C SF+S+G_C SF+S+G_E 

Organic matter content 
(% DM-1) 62.8 ± 1ab 60.8 ± 1a 64.1 ± 1.2b 62.3 ± 1ab 83.7 ± 1.9c 

Dry matter content (% 
FM-1) 26.1 ± 0.3b 25.5 ± 1b 47.1 ± 1.2d 35.4 ± 3.8c 20.4 ± 1.2a 

NO3
--N (kg Mg-1 DM) 1.023 ± 0.097d 1.259 ± 0.307d 0.056 ± 0.015b 0.254 ± 0.066c 0.005 ± 0.002a 

NH4
+-N (kg Mg-1 DM) 1.23 ± 0.12a 0.92 ± 0.37a 0.56 ± 0.04a 1.14 ± 0.27a 5.59 ± 0.79b 

NO3
--N / NH4

+-N (-) 0.835 ± 0.112c 1.660 ± 1.002c 0.100 ± 0. 031ab 0.238 ± 0.099b 0.001 ± 0.000a 

N (kg Mg-1 DM) 30.8 ± 1.4a 28.7 ± 2.4a 32.5 ± 0.8a 33.2 ± 1.8a 30.0 ± 3.6a 

P (kg Mg-1 DM) 11.6 ± 0.3c 10.7 ± 0.5b 9.8 ± 0.2b 11.7 ± 0.2c 5.1 ± 0.5a 

C:N (-) 11.3 ± 0.3a 11.8 ± 1a 11 ± 0.8a 10.5 ± 0.8a 15.7 ± 1.6b 

C:P (-) 30 ± 0.9c 32 ± 2c 36 ± 3b 30 ± 1c 92 ± 11a 

Hemicellulose 7.3 ± 4.3a 9.3 ± 2.0a 7.6 ± 1.8a 9.2 ± 3.0a 21.0 ± 0.8b 

Cellulose 13.2 ± 3.1a 12.5 ± 2.4a 8.6 ± 1.8a 8.1 ± 2.4a 28.3 ± 2.0b 

Lignin 27.4 ± 1.3b 26.7 ± 1.9b 24.0 ± 1.7b 24.9 ± 0.8b 13.5 ± 2.0a 
Potential 
biodegradability 0.7 ± 0.2a 0.8 ± 0.1a 0.7 ± 0.1a 0.7 ± 0.2a 3.8 ± 0.5a 

FM-fresh matter; DM-dry matter 
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4. Conclusion and outlook 

Table 4 summarizes the effects of the different treatments of SF on the composting or ensiling 
process and the quality of the end products. Composting SF in open air was not convenient due to 
the lack of O2 and the risk of serious gaseous losses. Mixing SF with structure-rich feedstock or 
clinoptilolite could reduce this risk to a certain extent. In contrast to composting, only a limited 
degradation was noticed when ensiling SF. Ensiling can thus be seen as a controlled storage 
method. Soil amendment with ensilaged SF resulted in a higher N mineralization and crop growth 
compared to the application of composted SF. Future research could focus on a more detailed 
monitoring of the gaseous emissions during storage and on nutrient losses (through emission or 
leaching) after application of the products to the soil. Furthermore, sanitization of the end products 
should be validated, e.g. with continuous temperature measurements over the whole length of the 
piles. 
 
Table 4: Effect of different SF treatments on process and product quality. SF_C = composting solid fraction of cattle slurry 

(SF); SF+S+G_C = composting SF with straw and grass; SF+Clin_C = composting SF with clinoptilolite; 
SF+S+G_E = ensiling SF with straw and grass. Score: LLL (very low) - LL (low) - L (rather low) - 0 (no effect) - H 
(rather high) - HH (high) - HHH (very high). The risk for ammonia losses for SF+S+G_E was measured after re-
moving the plastic cover at the end of the experiment. 

    SF_C SF+S+G_C SF+CFM_C SF+Clino_C SF+S+G_E 

Process 

Physical  
parameters 

Temperature -  
sanitization H HH HH H L 

Aerobic  
circumstances L H H L LL 

Moisture  
content L LL LLL L H 

OM degradation   H H H H L 

Product Quality 

Stability 

Potential  
biodegradability LLL LLL LLL LLL L 

NO3
--N / NH4

+-N L LL LL L LLL 

Nutrient content 
C/N H H H H HH 

C/P H H H H HH 

N mineralization  
 

L LL / LLL H 

Crop growth   H HH  / H HHH 
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1. Objectives 

The liquid character of the pig slurry, together with its high concentration of N as NH4-N, may limit 
its composting. So, solid-liquid separation is a necessary pre-treatment before subsequent com-
posting of the solid fraction. The objective of the present work is to develop a composting strategy 
for the treatment of the solid fraction of pig slurry and its establishment at the farm level. Three 
partial objectives were identified: 
 To select the appropriate bulking agent for composting the solid phase of pig slurry by a shelf-

heating test and microbial degradability test; 
 To establish the methodology concerning the proportion of bulking agent; 
 To adapt the developed procedure to the farm level, using the basic farm equipment. 

2. Methodology 

Three composting experiments were run at different scales: laboratory reactors for selecting the 
bulking agent; pilot-plant for defining proportions; and farm scale for establishing the technology in 
a pig farm. Solid fractions of pig slurry (SPS) were separated by screw press without flocculants: 
 Laboratory reactors: Four mixtures were prepared using the SPS1 with 4 bulking agents: cot-

ton gin waste (CW), maize stalks (MS), barley straw (BS), and garden pruning wastes (PW), at 
the ratios (% weight): SPS:CW = 83:17; SPS:MS = 92:8; SPS:BS = 94:6; SPS:PW = 87:13, in 
order  to keep the moisture content 65-70 % without any leaching. Mixtures were placed in 5 L 
batch reactors (in duplicate), consisting of thermal insulated cylinders with 14 cm inner-
diameter and 40 cm height. Temperature probes connected to a data logger (HOBO-Data 
Logger) were placed in the centre of the reactors, and internal and external temperatures were 
recorded automatically. The biodegradability of the mixtures at the beginning and at the end of 
the experiment was determined by respiration tests (CO2-C production during 10 days). 

 Pilot plant: Two mixtures were prepared by mixing SPS2 (from fatteners) with CW at two pro-
portions (% weight): P1= 70:30, and P2 = 56:44. Trapezoidal piles of 2000 kg each were com-
posted by the Rutgers static pile system with forced on-demand aeration (set at 65 ºC). The 
piles were turned two times for homogenisation, the moisture was controlled weekly (> 40 %) 
and the temperature was monitored using two probes for each pile. The bio-oxidative phase 
lasted for 107 days, then, composts were left to mature for two months (total time 167 days). 

 Farm level: A trapezoidal pile (19.3 m3) was prepared with SPS3 (from sows and piglets) and 
CW at 75:25 % (w), using a tractor for the mechanical turning (5 turnings); the moisture was 
adjusted (> 40 %) at the time of sampling. The temperature evolution was monitored during the 
bio-oxidative phase (HOBO-Data Logger) which lasted for 142 days, and 45 days of matura-
tion (total time 187 days).  

Samples were taken from the laboratory reactors at the end of the experiment after homogenisa-
tion of all the material in the reactor; samples from pilot plant and farm level experiments were 
taken periodically by mixing seven subsamples from seven representative sites of the pile, from 
the whole profile (from the top to the bottom of the pile). In laboratory reactors, the energy pro-
duced by the microorganisms was calculated considering the specific heat capacity of the sam-
ples (Cp) [1] and the differences in temperature between the internal and the external values: q(J) 
= m × Cp × ΣΔT; beingμ m the mass (dry weight) of the mixture and ΣΔT the accumulated increase 
of temperature (the difference between the internal and the ambient temperatures). 
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3. Results and discussion 

3.1 Laboratory reactors 

According to the thermal profile of the mixtures (Fig. 1), the mixture with CW results in the highest 
temperatures and a rapid increase in temperature on the first day, increasing 12 ºC with respect to 
the external values, in comparison with the 8, 7 and 3 ºC increases for the mixtures with PW, BS 
and MS, respectively. This indicates that the microbial activity was highest in the mixture with CW. 
All the mixtures were able to maintain the rise in temperature for at least 3-4 days, before starting 
to decrease. At day 7, only the mixtures with GP and MS were turned to improve the homogeneity 
and the aeration of the mixtures, as the temperature had dropped to values close to the external 
values,. After this, the temperature increased very little in both mixtures, showing a small second 
peak of temperature, which indicated that the materials were still biologically active. After 10 days, 
the energy produced by the mixtures increased in the order (kJ): MS (96) < PW (166) < BS (296) 
< CW (398). 
 

 
Figure 1: Temperature profile of the mixtures of solid fraction of pig slurry with different bulking agents in laboratory batch 

reactors (T. ext (GP and MS): external temperature in experiment with garden pruning and maize stalks; T. ext 
(BS and CW): External temperatures in the experiment with barley straw and cotton gin waste). 

 
The biodegradability (CO2-C production) of the mixtures CW and PW was lower at the end of the 
experiment than at the beginning; the lowest value for PW, indicates the highest stabilisation. 
Since CO2-C production is a sign of microbial activity and organic matter (OM) degradation, its 
slowdown indicates that easily accessible compounds were already degraded. However, in the 
mixtures with BS and MS, the CO2 emission did not change statistically during the experiment, 
and the latter mixture reached low temperature values (Fig. 2), indicating low degradability. 

Table 1: Respiration test (CO2-C emission in 10 days) of the mixtures of solid fraction of pig slurry with different bulking 
agents for samples taken at the beginning and end of the experiment (mg g-1 dry matter; n=3). Results for differ-
ent bulking followed by the same letter for each sampling time are not statistically significant according to the 
Tukey test; n.s.: not significant P>0.05; *, **: significant at P<0.05 and 0.01, respectively. 

Sampling time GW MS BS PW ANOVA 

Initial 26.7±7.0a 12.1 b 17.8 ab 24.2 a * 

End 15.6±3.6b 12.6 ab 15.6 a 10.8 b * 

ANOVA * n.s. n.s. **  

 
The energy produced by the microorganisms after 1 day of the experiment correlated with the 
CO2-C release of the initial samples (r=0.966; P<0.01), while the energy produced after 10 days 
correlated to the CO2-C released from the samples at the end of the experiment. Therefore, both 
parameters; the energy released as heat and the CO2-C production indicate the degradability of 
the material, as the respiration index and temperature are directly related to microbial activity. The 
results show that cotton gin waste and garden pruning enhanced the composting of the solid frac-
tion of pig slurry, speeding-up the process. 
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3.2 Pilot plant 

The thermal profiles of both composting piles showed fast increases in temperature during the first 
week of experiment, both piles achieving values close to 65ºC (Fig. 2a). Such quick increases 
indicate fast biodegradability of the materials due to the presence of easily degradable forms of 
OM in the mixtures. Both piles showed similar patterns, reaching temperatures above 55ºC for 
more than 35 days, ensuring hygienic conditions in the composts (Salmonella was absent in 25 g 
and E. coli numbers were < 10 UFC g-1 in both mature composts). But the pile with greater propor-
tion of bulking agent (P2) showed higher temperatures and a longer thermophilic phase with 
greater aeration demand than pile P1, indicating a stronger exothermic process in P2. So, the 
energy generated by microorganisms and converted into temperature of the composting mass 
depends on the thermal properties of the cotton gin waste used in a greater proportion in P2. 

The OM degradation by the microorganisms was shown as a decrease in OM concentration of the 
composting mass from the beginning to the end of the experiment: in P1 from 79.1 to 57.3 %; in 
P2 from 73.3 to 57.2 % (dry weight), respectively. Such mineralisation also reduced the TOC con-
centration in the piles, the mass balance revealed that 50 % of TOC was lost during composting 
(52 % in P1 and 47% in P2). The OM mineralisation followed a first-order kinetic process: OMmin = 
A × (1-e-kt). The parameters of the equation indicates that an increase in bulking agent proportion 
did not statistically change the concentration of degradable OM (A parameter: 56.4±2.5 % in P1; 
57.4±8.0 % in P2), but decreased the degradation rate (k decreased from P1 0.0803±0.0183 d-1 to 
P2 0.0235±0.0084 d-1). Also, according to the product of Axk the initial OM mineralisation rate was 
faster in the pile prepared with a higher proportion of SFP (4.53 % OM d-1), than for P2 (1.35 % 
OM d-1). This indicates high microbial activity at the beginning of the process, as a consequence 
of the high amount of easily degradable material from SFP. However, the pile with high bulking 
showed a slow OM mineralisation rate due to the recalcitrant compounds present in the cotton gin 
waste, such as lignin [2]. Therefore, the high temperature values maintained for a long time in P2 
may be associated with the thermal characteristics of cotton gin waste, such as the calorific value 
(14.7 MJ kg-1) and the specific heat capacity of cotton (1.34 KJ kg-1 K). These are lower than fre-
quently used bulking agents and beef manure or turkey litter [3], which conditioned the heat loss 
through the aeration. It is known that temperature variations during composting are the result of 
the thermal balance between heat generated by the microorganisms and heat loss.  
The agronomical quality of the compost can be defined by the nutrient content, degree of maturity, 
organic matter humification and absence of phytotoxicity, pathogenic microorganisms and heavy 
metals (Table 2). The composts have good agricultural properties in terms of nutrient concentra-
tion, OM humification, sanitisation and maturation degree (Table 3). The Spanish legislation clas-
sified compost P1 and P2 as “class C”, due to the concentrations of Cu (326 and 262 mg kg-1, 
respectively) and Zn (947 and 720 mg kg-1, respectively), limiting their use to 5 t ha-1 per year. 

Table 2: Characteristics of the mature compost: P1 and P2 from the pilot plant and F from the pile prepared at the farm. 

Compost pH 
OM 

(%) 

TOC 

(g kg-1) 

TN 

(g kg-1) 

NH4-N 

(g kg-1) 

NO3-N 

(g kg-1) 

CEX 

(g kg-1) 

CHA 

(g kg-1) 

P 

(g kg-1) 

K 

(g kg-1) 

GI 

(%) 

P1 6.7 57.3 303 35.4 0.68 8.9 33.8 17.5 15 22.2 81.5 

P2 6.8 57.2 292 31.1 0.47 5.7 24.8 9.7 11 22.3 85.0 

F 7.2 59.7 288 28.1 1.9 4.5 29.2 18.1 28 20.8 80.2 

3.3 Farm composting 

The temperature evolution in the composting pile at the farm showed a fast development of the 
process, reaching thermophilic values (> 40°C) in the first week, with temperatures ≥ 66 ºC, this 
period lasted for 70 days (Fig. 2b). After 90 days the temperatures progressively decreased to 
external values, indicating the end of the bio-oxidative phase, which lasted for 120 days. The tem-
perature profile led to sanitisation of the mature compost: Salmonella was absent (in 25 g) and E. 
coli numbers were < 10 UFC g-1. 

The mass balance indicated a strong degradation of the OM, the first-order kinetic equation gave 
a potentially mineralisable OM of 54.7 %, with a rate constant of 0.0179 days-1; giving an initial 
mineralisation rate of 0.98 % OM day-1.Then, a slower OM degradation occurred during the me-
chanical turning used in on-farm composting that in the Rutgers static pile system. The automatic 
on-demand aeration temperature used in the pilot-plant was more efficient than the mechanical 
turning for temperature control and OM degradation. Of the OM, 45 % remained in the final ma-
ture compost as stabilised OM. The characteristics of the OM of the mature compost indicated a 
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good degree of maturity and humification (Table 2), reaching higher values of cation exchange 
capacity (95.7 cmolc kg-1) than the limits suggested for compost maturity and the germination in-
dex (GI) clearly indicated the absence of phytotoxicity. The compost has a high content of OM and 
TN (Table 2), giving a C/N ratio of 10.3, with high inorganic-N, mainly as nitrates, directly available 
to plants. Also, the total concentration of nutrients P and K was high, providing valuable properties 
as an organic fertiliser. The heavy metal concentrations, Zn and Cu (5400 and 400 mg kg-1, re-
spectively), were higher than the values found in the compost from the pilot plant experiment, 
which can limit its quality and use. This was due to the use of slurry from piglets, as Zn is usually 
included in piglets’ diets in order to avoid some digestive diseases and improve growth.  

 
Figure 2:  Temperature profile of the solid fraction of pig slurry with cotton gin waste at two proportions (P1 and P2) during 

pilot-scale composting (a) and at the farm level (b). T. ext: external temperature. 

4. Conclusion and outlook 

The laboratory and pilot plant experiments are useful for defining the methodology for composting 
of the solid fraction of pig slurry and the procedure can be easily established on pig farms, using 
basic equipment. The cotton gin waste has been demonstrated to be an adequate bulking agent 
for co-composting the solid fraction of pig slurry. Its thermal properties conditioned the tempera-
ture profile and ventilation demand; however, the proportion of SFP controlled the OM degrada-
tion. A proportion of 70:30 or 75:25 by weight of SFP with cotton gin waste is adequate for the 
correct development of the process at the real farm scale, but frequent mechanical turning is nec-
essary for efficient aeration and fast OM degradation. A greater proportion of bulking agent re-
quires increased ventilation of the pile to control temperature which may imply extra-cost. Pig slur-
ry from piglets should be avoided for composting as Zn can limit compost quality. 
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1. Objectives 

Nitrogen (N) is essential for any form of life and thus indispensable to sustain food production. 
Along the transformation process from organically bound plant nitrogen into animal protein, mobile 
and at the same time reactive N compounds are generated and excreted as fecal and urinary N 
which are recycled. However, N cycling is associated with N losses, the primary pathways being 
volatilization of ammonia, nitrous oxide and elementary nitrogen into the atmosphere and leaching 
of nitrate into aqueous systems. N losses reduce the fertilizer value of manure and the N use effi-
ciency of animal production systems. 
The most sustainable strategy to mitigate NH3 emissions should focus on reducing its direct pre-
cur-sor, i.e. the urea fraction in animal manure. Urea, a metabolite of the protein metabolism, con-
sti-tutes, with 50 to 85% of total urinary N, the major nitrogenous component of urinary N in rumi-
nants (Dijkstra et al. 2013). The large body of evidence for positive correlations between N-input, 
ruminal protein balance, milk urea, urinary N or urea N excretion and ammonia emissions shows 
that diet characteristics are clearly related with the excretory patterns of dairy cows (Külling, 2000; 
Reijs, 2007; Van Duinkerken et al. 2011). The objective of the present study was to identify feed-
ing measures and indicators for low N and particularly low urinary N excretion of dairy cows under 
Swiss conditions. 

2. Methodology 

In a meta-analytical approach, 13 Swiss feeding and N-balance trials mostly taken from doctoral 
theses were analyzed to establish relationships between N-input, N-excretion and excretory pat-
tern and diet characteristics. The N-balance trials were based on quantitative urine and feces 
collection for barn-fed cows. In case of pasture trials, the n-Alcane technique was applied to esti-
mate feed intake and digestibility. 80 % of the data set represents repeated, individual cow obser-
vations which explain the extent of data variability. A subset of 31 dry cow observations as part of 
a larger study (Münger, 1997) was included in the evaluation. These dry cows were subject to a 
restrictive feeding regime with low protein supply and thus represent the low end of N turnover. 
The statistical evalua-tion focused on univariate regressions to describe relationships between 
dietary factors and excre-tory patterns. Where appropriate, data was grouped by diet type (sea-
son), lactation stage or study. In total, 404 data sets were evaluated which are distributed over the 
whole lactation cycle. Winter and summer diets are represented in almost equal parts. 

3. Results and discussion 

3.1 Animal, diet and excreta characteristics 

Table 1 summarizes average and range of animal, diet and excreta characteristics. The applied 
winter and summer diets and performance levels reflect situations encountered under practical 
farming conditions. The large range in dietary protein supply comprising protein deficient (CP 
<120 g/kg DM) to protein surplus diets (CP > 180 g/kg DM) clearly affected the excretory patterns 
with a distinct seasonal influence. Summer diets produce on average 11 kg more manure than 
winter diets primarily the urine volume making the difference. The higher protein content and mod-
ified pro-tein/energy ratios of grassland based summer diets are important influencing factors. The 
contribu-tion of urinary N to total N excretion increased on average from 40 % to 60 % for winter 
and summer diets, respectively, underlining the higher emission potential of manure produced 
during the vege-tation period. This is supported by the augmented milk urea content indicating 
imbalances at the ruminal and animal level and thus causing a high N footprint of 15.3 g N/kg 
ECM and low N use efficiency of 27 %. 

3.2 Manure volume and N excretion 

N excretion is determined by N content in feces and urine and excreta volume. As shown in Figure 
1, fecal N evolves little with dietary CP while urinary N concentration fluctuates considerably by a 
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factor of up to 4. Assuming constant urinary concentration would lead to very inaccurate predic-
tions of urinary N excretion. Moreover, the change in dietary protein content is accompanied by a 
shift in urinary N compounds. At low dietary CP content of 100 g/kg DM, the ratio of UUN/UN var-
ied in our data set between 30 and 40 % while in diets exceeding 150 g CP/ kg DM, 70 – 80 % of 
urinary N is excreted as urea-N (data not shown). 
 
Table 1:  Average and range of animal, diet and excreta characteristics grouped by season and cow type 
 

Parameter 
Lactating cows Lactating cows Dry cows 

 

 

Winter diets Summer diets Winter diets 
 

  
 

   Animal factors  
 

 ECM, kg/day 23.0 (1.4-42.5) 25.8 (9.4-48.0) - 
 

 N-milk, g/kg 5.52 (3.9-8.3) 5.51 (3.7-7.2) - 
 

 Milk urea, mg/dl 21.9 (5.0-50.5) 30.9 (11.9-57.5) - 
 

   Dietary characteristics  
 

 DMI, kg/day 16.6 (8.2-24.6) 17.6 (8.7-28.5) 7.5 (5.2-14.8) 
 

 DOM, g/kg DM 652.3 (539-746) 713.1 (587-795) 579.7 (523-651) 
 

 CP, g/kg DM 148.3 (98-239) 178.9 (101-259) 94.3 (65-186) 
 

 NEL, MJ/kg DM 6.25 (5.3-7.8) 6.61 (5.7-7.0) 5.1 (4.1-6.4) 
 

 Concentrate, % diet 18.4 (0-50) 13.5 (0-42) 0 
 

   Excreta characteristics  
 

 Feces volume, kg/day 38.5 (19-63) 34.9 (16-59) 20.4 (10-34) 
 

 Urine volume, kg/day 21.5 (6-51) 34.8 (16-65) 7.0 (3-18) 
 

 Fecal N, g/kg DM 27.6 (22-36) 32.1 (18-42) 18.5 (15-29) 
 

 Urinary N, g/kg 5.3 (2.4-11.8) 6.3 (3.0-12.3) 4.0 (2.1-8.0) 
 

 Excreta/DMI, kg/kg 3.8 (2.8-5.6) 4.6 (2.9-7.4) 3.7 (2.9-4.4) 
 

   N turnover  
 

 N intake, g/day 399.9 (157-758) 502.2 (219-824) 120.8 (65-440) 
 

 Milk-N/N-intake, % 30.7 (14-66.1) 26.9 (8.6-49) - 
 

 Fecal-N/N-intake, % 37.9 (21.5-59.7) 28.2 (18.9-49.7) 52.2 (25.7-69.2) 
 

 UN/N-intake, % 26.1 (9.8-63.3) 43.9 (25.7-69.2) 24.0 (10.9-38.1) 
 

 UN/excreta-N, % 40.5 (14.8-64.4) 60.6 (35.2-75.2) 31.7 (17.4-48.3) 
 

 Excreta-N/ECM, g/kg 11.6 (5.6-28.8) 15.3 (5.2-47.1) - 
 

 
DM-dry matter; FM-fresh matter, ECM-energy corrected milk, DMI-dry matter intake, DOM-digestible organic matter, CP-
crude protein, UN-urinary N 
 

 

Figure 1: Relationship between dietary crude protein and fecal (g/kg FM) and urinary N (g/ kg, g/l) content in dairy cows 
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Manure output varied between 16 and 51.4 kg for dry cows and between 28.2 and 104.2 kg for 
lactating cows. Dry matter intake (DMI) can be used as a predictor of manure and feces output 
according to the following formulae: Manure all cows = 4.055*(DMI) + 1.0735 (R

2
 = 0.71); Feces 

lactating cows = 2.1914*(DMI) + 2.8212 (R
2
 = 0.56); Feces dry cows = 2.161*(DMI) + 2.9973 (R

2
 

= 0.64). 
 
Considering the role of urine in regulating the osmotic balance and the excretion of protein and 
mineral metabolites, it can be expected that urine volume is more closely related to diet composi-
tion than feces which is confirmed by our findings. As shown in Figure 2, more urine is excreted at 
high protein diets. A power function is fitted to the data set of Münger (1997) describing the non-
linear character of the relationship. At high dietary protein content, dry cows can produce as much 
urine as lactating cows. 

 

Figure 2: Relationship between dietary crude protein and urine volume in dairy cows. Urine volume (data set Münger) =     
. ………  .0.002*(CP)

1.8401
 (R

2
 = 0.645). 

 

As seen for feces volume, dry matter intake explained 80 % of the variation in fecal N excretion. 
Dry matter intake proved to be a better single predictor than N intake (Fecal N lactating cows 
(g/day) = 8.2048*(DMI) + 2.4795 (R

2
 = 0.81)). 

In contrast to fecal N, urinary N excretion increases with the dietary protein content in a non-linear 
manner (Figure 3). The power function fitted to the data set of Münger illustrates the general rela-
tionship. However, a certain study effect is visible. For a given protein content, the variation in uri-
nary N output remains high pointing to additional influencing factors such as dietary imbalances 
between protein and energy supply at the ruminal and animal level. 

 

Figure 3: Relationship between dietary crude protein and urinary N in lactating dairy cows. Urinary N g/day (data set  
    Münger) = 0.002*(CP)2.637 (R2 = 0.81). 
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At the ruminal level, the so-called ruminal protein balance (RNBch = PMN-PME) quantifies the mi-
crobial protein synthesis from fermentable N (PMN = CP*[1-{1.11*(1-deCP/100)}]) and energy sources (PME = 

145*FOM). Excess ruminal N is one of the major causes for high urinary urea and N output (Figure 
4). Ruminal imbalances are observed for both, winter and summer diets. The resulting uri-nary N 
output raises faster for summer diets compared to winter diets. The positive correlation also exists 
for dry cows. Analogous effects are observed for the protein/energy ratios CP/NEL and 
N/DOM (deCP = protein degradability; DOM = digestible organic matter; FOM = fermentable or-
ganic matter). 

 

Figure 4: Relationship between dietary ruminal protein balance and urinary N excretion in dairy cows. Urinary N  
    excretion winter (g/day) = 0.0975*(RNBch) + 80.27 (R2 = 0.52); Urinary N excretion summer (g/day) =  
    0.1438*(RNBch) + 120.43 (R2 = 0.58); 

4. Conclusions and outlook 

Feeding influences excreta characteristics and excretory patterns of dairy cows. Fecal N is closely 
related to dry matter intake while the highly variable urine characteristics correlate with protein and 
energy metabolism. Improving N use efficiency and reducing N losses first of all means minimizing 
avoidable urinary urea sources. N intake is a driving force for N losses which is superposed by pro-
tein-energy interactions. For low N emissions, the various protein/energy ratios at the dietary and 
ruminal level and the total protein supply need to be optimized to match requirements. Particu-larly 
summer diets prove to be difficult to balance in cases of absent or limited use of energy rich feed 
stuffs and prevailing pasture systems. Established relationships can be used for modeling pur-poses. 
The extension of single regressions to multiple regressions will improve prediction error. 
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1. Objectives 

The goal of our work is to improve P recycling as quality fertilizer (struvite) by adapting an innova-
tive process to recover both soluble and immobilized phosphorus (P) from wastewater treatment 
sludge [1][2]. The innovation was to favoring both biological and chemical P dissolving. The objec-
tives of this study were to optimize dissolving of Pand to assess suitability of the liquid to enter the 
struvite crystallization step. 

2. Methodology 

Forms of P in waste activated sludge (WAS): The cold perchloric acid fractionation method [3] 
was used to characterize P WAS from 6 different WWTP based on chemical (S3 and S4) and/or 
biological P removal (S1, S2, S5, S6). 
 
Chemical acidification: Tests were run to estimate the amount of P chemically dissolved during 
biological tests. Hydrochloric acid was added and the pH was maintained 15 mn at each pH value 
under continuous stirring and then lowered from 1 unit till reaching 2. Acidified WAS was sampled 
at every pH unit, cations and anions concentrations were measured in the supernatants. The 
equation of the curve dissolved P/pH was used to calculate the part of P chemically dissolved 
during the biological tests. 
 
Biological phosphorus dissolution potential assessment: A test to assess the biological 
phosphorus dissolution potential (BPDP) from a sludge was designed. A mixture of sludge to be 
tested and white sugar (sucrose) was kept in anaerobic conditions under steering during ten days 
in specific vials allowing sampling without air introduction.  
 
BPDP of model and real co-substrates: To estimate the potential contribution of co-substrate to 
P dissolution depending on their biochemical composition, BPDP from model and real co sub-
strates were measured. Dried white egg (mainly ovalbumine) was used as model for proteins and 
butter for lipids. Waste from an organic vegetarian restaurant, organic fraction of household waste, 
lactoserum, carrots, apples and flotation greases from WWTP were tested as “real” co-substrate. 
 
Analysis:Total solids (TS), volatile solids (VS), total Kjeldahl nitrogen (TKN) and chemical oxygen 
demand (COD) were measured using standard methods (APHA, AWWA, WEF, 1998). 
TP was analyzed with ascorbic acid method using automate colorimetric methods on QuikChem® 
FIA+ from Lachat Instruments with QuikChem method 10-115-01-1-P after mineralisation by a mix 
of nitric and sulfuric acid (1/4) under pressure (1bar) at 110°C during 1 hour. 
Ionic composition of supernatant was measured with anion and cation chromatography with 
Metrohm 940 Profesional Vario IC respectively with Metrosep A sup 5 and Metrosep C4 -250/4,0 
columns. Volatile fatty acids (VFA) were analysed as described by Peu et al.[4]. 

3. Results and discussion 

3.1 Forms of phosphorus in WAS 

The different mechanisms involved in dissolving P from WAS by a biological process are P re-
lease by phosphate accumulating organisms (PAO), chemical dissolution of mineral solid P and 
hydrolysis of dissolved organic matter due to pH decrease induced by volatile fatty acid production 
(expected pH around 4.5). The relative part of each of these processes will depend on forms of P 
in WAS. In sludge from pure chemical treatment (S3 and S4) the amount of insoluble P was more 
than 85%, probably mainly as iron or alum salts. Soluble and solid mineral P soluble at pH 4.5 
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were 20-45% of the total P in sludge from WWTP using biological P removal (S1, S5 and S6). S2 
was described as a biological process but a large part of the influent was coming from food indus-
try using FeCl3 as pre-treatment. So forms of P were close to those in the chemical P removal 
process sludge. Due to the biological P removal process, insoluble P should be mainly stored as 
polyphosphate which could be released by available carbon addition so the best results were ex-
pected from WAS from S6 (Figure 1). 

 
Figure 1: Forms of P in sludge (BRM: membrane bio reactor, bio : biological P removal, Fe and Al: chemical P removal, R 
………… recirculated, SE : secondary sludge after thickening, ME : mix of primary and secondary sludge after thickening) 

3.2 Chemical acidification 

Chemical acidification was performed on the mixed sludge from S3, S4, S5 and both on the recir-
culated and mixed sludge from S6. As expected, chemical dissolution rate was low for sludge from 
chemical P removal process (S3 and S4) when pH was above 3. The best P dissolution rate was 
measured for diluted biological WAS (S6-bio-R). However soluble P concentrations hardly 
reached the 50 mg/L threshold set by Cornel et al [5] for process profitability and it is thus prefera-
ble to implement it on concentrated sludge. So S6-bio-ME was used for further experiments. 
 

 
 

 
 
 
 
 
 
 
 
 
Figure 2: Chemical dissolution rate (bio : biological P removal, Fe and Al: chemical P removal, R recirculated, ME : mix of 

primary and secondary sludge after thickening) 
 
The evolution of dissolved P concentration, depending on pH during chemical acidification, can be 
described by a polynomial function. The curve obtained from S6-bio-ME is presented in Figure 3.  
 

y = 7.09x3 - 92.66x2 + 310.76x + 35.681

R² = 0.9851
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Figure 3: Dissolved P depending on pH during chemical acidification tests (S6-bio-ME)  
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3.3 Biological phosphorus solubilizing potential (BPDP) 

Tests with sucrose (BPDPmax): A first set of experiments had shown that an inoculum obtained 
by maintaining WAS under acidifying conditions (feed with sugar during several days) did not im-
prove significantly the kinetic and the amount of dissolved P so further tests were performed with-
out inoculum (results not shown). 
Several coS/S ratios were tested. Low pHs (3.5) were reached at the higher loads (2 and 5 
gCOD/gVS) which was related to the higher production of VFAs. The pH quickly stabilized (be-
tween 24-48 h) around 5.7, 3.4 et 3.3 for the loads of 0.1, 2 and 5 gCOD/gMV, respectively. For 
the higher loads, a first maxima of dissolved P was quickly reached (~400 mg/L at 24 h) followed 
by a slight diminution which could be due to inhibition and a necessary adaptation on several 
days, and another maxima around 540 mg/L at 144 h. In the test at 0.5 gCOD/gVS, soluble P 
seemed strongly related to pH variations. A pH minimum was observed at 48 hours (about 4) 
corresponding to the maximum dissolved P which was closed to 530 mg.L-1 (figure 4). For further 
experiments the coS/S was 0.5 gCOD/gVS. 
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Figure 4:  pH (A) and dissolved P (B) during  BPDP tests 
 
In conclusion the best results (BPDP max) were obtained with white sugar, without inoculum, at 
35°C, with a co-substrate/substrate ratio (coS/S) of 0.5 (gCOD/gVSS) between 24 and 48 h.  
 
Tests with model co-substrates:.Depending on the COD/VS ratio, pH remained between 6 and 
7 for proteins and between 5 and 6.5 for lipids. Nonetheless rather high soluble P concentrations 
were observed (416- 493 mg/L ) for proteins which means that P release was not only induced by 
acidification. Similarly to sucrose, maxima was quickly reached for higher loads but with a slightly 
longer time (48h) compared to sucrose. This may be explained by the fact that ovalbumin and 
butter are more complex molecules which have to be degraded before to be used as short chains 
fatty acids by PAO. 
The part of chemical dissolved P during those tests was calculated from the equation obtained in 
figure 3. When dissolved P was maximal, the part released by the metabolism was 40 % for su-
crose and 46 and 48% for proteins and lipids. The difference of dissolved P was due to chemical 
dissolution and was explained by the higher pH reached with proteins and lipids (figure 5). The 
hypothesis was that the biological P release was higher when pH was above 5 but that to keep P 
dissolved, pH had to be lower than 5. This was confirmed by a new set of experiments, repeated 
under controlled pH at 3, 4, 5 and 6 by adding hydrochloric acid or sodium hydroxide. The VFA 
analysis had shown that formic acid accumulation was responsible for lower pH reached with su-
crose and that the low pH inhibited formic acid catabolism. 
Finally the BPDP of dried white eggs and butter were calculates as 67 and 72% of the BPDP max. 
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Figure 5: part of P chemically or biologically dissolved during tests. 
 
Tests with wastes as co-substrates: In order to better understand the mechanisms and to clas-
sify the waste depending on their potential to dissolve P during the hydrolysis/acidifying step an 
experimental design to study mixture of model co-substrates in different proportion and 6 wastes 
that could be used in full scale process have been tested. A model calculating pH and dissolved P 
from the biochemical composition of the waste was obtained from the experimental design. Some 
trends could be drawn when it was applied to wastes as co-substrates but it has to be implement-
ed to be used as a real predictive tool. 
The results of the BPDP tests performed on co-substrates are presented in table 1. 

Table 1: Biochemical composition and BPDP of six wastes that could be used as co-substrates to initiate P biological 
dissolution. 

Sample 
Organic  

restaurant 

Household 
organic waste 

Lactoserum 
Flotation 
greases 

Carrots Apples 

COD 0.3 0.3 0.06 0.12 0.14 0.08 

Carbohydrates 60 31 78 45 89 95 

Proteins 8 22 19 6 6 2 

Lipids 32 47 3 49 5 3 

BPDP 
(%BPDPmax*) 41 42 49 38 68 61 

* BPDPmax was 530mg.L-1 for the WAS tested in this study. 
 
As expected, sweet co-substrates were the most efficient to dissolve P because of their capacity 
to lower the pH and to keep in solution the P biologically released. In all the cases the amount of 
ammoniacal nitrogen produced by mineralization that occurred during the biological acidification 
aimed to a N/P ratio above 1.5 which is considered to be the one that maximizes struvite crystalli-
zation from the liquid phase [2].  

4. Conclusion and outlook 

This study had shown that, depending on the biochemical composition of the co-substrate, biolog-
ical acidification allowed to dissolve up to 75% of the P in WAS from combined biological and 
chemical P removal process. The COD brought by the co-substrate promoted Prelease by PAO 
and low pH, reached with sweet co-substrates, contributed to keep the P released dissolved. The 
pH was driven by the metabolism of formic acid. Further experiments should allow bettering un-
derstanding of the mechanisms in order to proposing ways for favoring P dissolution during the 
process. Nitrogen mineralization was enough to obtain the N/Pratio required to struvite crystalliza-
tion.  
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1. Objectives 

Mineral phosphorus (P) fertilizers are solely produced from phosphate rock, a fossil and thus lim-
ited resource. Europe completely depends on imports since there are no relevant phosphate rock 
deposits on the continent. Furthermore, phosphate rock is contaminated with heavy metals such 
as Cd and U that pollute the farmlands and pose environmental risks [1]. In Germany, more than 
560,000 t/a of phosphorus (P) is removed from the soils by farming and husbandry and thus has 
to be replaced. About 150,000 t/a P of this are applied as mineral fertilizer [2]. Sewage sludge ash 
(SSA) might be a promising source for recycling fertilizer since it contains large amounts of P (up 
to 13 %). However, fertilizer from SSA has to comply with the respective ordinances, particularly 
the heavy metal limit values stated in the fertilizer ordinance, and requires sufficient P bioavailabil-
ity. Thus, we conducted a complete survey of SSA from German mono-incineration facilities [2] 
and developed a thermochemical treatment for SSA to reduce toxic elements and increase P 
bioavailability. 

2. Methodology 

Approximately 300,000 t/a SSA accrue in 26 German mono-incineration facilities. 24 of these took 
part in the survey, mostly with monthly samples covering a period of one year. Taking into account 
the respective ash amounts, we covered more than 97 % of all German SSA enabling a complete 
assessment of the SSA in terms P recovery potential, heavy metal content and P bioavailability. 
SSA samples were dried, grinded, homogenized, and dissolved with microwave-assisted diges-
tion (HNO3/HClO4/HF). The elemental composition was determined with inductively coupled plas-
ma optical emission spectroscopy and mass spectroscopy, respectively (ICP-OES; ICP-MS). P 
solubility in neutral ammonium citrate (PNAC) was chosen as indicator for P bioavailability and de-
termined according to the respective standard. 
SSA was treated in a rotary kiln at 900 - 1000 °C under reducing conditions (Figure 1). Sewage 
sludge (SS) was added as reducing agent to the SSA. Under reducing conditions some volatile 
toxic elements such as As, Cd, Hg and Pb were separated via gas phase. Additionally, alkaline 
additives (sodium or potassium -sulfates, -carbonates or -hydroxides) were added for increasing 
the P bioavailability because they react with the Ca- and Al-phosphates present in the SSA to 
highly bioavailable mineral phases such as NaCaPO4 or KCaPO4. The thermochemical process 
was investigated in lab-scale in crucibles, was optimized in medium scale rotary kilns and finally 
demonstrated in an industrial production campaign. The raw materials sewage sludge ash (SSA), 
sewage sludge (SS) and sodium sulfate were mixed in the ratio 5:1:2. The product of the demon-
stration trial is currently tested in a field trial. 
 

 
Figure 1: Process scheme for the thermochemical treatment of sewage sludge ash in a rotary kiln [8] 
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3. Results and discussion 

3.1 Survey for German sewage sludge ashes 

Table 1 shows mass fractions of phosphorus and selected trace elements in German sewage 
sludge ashes. The median P concentration in SSA was 7.9 %. The P concentrations are further 
separated according to source of the respective sludge. SSA that originated solely from municipal 
sludge contained 9.0 % P in the mean, whereas those from industrial sources showed the lowest 
concentrations with 2.3 %. SSA from both municipal and industrial sources was in between with 
4.9 % [3]. This was expected, since the majority of P in the wastewater stream originates from 
human excreta and dishwashing detergents. Taking into account the P concentrations in the SSA 
and the respective ash amounts, this results in an annual P recovery potential of up to 19,000 t P 
[3]. Again, the majority of this potential is with SSA from municipal sludge (approximately 11.000 
t/a P), whereas SSA from mixed sources contribute about 7.500 t/a P. SSA from industrial sources 
is insignificant on that account (500 t/a P). Thus, more than 12 % of the so far required mineral 
fertilizer could be replaced by secondary phosphates. The concentrations of Cd and U in the ash-
es (3.3 mg/kg and 5.8 mg/kg) are significantly lower than in phosphate rock and mineral fertilizers. 
By using SSA as secondary raw material for fertilizer production, the input of these harmful sub-
stances to farmlands might be significantly reduced. Furthermore, table 1 shows element concen-
trations relevant for fertilizer use and the respective labeling and limit values as stipulated by the 
German fertilizer ordinance. Whereas the median values are all well below the respective limit 
values, several single values were above. Taking into account the respective ash amounts this 
means that two thirds of SSAs are not suitable for direct fertilizer use due to heavy metal contents 
above the limit values. Furthermore, the PNAC-solubility mean value of SSA was only 31 % but 
should be towards 100% for fertilizer application. Thus, further treatment is inevitable in most cas-
es to reduce inorganic contaminant content and increase P bioavailability.  
 

Table 1: Phosphorus- and trace element mass fractions in German sewage sludge ashes. Closer information in [3] and [4] 

Element [% DM] Min Max Mean Median 
No. of 

samples 

 P recovery 

potential [t/a] 

P  1.5 13.1 7.3 7.9 252 18,812 

P (municipal) 3.6 13.1 9.0 9.1 163 10,939 

P (municipal/Industrial) 2.8 7.5 4.9 4.8 69 7,319 

P (industrial) 1.5 3.8 2.3 2.3 20 554 

Element [mg/kg DM] Min Max Mean Median 
No. of 

samples 
Limit value [5] 

As  4.2 124.0 17.5 13.6 252 40 

Cd  <0.1 80.3 3.3 2.7 252 91) 

Cr  58 1502 267 159.7 252 - 

Cu 162 3467 916 785 252 900 

Hg  0.1 3.6 0.8 0.5 143 1 

Ni  8.2 501 105.8 74.8 251 80 

Pb  <3.5 1112 151 117 252 150 

U 1.6 26 5.2 4.9 252 - 

Zn  552 5515 2535 2534 252 5000 
DM-dry matter 
Calculated for P= 7.9 % because limit value is stipulated as 50 mg Cd / kg P2O5 

 

 

3.2 Thermochemical treatment of sewage sludge ashes in a rotary kiln 

The two main goals in the thermochemical treatment of sewage sludge ash is increasing P bioa-
vailability and decreasing the mass fraction of toxic trace elements. In order to assess different 
additives, it is displayed over the ratio alkali/P of the starting material mixture in Figure 2. General-
ly, the PNAC-solubility of SSA (35 %) could be significantly increased for alkali/P ratios > 1. PNAC-
solubility > 85 % was achieved by treatment with Na2SO4, Na2CO3, NaOH, K2CO3 and KOH. The 
surplus of potassium addition to achieve high PNAC-solubility compared to sodium addition is nec-
essary because potassium is partly lost via off gas. The lower PNAC-solubility for K2SO4 (maximum 
70 %) is linked to the high melting point of K2SO4 (1070 °C) which is above the temperature of the 
thermochemical treatment that requires melt phases for reaction. 
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Thermochemically treated SSA was tested in plant experiments (variants with Na2CO3 and 
Na2SO4). The fertilizer effect of the ash based products was comparable to triple superphosphate 
[7]. The current extensive pot and field tests in the EU project P-REX further support the fertilizer 
effect of the thermochemical products. The results is published in the deliverable D 8.1 on the 
homepage of the EU-project P-REX (www.p-rex.eu). 
The described thermochemical process with Na2SO4 was successfully tested in a demonstration 
trial with an output of 2 t recycling fertilizer. The product had a P content of 7.7 % and a high PNAC-
solubility (82 %) in the representative product period (Table 2). In general, the mass fraction in the 
calcined product for matrix elements and non-volatile heavy metals (Cr, Cu, Ni and U) were 80 +/- 
2% of the mass fractions in SSA (dilution by factor 1.25). The reason for this is the dilution of the 
SSA by the addition of Na2SO4. Additionally, the mass fraction of the volatile elements As, Cd, Hg 
and Pb were significantly decreased by evaporation under the reducing conditions in the kiln. The 
removal calculated on the mass balance was 61 % for As, 80 % for Cd, 68 % for Hg, 39 % for lead 
and 9 % for Zn [6]. 
 
 

 
Figure 2: PNAC-solubility of products from SSA calcined at 1000°C with Na2SO4, Na2CO3, NaOH, K2SO4, K2CO3 and KOH 

as a function of Na/P or K/P ratio [mol/mol].Na/P or K/P ratio corresponds to the molar ratio in the starting materi-
al [6] 
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Table 2: Mean elemental compositions and standard deviations of SSA (n = 3), SS (n = 3) and product samples (n = 7-10) 
for representative period in the production campaign of 2 t recycling fertilizer [6] 
 SSA SS Product 
 mean SD mean SD mean SD 
 mg/kg 

P 93,700 3160 42,000 840 77,100 1700 
PNAC 35,100 1100 -  62,800 1400 
As 11.1 0.4 4.2 0.2 3.6 1.7 
Cd 2.1 0.2 0.6 0.1 0.3 0.2 
Cr 159 11 43.7 0.9 127 5 
Cu 767 43 204 4 601 8 
Hg 1.1 0.1 0.4 0.1 0.3 0.1 
Ni 73.3 3 17.7 0.4 56 3 
Pb 123 0.8 29 1.3 60 5 
U 11.2 0.3 2.1 0.1 7.2 0.1 
Zn 2330 29 621 7 1710 84 

 

4. Conclusion and outlook 

German sewage sludge ashes show a significant P recovery potential and are able to reduce the 
uranium and cadmium input to farmlands significantly. However, additional action or treatments 
might be necessary to reduce the heavy metal content and to increase the P bioavailability. 
The thermochemical treatment in a rotary kiln with alkali additives is a suitable process to trans-
form sewage sludge ash into a product which could be used as P-fertilizer. The P-bioavailability is 
increased to a level comparable to TSP. The content of heavy metals is below the limit values of 
the German fertilizer ordinance. 
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1. Background 

The recovery of nutrients from wastes for re-use as concentrated plant fertilizers is a new para-
digm in agricultural and municipal waste management. Currently the potential impact of manure 
on the environment represents one of the world agriculture’s major challenges. Many areas of 
intensive livestock production generate more manure nutrients than available cropland can assimi-
late due to a net import of nutrients. Nutrient pollution is one of the most widespread, costly and 
challenging environmental problems in industrialized nations.  It is caused by too much nitrogen 
(N) and phosphorus (P) in the environment. Nutrient pollution has diverse and far-reaching effects 
on the economy, impacting many sectors that depend on clean water. The U.S. tourism industry 
loses $1 billion each year, mostly from losses in fishing and recreational activities because of nu-
trient-polluted water bodies [1]. As result of phosphorus pollution, algal blooms in drinking water 
sources can drastically increase treatment costs and shortages in water supplies. The agricultural 
sector remains the major source of NH3 emissions in both Europe and USA.  Ammonia emissions 
from animal husbandry operations (dairy, beef, poultry and swine) were estimated at 2.5 million 
tons/year in 2015 [2]. Therefore, significant efforts are required to abate ammonia emissions from 
livestock operations. In this context, new technologies to recover the N and P are needed. The 
aspect of N and P reuse is also important for farmers because of increasing demand and cost of 
inorganic fertilizers. Fertilizer prices have escalated in recent years, thus there is renewed interest 
on developing technologies to recover and recycle nutrients from wastes. 

2. Objective  

Treatment technologies can play an important role in the management of livestock manure by 
providing a more flexible approach to land application and acreage limitations and by solving spe-
cific problems such as odors, pathogens, water pollution, ammonia emissions, greenhouse gas 
emissions, and phosphorus and heavy metal contamination of soils.  In this paper we show devel-
opment of systems and methods by USDA to recover nitrogen, phosphorus and value-added ma-
terials from livestock wastes.  

3. Recovery of Materials and Nutrients  

Advanced treatment technologies are being developed to address manure problems in confined 
livestock production.  The examples show a shift from municipal treatment methods in the near 
past to a new body of knowledge with methods adapted to the specific characteristics of these 
wastes and a different purpose for treatment.  Further, for the first time we are seeing technologies 
developed for agricultural waste crossing the discipline boundaries and being adopted by the mu-
nicipal wastewater treatment industry.  For example, the flow diagram in Figure 1 illustrates three 
main alternative approaches to swine manure management.  The first approach is to develop dry 
systems such as the deep bedding where fresh manure is mixed with a bulking agent or use in-
clined belts under the slatted floor to separate urine and solids so that all or part of the manure 
leaving a building is directly handled as a solid. The second approach is to improve or retrofit ex-
isting liquid systems so that volatile solids and organic nutrients are recovered and separated from 
the waste stream and treated with a variety of technologies to generate value-added products. 
Solid-liquid separation of the raw manure increases the capacity of decision making and opportu-
nities for treatment.  The separation up-front allows recovery of the organic compounds, which can 
be used for the manufacture of compost materials and other value-added products or energy pro-
duction.  These products may include stabilized peat substitutes, plastic composites, humus, bio-
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chars, bio-oils, organic fertilizers, amino-acids, soil amendments, energy, and quick-wash phos-
phorus. The remaining liquid needs to be treated on the farm. A variety of biological, physical or 
chemical processes can be used to achieve specific nutrient management goals and environmen-
tal standards that may include recovery of phosphate and ammonia concentrates.  
 

Figure 1:  Alternative technologies to manage excess nutrients and create value added products from swine wastes.  

 
A third approach is to use anaerobic digesters (AD) to recover methane and energy from the car-
bon in the liquid manure. The biogas recovery systems collect methane from the manure and burn 
it to generate electricity or heat.  Production of biogas from manure using anaerobic digesters is 
projected to be important worldwide.  However, in areas of intensive livestock production, new 
technologies need to be developed in conjunction with AD to address surplus nitrogen and nitro-
gen removal and/or recovery of concentrated phosphorus from AD effluents in a form that can be 
removed from the watershed.   
In addition to nutrients (e.g., nitrogen and phosphorus), manure and wastewater from animal feed-
ing operations have the potential to contribute other pollutants such pathogens, heavy metals, 
odor and ammonia to the environment. So a combination of two or more treatment technologies is 
often needed to meet multiple environmental goals. 

3.1 Solids and phosphorus recovery in Third Generation EST system 

We tested several configurations of a calcium phosphate recovery process on swine farms show-
ing consistent results producing a marketable fertilizer with > 90% plant available P [3]. It was 
technically feasible to flocculate and dewater both the P and raw manure in a simultaneous opera-
tion, significantly reducing cost of equipment [4]. The latest full-scale project evaluated and 
demonstrated the viability of a third generation Environmentally Superior Technology (EST) ma-
nure treatment technology [5]. It was designed to further reduce cost of manure treatment through 
pre-concentration of diluted manure before polymer application. The technology first separated 
solids and liquids in the flushed manure with the aid of settling and polymer flocculants; subse-
quently, the ammonia nitrogen was treated with nitrifying bacteria adapted to high-strength 
wastewater and cold temperatures; and lastly, the soluble phosphorus was separated via calcium 
phosphate precipitation in the absence of ammonia (Figure 2). This combination of treatments 
substantially eliminated the release into the environment of odors, pathogens, ammonia and 
heavy metals, which are environmental standards required for new or expanding swine operations 
in North Carolina.  A decanting tank was effective to concentrate the solids in the diluted flushing 
manure stream and reduced the total manure volume processed by the solid separator press; in 
addition, it increased polymer use efficiency 5.4 times.  On a mass basis, the system removed 
from the liquid 98.6% of the total suspended solids (TSS), 100% of ammonia, 91.9% of total 
phosphorus, 95.4% of copper, 97.0% of zinc and 100% of odor compounds including skatole, 
phenol, cresol, indole, and volatile fatty acids [5]. 
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Figure 2: Recovery of solids and phosphorus from diluted swine effluents in a third generation Environmental Superior 

   Technology 

3.2 Phosphorus recovery from solid manures and biosolids (Quick-Wash Process) 

The “quick wash” process was developed for extraction and recovery of phosphorus from poultry 
litter and animal manure solids, but research has shown that the approach is equally effective with 
municipal biosolids [6].  In the quick wash process, phosphorus is selectively extracted from solid 
manure or poultry litter by using mineral or organic acid solutions. Following, phosphorus is recov-
ered by addition of liquid lime and an organic poly-electrolyte to the liquid extract to form a calci-
um-containing P precipitate (Figure 3).  

Figure 3:  Quick-wash process for extraction of phosphorus from waste (www.quickwash.com) 
 
The process generates two products: 1) washed solid residue, and 2) concentrated recovered 
phosphorus material. The quick wash process selectively recovers more than 80 % of the phos-
phorus from solid waste while leaving most of the nitrogen in the washed solid residue. Conse-
quently, the washed solid residue has a more balanced nutrient composition for crop production 
and environmentally safe for land application. The concentrated phosphorus materials contain 
more than 90% of its phosphorus in plant available form that provides a recycled phosphorus 
source for use as crop fertilizer. The inclusion of this process in a waste management system 
offers producers and municipalities a new opportunity to recover P as a valuable product.  

3.3 Ammonia Recovery   

The recovery of nitrogen (N) from wastes will be important in agriculture because of the high cost 
of commercial N fertilizers and the environmental damage of the release of reactive nitrogen.  We 
are developing new systems and methods that use gas-permeable membranes at low pressure to 
recover significant amounts of ammonia when operated in: 1) liquid manure effluents such as 
lagoon, AD and raw liquid manure [7, 8], and 2) barns to remove the ammonia from the air [9, 10].  
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The new process includes the passage of gaseous ammonia through a micro-porous hydrophobic 
membrane and subsequent capture and concentration in a stripping solution on the other side of 
the membrane. For liquid applications, the membrane manifolds are submerged in the liquid, and 
the gaseous ammonia is removed from the liquid before it escapes into the air (Figure 4).  For air 
applications, the membrane manifolds are suspended above the litter, and the gaseous ammonia 
is removed inside the barns close to the litter (Figure 5). 

 
Figure 4:  Gas-permeable membrane system to harvest the nitrogen from liquid manure and reduce ammonia emissions. 
 

Figure 5: Gas-permeable membrane system to harvest the nitrogen from liquid manure and reduce ammonia emissions. 

4. Conclusions  

The recovery of N and P from wastes will be increasingly important in agriculture because of the 
high cost of fertilizers and the environmental damage from the release of reactive N and P.  
Treatment technologies have been developed to address manure nutrient recovery. Many are 
now in the commercialization stage after years of extensive on-farm testing.  The examples show 
a shift from municipal treatment methods in the near past to a new body of knowledge with meth-
ods adapted to the specific characteristics of these wastes and a different purpose for treatment.  
Further, for the first time we are seeing technologies developed for agricultural waste crossing the 
discipline boundaries and being adopted by the municipal wastewater treatment industry. 
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1. Objectives 

The main effect of organic residues as fertilizer is its nutrient supply capacity; important nutrient 
release takes place during the decomposition process but lessens as the process advances to 
residue stabilization (Edwards et al, 2011; Porta et al, 2003; Baldock and Bruce, 2012). Other 
beneficial functions of organic matter in soils are their physical and chemical effects which can 
cause favorable conditions for plant development; desirable properties attributed to organic matter 
are its high CEC and its capacity to complex metal micronutrients keeping them available to 
plants. These are important reasons for using organic residues, not only because of its nutrient 
supply capacity but also as soil improvers. 
 
Under the hypothesis that plants respond, not only or necessarily to nutrient supply, but to soil 
changes induced by compost addition, the objective of this paper was to study the soil changes 
and micronutrient uptake by plants related to composted organic residues. 

2. Methodology 

Residues were applied for evaluation, as a relatively stable compost prepared with grass from 
pruning and sheep manure in a 3:1 proportion. These composted residues (C) were mixed 1:1 
with a clay soil (S) from an agricultural field near Colegio de Postgraduados in the Central Valley 
of México. One of these mixtures was evaluated as a treatment (SC), two were respectively added 
with 20% (SC-20) and 30% (SC-30) agrolite, a low density mineral obtained from amorphous vol-
canic glass as a commercial product; a fourth treatment consisted in soil complemented with 20-
20-20 (N-P-K) fertilizer (SF). They were all compared with soil alone, making a total of five treat-
ments. Agrolite was added to avoid compaction and find out if this had an effect on soil and plant 
development; fertilizer was added based on a previous experience where micronutrient absorption 
was favored by its presence. 
 
The species Ammi majus (bishop’s weed, lady’s lace) an herbaceous plant pertaining to the 
Apiacea (Umbelliferae) family, was used to measure nutrient uptake and dry matter production 
(DM); this is an annual species with ornamental potential although its current main reason for 
study is its content of coumarins and furanocoumarins, substances used in commercial products 
for skin disease treatment (Ojala et al, 2000; Deepshikha et al, 2002; Krolicka et al, 2001).The 
experiment was conducted under greenhouse conditions in a completely randomized design with 
five replicates. 
 
Two months old plantlets were transplanted to pots containing the five treatments described; the 
whole plants were harvested three months after transplant, dried at 70 ºC, weighed and ground for 
Mn, Fe, Cu, and Zn analysis. Micronutrients were extracted using a 3:1 sulfuric-perchloric acid 
mixture and measured by ICP atomic emission. The substrates were analyzed for electric conduc-
tivity (EC) and pH in a 1:2.5 suspension with distilled water; organic matter (OM) by wet digestion 
(Walkley-Black); and cation exchange capacity (CEC) using 1 N ammonium acetate adjusted to 
pH 7. These variables are being studied because in previous experiences with organic residues, 
changes were found (Ruíz-Bello et al, 2012). 

3. Results and discussion 

3.1 Soil changes and DM production 

Dry weight production varied from 11.17 to 17.29 g (Table 1), the lowest was obtained in soil 
alone (S) which was statistically equal to that obtained with soil-compost treatment (SC); this re-
sult suggests that there is no direct effect of composted residues on Ammi majus DM yield. Two 
reasons may explain this result, one is that A. majus is a species that grows well in poor soil con-
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ditions suggesting that it does not have high nutrient requirements; second, the fact that the com-
post used was about one year old with a low C/N ratio (13.90) and it had low content of available 
nutrients (not shown). Soil stable organic matter (humus) is attributed a C/N relationship of 11 to 
12 (Porta et al, 2003; Baldock and Broos, 2012).   
 
Table 1: Dry matter production, soil and substrate (mixes) characteristics. 

                 Treatment          DM (g)          pH        OM (%)      EC (mS)      CEC (cmol.kg-1) 

1   S   11.35  7.95  3.54  5.19  45.31 

2   SC   11.17  8.05  5.66  2.34  45.02 

3   SC-20  17.29  8.20  6.65  1.23  39.67 

4   SC-30  13.09  8.16  3.32  1.21  40.34 

5   SF   12.49  7.69  5.12  1.30  33.05 

S: soil; C: compost; 20:20% agrolite; 30: 30% agrolite; F: fertilizer. 

 
On the other hand, there were significant changes on pH and EC related to residues application 
(Table 2) which seems to have affected DM yield. The highest DM production was obtained in 
soils added with compost plus 20 and 30% agrolite (SC-20 and SC-30) where pH increased and 
EC decreased significantly (α=0.05) compared to soil alone. Therefore, DM increase can be at-
tributed to changes occurred in the soil and not to compost per se. 
 
CEC values were high as expected in a clay soil (40% clay) but they were not affected by residues 
since there were no significant differences between soil alone (S) and those treatments with resi-
dues added. There was however, a significantly lower CEC (α=0.05) in treatment added with ferti-
lizer (SF) which could be explained by blocking of exchange sites but it is not clear at this point. 
 

Table 2: Mean differences of soil characteristics among treatments (α=0.05). 

Treat.  Group  Treat.      Group  Treat.     Group Treat.      Group 

*    (DM)   (pH)    (EC)    (CEC) 

3 (17.29) A  3 (8.20)       A  1 (5.19)       A  1 (45.31) A 

4 (13.09) A  4 (8.16)      A  2 (2.34)      AB  2 (45.02) A 

5 (12.49) AB  2 (8.05)       AB  5 (1.30)        B  4 (40.34) AB 

1 (11.34)   B  1 (7.95)         B  3 (1.23)        B  3 (39.67) AB 

2 (11.17)   B  5 (7.69)           C  4 (1.21)        B  5 (33.04)   B 

Means with the same letter are not significantly different. 
*Numbers in parenthesis are the values of the corresponding parameter. 

3.2. Soil changes and nutrient uptake. 

Fe, Cu, Mn, and Zn critical content in Ammi majus were not available, but there were not visible 
signs of deficiency, suggesting that substrates supplied enough of them (Table 3); they were stud-
ied because of their possible complexation with OM which could favor availability. However, ab-
sorption of no one of them was affected by compost and no relationship between them and DM 
production was observed  
 
No effect of residues was observed in OM content as measured by wet digestion, which is based 
on easily oxidized carbon and does not include stable carbon as expected to exist in a low C/N 
ratio compost. 
 
Table 3: Micronutrient concentration in Ammi majus (bishop’s weed, lady’s lace). 

Treat.     Fe  Cu  Zn  Mn  (pH) 

         mg.kg-1 

1   S     118.83 11.49  7.40  14.95  (7.95) 
2   SC     179.96 12.10  7.42  15.71  (8.05) 
3   SC-20    150.42 11.58  9.02  13.22  (8.20) 
4   SC-30    183.15 10.76  7.14  11.58  (8.16) 
5   S-F    208.56 11.22  8.75  23.04  (7.69) 
S: soil; C: compost; 20: 20% agrolite; 30: 30% agrolite; F: fertilizer. 
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Mn concentration in plant however, was significantly higher (α=0.05) when fertilizer was added 
(Figure 1) which also decreased pH significantly with respect to the other treatments (Table 2). 
This shows, as in previous experiences, that Mn uptake is stimulated by other nutrients applica-
tion, most probably due to the low pH induced by them as it seems to have been in this case. 
As observed, not all the elements behave in the same way, while there were not any significant 
differences among them attributable to compost, still Mn absorption seems to be stimulated by 
compost as observed in treatment SC, and its absorption was strongly increased by N-P-K. Simi-
lar results have been obtained with this element and Cu in chrysanthemum, whose absorption 
was positively related to P and compost application, regardless of the nutrient content in the resi-
dues. Agrolite, although not significantly compared to soil alone, had a negative effect on micronu-
trients uptake.  
 

 
 

4. Conclusion and outlook. 

The hypothesis that plants respond to soil changes induced by compost addition conveys the idea 
that compost produces changes in soil properties in the first place. In this investigation it was 
demonstrated that those changes do occur, as it was observed in pH increase and EC decrease 
when compost was added. 
 
Research in the use of residues in agriculture has focused in their nutrient supply capacity and 
plant response to those nutrients. Little research is looking into what happens in the soils that 
could be the cause of plant response, though experience has shown they respond to both, nutri-
ents and change. The first has been demonstrated by plant response to Ca when added as lime 
to change pH in acid soils; even when there is not any pH change, plants have responded posi-
tively to Ca which is scarce in acid soils. Plant response to changes is demonstrated by soil acidi-
fication to make soil P available instead of applying it. In this case, Ammi majus DM was in-
creased by pH and EC changes induced by the composted residues. 
Biodegradable organic residues can be regarded as a source of diseases, as related to toxic sub-
stances or pathogen agents; the risk can be diminished or eliminated through composting 
(Schwarz et al, 2009; Kuter et al, 1988). However, while decomposing organic residues may sup-
ply nutrients during the process of decay, when decomposed to a relatively stable condition (low 
C/N ratio) they may not supply an important amount of nutrient but still have desirable properties 
that are conveyed to the soils when applied to them. Composted residues used in this experiment 
were not high in nutrient content and did not increase OM most probably because of the short 
duration of the experiment; however there was an overall positive effect on plant response. No 
one of the micronutrient absorption was affected by residues. 
Plant response also depends on the species; a wide variety of ornamental plants have been in-
vestigated and their response to different kind of residues with positive results (Ahmed et al, 2011; 
Larcher et al, 2011; García-Albarado et al, 2010; Gallardo y Valenzuela, 2003); although, there 
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are some species, mainly fruit and grain producing, where compost does not provide all the nec-
essary nutrients (Muñiz-Rodríguez, 1998; Papafotiou et al, 2004) or even has negative effect (Er-
dogan et al, 2011). Ammi majus which is an ornamental and medicinal herb responded to com-
posted residues.  
Overall, the hypothesis in this research was proved since plant responded to changes in soil in-
duced by residues, namely pH and EC. The objective also was accomplished since changes were 
attained and their effect could be observed.  
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1. Objectives 

The recycling on soil of organic waste products (OWP) is known to improve soil properties like soil 
C storage, soil aggregate stability, nutrient availabilities for crops or soil functional biodiversity and 
biological activities. It may also lead to soil contamination. All effects occurred simultaneously and 
must be considered in the evaluation of the practice. This study aims at deciphering the long-term 
positive and negative impacts of repeated applications on soil physical, biological and chemical 
quality.  

2. Methodology 

A long term experiment has been initiated in 1998 (Feucherolles, France) [1]. The field is cropped 
with maize-wheat succession and 4 different OWP are applied in 4 replicates, every 2 years, a 
municipal solid waste compost, MSW; a biowaste compost, BIO; a co-compost of sewage sludge 
and green waste, GWS and a farmyard manure, FYM (Table 1). It includes also control plots with 
mineral N fertilization (CONT+N) and no OWP application.  
 
Table 1: Mean physical and chemical characteristics of OWP applied in Qualiagro between 1998 and 2011. Co-compost of 
………. sewage sludge and green waste (GWS), a biowaste compost (BIO), a municipal solid waste compost (MSW) and a 
………..farmyard manure (FYM). IROC is an indicator of organic matter stability [2]. Same letter indicate no significant 
………. difference between treatments (Kruskal-Wallis test).  

    GWS BIO MSW FYM p value 

Dry matter % 63.3 ± 8.2 a 70.1 ±8.5 a 67.8 ± 12.0 a 39.6 ± 9.1 b <0.0001 

Quantity applied t DM.ha-1 16.4 ± 2.7   19.1 ± 4.2 12.0 ± 3.2 13.2 ± 2.0 - 

orgC g.kg-1 DM 265 ± 44 b 208 ± 47 c 308 ± 45 a 320 ± 67 a <0.0001 

Tot N g.kg-1 DM 23.5 ± 2.7 a 17.4 ± 4.5 b 17.6 ± 2.0 b 21.9 ± 3.1 a <0.0001 

orgC/totN - 11.4 ± 2.1 b 12.1 ± 8.5 b 17.8 ± 4.0 c 14.7 ± 2.8 a <0.0001 

pH - 7.5 ± 0.6 c 8.1 ± 0.5 b 7.5 ± 0.5 bc 9.1 ± 0.3 b <0.0001 

Tot P (P2O5) g.kg-1 DM 29.7 ± 7.8 a 11.0 ± 3.9 bc 8.0 ±1.7 c 12.6 ± 2.4 b <0.0001 

CaCO3 g.kg-1 DM 25.8 ± 10.4 c 99.0 ± 55.7 a 69.8 ± 22.7 ab 47.1 ± 16.6 b <0.0001 

Exchangeable Ca g.kg-1 DM 39.2 ±12.7 b 61.2 ± 19.6 a 60.3 ± 7.1 a 28.8 ± 8.4 c <0.0001 

Exchangeable K g.kg-1 DM 14.5 ± 4.5 c 21.0 ± 2.9 b 10.4 ± 3.0 c 35.6 ± 2.5 a <0.0001 

Exchangeable Mg g.kg-1 DM 4.9  ± 0.6 bc 4.7 ± 0.6 c  8.4 ± 4.4 a 5.9 ± 1.0 b <0.001 

IROC  % OM 77 ± 9 a 75 ± 6 a 49 ± 13 c 67 ± 7 b <0.001 

DM-dry matter; orgC-organic carbon; totN-Nitrogen total; tot P-Phosphorus total 
 
 Measured parameters on soils and crops in the experiment between 1998 and 2011 have 

been classified into various classes soil fertility (SF), soil biological activities (SBA), soil biodi-
versity (SBD), soil physical properties (SPP), soil sanitary status available (SSA), soil sanitary 
status total (SST) and crop productivity and quality (CP) 

 In each class, non-discriminating or correlated above r>0.8 parameters have been removed. 
The remaining parameters are considered as indicators. Finally, 9 indicators remained in SF 
(CEC, pH…), 6 in SBA (Urease activity, basal respiration…), 6 in SBD (Earthworm biomass 
and fungal diversity…), 3 in SPP (Aggregate stability, bulk density), 4 in SSA (Exchangeable 
Ni, Pb…) and 4 in SST (Total Cu, Mo…) and 7 in CP (Yield, protein content in grains…). Prin-
cipal Component Analysis (PCA) was applied with the remaining parameters for each class 

 Indicators responses curves have been defined (“more is better”, “less is better” or “optimum”) 
and soil quality index (SQI) has been calculated for each class using a weighting scheme [3]    
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3. Results and discussion 

3.1 Effects of OWP on categories of impacts 

Crop productivity and soil fertility: For crop productivity, crop yield, calcium and copper in 
grains were the main driving variables (Figure 1a). There was no significant difference between 
organic treatments. OWP were clearly separated from the CONT+N which has higher proteins 
content in grains. Thus it is very important to consider both crop yield and quality in the evaluation 
of organic treatment on crop results. Indicators of soil fertility were relevant to discriminate OWP 
(Figure 1b) and organic treatments were clearly separated from the controls. All organic treat-
ments except MSW were characterized by larger total N contents in soil, the FYM and BIO treat-
ments by higher pH and ratio K2O/Mg and GWS treatment by larger soluble boron content. The 
OWP were differentiated by their efficiency at increasing soil organic matter (visible through total N 
in soil, organic matter content being removed because of the correlation with total N in this case) 
with larger effects of the FYM, BIO and GWS treatments compared to MSW. Additionally, FYM 
and BIO increased more soil pH in this loamy soil susceptible to soil acidification without liming. 
On the other hand, GWS increased the availability of P in soil and with this organic treatment both 
N and P could be used in crop fertilization as substitute for mineral fertilizers.  
 

 
Figure 1:  PCA with indicators included in the crop productivity index (a) and in the soil fertility index (b).     

Soil sanitary status available and total: OWP were placed in the opposite of CONT+N (Figure 
2a, b). For the soil sanitary status “available” (Figure 2a), the control treatment was characterized 
by larger concentrations in exchangeable trace elements than the organic treatments among 
which the BIO treatment presented the lowest concentrations. Regarding the soil sanitary status 
total (Figure 2b), the GWS treatment was separated from the other organic treatments with larger 
Cu concentration in soils. The organic treatments increased total trace elements in soil compared 
to mineral fertilizer, but decreased the available fractions of trace elements. In all treatments after 
8 OWP applications, trace element concentrations remained within average ranges measured in 
similar soils. 

Soil biological activities and biodiversity: The organic treatments were clearly separated from 
the control treatment and from each other treatments (Figure 3a,b). As regards soil biodiversity, 
the FYM was separated from the others because of larger earthworm biomass. Concerning soil 
biological activities two groups of organic treatments could be differentiated: MSW and BIO (with 
higher Arylamidase activities) versus GWS (β-glucosidase and phosphatase activities) and FYM 
(laccase and urease activities), all organic treatments being separated from the control treatment 
(low enzymatic activities). OWP enhance soil biodiversity and soil biological activities compare to 
mineral fertilizer, with intensities function of their OM quality. The addition of C substrates stimu-
late the growth of soil organisms (bacteria, fungi, free-living nematodes and earthworms included 
in the biodiversity category) which activities should further improved nutrients availabilities for 
plants and soil porosity. 
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Figure 2:  PCA with indicators included in the soil sanitary status available (a) and total (b).  

 
Figure 3:  PCA with indicators included in the soil biological activity (a) and in soil biodiversity (b).  

Soil physical properties: No differences between organic treatments appeared (detailed results 
not shown). OWP improve aggregate stability by increasing OM stocks in soil and because they 
stimulated the soil biological activities and soil biodiversity. Interactions existed between catego-
ries: for example, the stimulation of earthworms created soils macro pores by bioturbation and 
changed the water retention.  

3.2 Effects of the OWP nature 

The main driver of differentiation between OWP was their efficiency at increasing soil organic 
matter in relation with their organic matter stability (Table 1), then their input in nutrients (mainly N, 
P, K and Mg) but also their impact on soil pH that indirectly drives the mobility of trace elements. 
Thus the OWP that increased more soil organic matter improved more soil fertility (Figure 1). 
However even if organic treatments allowed reaching similar yields than with mineral fertilizers, 
the release of nitrogen into soil is different and is easier to control with mineral fertilizers. Indeed 
with mineral fertilizer, all N is available at the same time while N availability is progressive with 
OWP and laying on OWP and soil organic matter mineralization. Thus the release of mineral N 
may be out of steps with the needs of the crops, explaining why the proteins content was higher 
with mineral fertilizer than with OWP. On the other hand, the most biodegradable OWP further 
improved soil biodiversity such as MSW and FYM (Figure 3b). Some OWP were specifically char-
acterized by larger P and B contents (GWS), K content (FYM), higher pH (BIO and FYM), thus 
may be used to enhance soil fertility with these specific objectives. There is potentially a risk of 
unbalance of nutrients or excess salinity increasing soil conductivity. An optimum value proposed 
for the ratio K/Mg is 1.375, equivalent to 1.66 K2O/Mg, and was exceeded in the FYM treatment 
meaning excess of K and lack of Mg could occur for plants (Figure 1b). Finally, all OWP main-
tained soil pH around 7. Some treatments even increased pH and nearly reached the optimum pH 
value (7.5) for loamy soil (BIO and FYM) when soil pH tended to decrease with mineral fertilizer. 
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4. Conclusion and outlook 

SQI calculated are represented in a radar (Figure 4). All OWP treatments were clearly differentiat-
ed from the control treatment receiving mineral fertilizer except for the crop productivity indice. 
Thus the main driver of differentiation was the increase in soil organic matter more or less im-
portant with the different OWP. 

 
 

Figure 4: Radar representation of the soil quality indices. All indices were normalized (provided in proportion to the maxi- 
mum). 

 
The OM quality drove the responses of OWP application for each category of impacts. The organ-
ic treatments could also be differentiated from each other for some categories: soil fertility, soil 
biological activities and soil biodiversity. Compare to mineral fertilization, OWP application im-
proved soil physical and soil biological quality and had the same crop productivity. OWP could 
then provide a better resilience to soils.  
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1. Objectives  

This study aimed to evaluate the fertilizing performance of an innovative phosphorus fertilizer re-
covered from pig manure (referred to as “P-Salt”) on biomass yield and quality of summer barley 
and faba bean in comparison to conventional fertilizer. A further objective was to investigate 
whether additional application of biochar, which is considered a soil amendment, results in in-
creased biomass yield. 

2. Methodology  

The P-Salt contains the nutrients precipitated from the liquid fraction of separated pig manure. It is 
basically a complex of struvite and calcium phosphate. Biochar is produced by pyrolysis of the 
separated solid fraction. Both products were tested in a greenhouse experiment with spring barley 
and faba bean on two soils, loess and sand. These soils were chosen due to their particularly low 
contents of nutrients and organic matter. In addition to phosphorus (P), P-Salt also contains nitro-
gen (N). Conventional synthetic fertilizers (ammonium nitrate and calcium dihydrogen phosphate) 
were applied in an according nutrient ratio as a reference.  
 
All fertilizer treatments – manure-based and synthetic – were applied in three levels:  
 deficient nutrient supply (50%), 
 optimal nutrient supply (100%),  
 oversupply (200%).  
The 100% treatment hereby corresponded to a total N and P concentration of 240 and 150 mg per 
kg soil, respectively. The other application rates were calculated accordingly. Table 1 provides an 
overview of the performed treatments. 
 
In this study, biochar was considered a soil improver and was applied in two concentrations (0,1% 
and 0,2% w/w) in combination with the 100% level of P-Salt. Untreated controls were included. 
The experiment was established with four replications. Pots were watered from the top with deion-
ized water. Fresh and dry matter yield (DMY) were determined after six weeks. P concentration in 
plant samples was determined using microwave digestion followed by ICP spectrometer meas-
urement. Soil samples taken at harvest day were analysed for plant-available P by CAL extraction.  

Table 1: Overview of all treatments performed. (Results from treatments in parentheses not covered in this article)  

Treatment Fertilizer Biochar 

 50% 100% 200%  

P-Salt  x x X  

P-Salt + biochar  
 x  0.1% 

 x  0.2% 

Synthetic N + P (x) x (x)  

 
 
Statistical analysis of the data was done using SAS software version 9.3 (SAS Institute Inc., Cary, 
NC, USA). Analyses of variance were performed using the SAS procedure PROC MIXED. Mean 
values were compared at P≤0.05. 
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3. Results and discussion 

The influences of the factors ‘Soil’, ‘Treatment‘ and their interaction ‘Soil*Treatment‘ were highly 
significant (P < 0,0001) in both crops tested.  

3.1 Fertilizing effect of P-Salt 

P-Salt application resulted in significantly higher DMY of barley compared to the control in both 
soils (Figure 1A). The 200% dose increased DMY further than the optimal dose in sand only. The 
P concentration in treated plants was higher than in the untreated ones, yet it hardly varied be-
tween the different doses in clay. In sand, it even decreased with increasing P-Salt dose: the P 
concentration of barley fertilized with the 200% dose was significantly lower compared to the other 
doses. This probably indicates that barley plants were saturated with P.  
 
Fertilization with 100% and 200% doses of P-Salt increased DMY of faba bean in both soils (Fig-
ure 1B). The 50% dose did not significantly affect DMY. The 200% dose led to a significant DMY 
increase compared to the 100% dose in clay only. The relatively high DMY of untreated bean may 
be explained by its high thousand-seed weight which provides more resources as opposed to 
barley. This is particularly advantageous during early crop growth and when the available growth 
period is limited, as in this experiment. The P concentration in bean increased evenly with the P-
Salt dose.  
 
The P concentration of both crops was generally higher in plants grown in sand compared to 
those grown in clay. This is certainly a consequence of the strong potential of clay to immobilize 
nutrients. A clear difference was noticed in the P concentration between barley and bean regard-
less of the soil type. P concentration in bean was directly proportional to the fertilizer dose, where-
as this was not the case in barley. This can be explained by the bean’s specific ability (as a leg-
ume) to make immobilized P readily available for uptake by releasing root exudates. Unlike leg-
umes, cereals do not have this mechanism.  
 
P-Salt exhibited a stronger fertilizing effect in barley compared to bean. This becomes obvious if 
the DMY of the control is compared with that of the pots treated with the 50% dose: the 50% dose 
did not increase DMY of bean, whereas its yield effect was significant in barley. This might also be 
a result of the bean’s high thousand-seed weight. Furthermore, both crops were treated with the 
same fertilizer amounts. Bean generated more biomass than barley which is usually accompanied 
by a higher nutrient demand. Results might be different if bean had received more nutrients.  
 

 
Figure 1: DMY of barley (A) and faba bean (B) treated with increasing P-Salt levels grown in clay and sand with corre- 

sponding P concentration in biomass. DMY values indicated with the same letter are not significantly different.  

3.2 Effect of P-Salt and biochar in comparison to synthetic fertilizer  

 
Barley 
In clay, the combined application of 0,1% biochar and 100% P-Salt slightly increased DMY of 
barley compared to P-Salt only; however, this effect was not statistically significant (Figure 2A). A 
further increase in biochar concentration to 0,2% seemed to reverse this tendency again. In sand, 
both biochar concentrations resulted in a significant yield effect compared to P-Salt only. DMY in 
pots containing 0,1% biochar was even a little, but not significantly, higher than in those with 0,2% 
biochar. This leads to the assumption that nutrients, particularly nitrogen, were possibly fixed by 

a      b       c       c              a       b      c       d a       a       b      c               a        a      b       b (A) (B) 
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biochar and thus not available for crop uptake. This assumption can be clearly confirmed by the N 
concentration in plants and soil which has been determined as well (not shown in this paper).  
 
All P-Salt treatments – with and without biochar – still resulted in higher DMY than the synthetic 
fertilizer in clay. This comparison was not possible for barley grown in sand because no biomass 
could be harvested in the respective pots. Fertilization with ammonium nitrate is supposed to be 
one reason why these plants withered and died soon after germination. Concentration of plant-
available N was probably too high for the sensitive seedlings and, thus, toxic. This could have 
been avoided by splitting of the N dose.  
 
In both soils, the P concentration in biomass remained on the same level for all P-Salt treatments 
including the combination with biochar. In contrast, synthetic fertilizer considerably increased the P 
concentration compared to the treatments with P-Salt. The reason is certainly the higher availabil-
ity of synthetic P right from the beginning. The synthetically fertilized plants possibly took up all 
required nutrients in the first weeks of the experiment. In contrast, the crops fertilized with P-Salt – 
where nutrients are only gradually released - were not able to compensate for that during the re-
maining time. Longer test duration might have shown different outcome. 
 
Faba bean  
Figure 2B compares DMY of bean fertilized with P-Salt, P-Salt and biochar in combination, and 
synthetic fertilizer. DMY of bean increased significantly following fertilization with P-Salt only and 
in combination with biochar compared to the control in both soils (Figure 2B). The biochar concen-
tration did not have any influence.  
 
The combined application of P-Salt and biochar showed a tendency to slightly higher yields than 
P-Salt only; however, this effect was not significant. In clay, DMY did not differ between the differ-
ent treatments including the synthetic fertilizer. In sand, DMY results following the P-Salt and 
combined P-Salt/biochar treatments were comparable whereas DMY of control and synthetically 
fertilized pots both achieved a similar, yet lower level.  
 
The P concentration followed the same pattern in both soils, with once again higher concentra-
tions in plants grown in sand compared to those grown in clay. The highest P concentration was 
measured in plants treated with P-Salt only and P-Salt combined with 0,2% biochar. It was signifi-
cantly lower in plants treated with P-Salt and 0,1% biochar and still lower in plants treated with 
synthetic fertilizer.  
 

  
Figure 2: Comparison of DMY of barley (A) and faba bean (B) treated with P-Salt, biochar and synthetic fertilizer grown in 

clay and sand with corresponding P concentration in biomass. DMY values indicated with the same letter are not 
significantly different. 

 
Biochar is frequently reported to immobilize nutrients – in particular nitrogen - and make them 
unavailable for plant uptake which can result in yield losses. This was found by [1] and many oth-
ers. On the positive side, immobilization also prevents nutrients from leaching [2]. The addition of 
biochar to light or poor soils, e.g. sand, is known to positively influence their water retention capac-
ity. This is confirmed by numerous publications as well as by own results. This effect was inci-
dentally observed, yet not monitored in particular in this experiment. Sand pots with added biochar 
seemed to retain more water, whereas it ran faster through the pot into the saucer in sand pots 
without biochar. Plants in the latter pots sometimes showed more obvious symptoms of drought 
stress shortly before watering.  

a     b     b     b     c              a     b     c     c a     b     b     b     b            a     b     b     b     a (A) (B) 
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4. Conclusion and outlook  

This study found the manure-based P-Salt to have a very good fertilizing effect. Fertilization with 
P-Salt increased barley and bean DMY significantly in both soils compared to the control. Moreo-
ver, it was able to keep up with synthetic fertilization in the tested crops and soils. The P-Salt 
treatments even resulted in higher DMY than the synthetic fertilizer in both crops and both soils 
except for bean grown in clay. Comparable results have been reported for struvite products before 
[3]. P concentration in the biomass was similar following all P-Salt treatments including the combi-
nation with biochar. However, P concentration was higher in plants treated with synthetic fertilizer 
than in plants treated with P-Salt in barley and vice versa in bean. The slow release of nutrients 
can prevent leaching and makes P-Salt a suitable fertilizer for light soils with high sand contents.  
The combination of P-Salt and biochar resulted in significantly higher DMY than P-Salt only in 
barley grown in sand; otherwise this treatment showed only a trend to slightly higher yields. Thus, 
the influence of biochar needs to be further specified. The next step is testing of P-Salt in a field 
experiment with maize in summer 2015. 
Generally, the recycling of nutrients from pig manure offers an attractive solution for dealing with 
the accumulation of manure which is particularly problematic in regions with high livestock densi-
ties and limited land availability. The high performance of this new fertilizer seen here is a promis-
ing precondition for continued research. 
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Delin, S.1; Engström, L.1  
1 Swedish University of Agricultural Sciences, Department of Soil and Environment, Box 234, SE-532 23 SKARA, Sweden 
Sofia.delin@slu.se 

1. Objectives 

Apart from manure, there are other organic residues used as fertilizers in agriculture. The per-
centage of the nitrogen that is readily plant available varies widely between residues and is often 
not related to ammonium content as it is in most manures. In a recent study [1] with pot experi-
ments as a reference, the carbon/nitrogen ratio was found to be a promising indicator for estimat-
ing the mineral fertilizer equivalent (MFE) of different residues. However, before this method can 
be adopted, it should be tested under field conditions. This is easily done in spring sown cereals, 
where all types of residues can be applied and incorporated before sowing. In winter sown cere-
als, other residue characteristics can be crucial for the effect, since the residues should be applied 
after crop emergence and soil incorporation can be difficult. For winter cereals, it is therefore not 
only a question of what MFE to expect, but also how and when it should be applied.  
The three main objectives with this study were to:  
 

 assess carbon/nitrogen-ratio (C/N-ratio) as a tool to predict MFE of different organic resi-
dues 

 estimate second year nitrogen (N) effects of different residues 
 test whether N effects on yield from different kinds of residues can be improved with in-

corporation or early application when applied to growing winter wheat 

2. Methodology 

2.1 Experiments in spring oats 

A total of nine field experiments in spring oats were conducted at three locations (Halmstad, 
Lidköping and Uppsala) in Sweden during the years 2012-2014. The grain yields from fertilizing 
with eight different residues were compared with four levels of mineral N fertilizer (Table 1). The 
treatments were randomized into four blocks. All treatments were fertilized with P and K fertilizers 
according to local recommendations, to ensure that yield differences were due to N rather than P 
or K limitation. The second year crop was only moderately fertilized with N (30-40 kg N ha-1), to 
study second year effects of the residues on yield and N offtake.  
 
 
Table 1: Treatments in the field experiments in oats 
 Fertilizer/residue Application rate (kg total N ha-1) 

  Ammonium nitrate 0 
  Ammonium nitrate 40 
  Ammonium nitrate 80 
  Ammonium nitrate 100 
  Pig slurry 100 
  Cattle slurry 100 
  Pelleted meat meal 1 80 
  Pelleted meat meal 2 80 
  Biogas residue 1 80 
  Biogas residue 2 80 
  Chicken manure 100 
  Vinasse  80 

 

2.2 Experiments in winter wheat 

A total of nine field experiments in winter wheat (Table 2) were conducted at three locations in 
Sweden (Halmstad, Lidköping and Västerås) during the years 2012-2014. The locations were 
chosen to represent the same climate conditions as for the oat experiments. Yield effects of ferti-
lizing with three different residues with and without soil incorporation (treatments 6-11) were com-
pared with four levels of mineral N fertilizer (treatments1-4). There was an additional mineral ferti-
lizer N treatment with 60 kg N ha-1 with harrowing in growing crop in spring (treatment 5), to 
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achieve similar crop damage as in treatments with residue incorporation. In some experiments 
there were also additional treatments with late autumn fertilization with chicken manure and pel-
leted meat meal (treatments 12-13). The three different residues were chosen to represent three 
common types of residues with different physical characteristics and therefore different potentials 
for being successively incorporated into soil.  
 
 
Table 2: Treatments in the field experiments in winter wheat 
Treatment Fertilizer/residue Residue incorporation Time for application Application rate (kg 

total N ha-1) 
1 Ammonium nitrate   0 
2 Ammonium nitrate  spring 60 
3 Ammonium nitrate  spring 80 
4 Ammonium nitrate  spring 120 
5 Ammonium nitrate spring harrowing spring 60 
6 Pelleted meat meal no incorporation spring 120 
7 Pelleted meat meal direct incorporation spring 120 
8 Biogas residue no incorporation spring 120 
9 Biogas residue shallow injection spring 120 

10 Chicken manure no incorporation spring 120 
11 Chicken manure harrowing spring 120 
12 Chicken manure  late autumn 120 
13 Pelleted meat meal  late autumn 120 

 

2.3 Data analysis 

The grain yield in treatments with residues were compared to the yield response to mineral fertiliz-
er N in order to calculate MFE, i.e. the fraction of total N in residues equally available to plants as 
inorganic N. For the oat experiments, MFE was plotted against C/N-ratio and the correlation was 
compared to that of the former pot experiment. The yields in residue amended treatments were 
compared to those with no and those with 40 kg N ha-1, in order to estimate second year effects. 
The treatment with 40 kg N ha-1 was considered most relevant as reference without residue, since 
it provided similar amounts of mineral N to the crop as the residues in the first year. 
 

3. Results and discussion 

3.1 Mineral fertilizer equivalent in oat experiments 

The oat experiments in Uppsala (2 experiments) showed very low N response and were thus ex-
cluded from the results. The MFE in the other trials (7 experiments) on was average 33% for cattle 
slurry, 43% for chicken manure, 53% for pig slurry, 62% for biogas residues, 68% for vinasse and 
70% for pelleted meat meal. Chicken manure had similar MFE in winter wheat, whereas MFE of 
biogas residue and pelleted meat meal tended to be lower in winter wheat than in spring oats.  
 

3.2 C/N-ratio to predict mineral fertilizer equivalent 

The relation between C/N-ratio and MFE from compiled data from the oat experiments was very 
similar to the relation found the former pot experiment [1] and also to correlations found in other 
studies [2;3;4]. However, the correlation was weaker in the field (r2=0.26) than in the pots (r2=0.84) 
(Figure 1). Looking at one experiment at a time did improve the r2-value to around 0.5, but also 
altered the regression coefficient. The regression line tended to be steeper in experiments with 
later sowing and shorter period for crop N uptake and more flat in experiments with early sowing.  
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Figure 1:  Average mineral fertilizer equivalent (MFE) for different categories of residues from trials in Halmstad (4n) and 

Lidköping (3 n). 

3.4 Second year effects  

The crop N offtake of the next crop (grown the year after application) increased by on average 3 
kg N ha-1 compared to the treatment without N fertilization. That is about to 3% as much N as 
added with residues. However, compared to the treatments with mineral fertilizer, there was hardly 
any difference in N offtake.  

3.5 Soil incorporation in growing winter wheat  

Soil incorporation of residues to winter wheat led to significant yield increases in some experi-
ments 2013 and 2014, but not in 2012 when rainfall was high. Incorporation of pelleted meat 
meal with a sowing machine gave increased yield by 940-1300 kg ha-1 in three different experi-
ments, although the difference was only significant in one in which MFE increased from 32 to 
63%. Direct incorporation of biogas residues increased yield by 940 kg ha-1 and MFE from 21 to 
44% in one experiment on a clay soil, where incorporation of the other residues was not suc-
cessful due to a hard clay surface and the different techniques used. Incorporation of chicken 
manure by harrowing increased yield by 740 kg ha-1, and MFE from 30 to 42%, in one experi-
ment, but it was not statistically significant.  

 
 
Figure 2:  Average mineral fertilizer equivalent (MFE) for different residues applied to winter wheat, as affected by soil 

incorporation in spring and application in late autumn, in field trials at Halmstad (2n), Lidköping (2n) and Västerås 
(1n) 2013 and 2014. 
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3.6 Time of application 

Application of chicken manure in late autumn/winter (February-November) reduced yield by 600 -
1550 kg ha-1 and MFE by 7-23% compared with spring application. Autumn application of meat 
meal pellets had no significant effect on yield compared to spring application without incorporation.  

4. Conclusion and outlook 

Mineral fertilizer equivalent of different residues are correlated to C/N-ratio also under field condi-
tions. The relation from the field experiments is on average the same as in the pot experiments, 
but varies a bit depending on length of period for crop N uptake. The relation should be useful for 
fertilization guidelines. A residue with a certain C/N-ratio could be expected to on average for 
spring cereals have the corresponding MFE according to the relation presented. However, the 
variation between the field experiments suggests that this recommendation could be adjusted 
depending on how long time there is between field application and end of crop N uptake. The 
second year N effects of organic residues were small. Incorporation of residues in growing winter 
wheat can increase yields and MFE for all three types of residues, depending on conditions, but is 
most likely to be successful for meat meal pellets. The need for incorporation is greater under dry 
conditions, and the technology must be good enough to succeed with the incorporation on the soil 
in question. Autumn/winter application reduced yield and MFE, mainly for chicken manure, and 
cannot be recommended. 
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1. Objectives 

Global Phosphorus (P) resources are getting depleted and it is clear that recycling strategies of P 
will gain importance in the future. In the European Union, 11 million tons of sewage sludge dry 
mass is available every year and several techniques have been developed to recover P from 
waste water. A range of different recycled P-products was tested in pot and field experiments with 
Trifolium pratense L. and Zea mays L. for their P-availability in comparison to Ca(H2PO4)2 and 
Phosphate Rock (PR). 

2. Methodology 

Two pot experiments were conducted in the greenhouse. The investigated recycled P-fertilizers 
were a struvite and a thermo-chemically treated sewage sludge ash (SSA), tested on clover. In a 
second experiment with maize, an additional struvite, differing in its production process, as well as 
a Calcium-Phosphate (Ca-P), slag-P, and coal, was tested. Control treatments in both experi-
ments were unfertilized, fertilized with PR and Ca(H2PO4)2. Fertilizers were applied to a target of 
50 mg P kg-1 soil DM, other nutrients were provided sufficiently. The used substrate was a 2:1 
mixture of a silty loam soil (CAL-P 2.2 mg P 100 g-1 soil DM, pH 7.2 (CaCl2)), and silica sand. Pot 
size was 1.8 L. Clover was harvested four, six and eight month after sawing. Maize was harvested 
after eight weeks of cultivation. Biomass and P-content in plant tissue was determined.  
A field experiment took place with maize at the University of Hohenheim, Stuttgart. Investigated 
recycled P-fertilizers were both struvites as in the pot experiments, Ca-P, coal and SSA. A bio 
waste compost, PR and unfertilized plots represented control treatments. Phosphorus was applied 
according to a target of 80 kg P ha-1. 100 kg Nitrogen ha-1 was applied as hornmeal. The soil was 
a silty Loam with a CAL-P content of 3 mg P 100 g-1 DM and pH 6.6 (CaCl2). Maize was harvested 
as silage maize, biomass and P-content in plant tissue was determined after wet digestion [1]. 

3. Results and discussion 

3.1 Pot experiments 

At first harvest date of clover, the struvite treatment reached a biomass and shoot P-uptake signif-
icantly higher than the SSA, the unfertilized and the PR treatment, and did not differ from the 
Ca(H2PO4)2 treatment (Figure 1A). This supports the reported usually high availability of the P 
contained in struvite [2]. Shoot DM and P-uptake in the SSA treatment was significantly decreased 
and not different from the unfertilized control and the PR treatment, showing that the PR and the 
SSA were completely ineffective at given soil conditions. It has been reported [3] that the relative 
effectiveness of SSA, compared to a highly soluble P-fertilizer, decreases with increasing soil pH, 
which explains the results of the SSA treatment in this experiment, being in the same range as the 
unfertilized control. At second harvest date, struvite, SSA, unfertilized and PR did not differ any-
more from each other in shoot DM (Figure 1B). Only in the Ca(H2PO4)2 treatment, a significantly 
higher shoot DM could be obtained, compared to the PR treatment. There were no significant 
differences anymore in shoot DM between all treatments at third harvest date (data not shown). 
Shoot P-uptake of all treatments increased from the first to the third harvest, however, at third 
harvest date, differences between single treatments were levelled out and not anymore significant 
from each other (data not shown). Overall little differences between treatments, and the reduction 
in differences of DM and shoot P-uptake in clover towards the third harvest date indicates that 
clover was able to mobilize considerable amounts of P, even under the unfavourable neutral soil 
conditions. This assumption is supported by findings of the second pot experiment. Same recycled 
P-fertilizers led to distinct differences in DM and shoot P-uptake, as tested under identical condi-
tions with maize (Figure 3 A, B). It can be assumed, that a proton release of symbiotically grown 
red clover roots led to a considerable P mobilization from soil and fertilizer [4].  
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Figure 1:  Mean shoot DM of Trifolium pratense per pot ± SE at first [A] and second [B] harvest date, in dependency of 
 different P-fertilization. Different letters indicate significant differences (p ≤ 0.05). 
 

 
 
Figure 2: Mean shoot P-uptake of Trifolium pratense per pot ± SE at first [A] and second [B] harvest date, in dependency of 

different P-fertilization. Different letters indicate significant differences (p ≤ 0.05). 
 
In the experiment with maize, noticeable differences due to different recycled P-fertilizers could be 
shown in DM and shoot P-uptake. Generally, three treatment groups could be distinguished: The 
SSA and coal treatment performed in the same, lowest range of the unfertilized and PR treatment. 
Intermediate values of DM and P-uptake were measured in slag-P, Ca-P and one of the struvites, 
while a second struvite reached significantly higher values and was not different from the 
Ca(H2PO4)2 treatment (Figure 3 A, B). Results matched investigations on maize and rye in pot 
experiments [5], showing struvites being as effective as highly soluble triple superphosphate ferti-
lizers. However, by comparing both struvites in this experiment, it can be seen, that P-availability 
of struvites differs in dependency from their original material and production process. The Ca-P 
product is produced by crystallization from process water. In dependency of the P-load of the raw 
material, the end product can contain blends of tri-calcium phosphates, di-calcium phosphates 
and mono-calcium phosphates [6], which determine its P-availability. From these results, it is ob-
vious that the Ca-P product contained a certain amount of easily soluble P-compounds, like e.g. 
mono-calcium phosphate. It has been reported [3] that P-availability of recovered products is 
mainly determined by their form of chemical bonding and degree of crystallization. Thus, from the 
results of the thermally recovered P-products SSA, coal and slag-P, it can be assumed that these 
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contain sparingly availably P-forms, like brushite, stanfieldite and hydroxyl-apatite-like compounds 
[3].  
 

 
 
Figure 3: Mean shoot DM [A] and P-uptake [B] of Zea mays per pot ± SE in dependency of different P-fertilization. Different 

letters indicate significant differences (p ≤ 0.05). 
 

3.2 Field experiment 

Aboveground biomass of the silage maize ranged between 118 dt DM ha-1 in the unfertilized and 
compost treatments, and 141 dt DM ha-1 in the struvite 1 treatment (Figure 4). Despite, that the 
initial CAL-P content on the field trial was relatively low (3 mg P 100 g-1 soil DM) no differences 
due to different P-fertilizers could be obtained. The field trial is located on a bio-dynamic research 
farm with high share of clover in their crop rotation and soils being rich in organic matter. One 
assumption is that there was a release of P from the soil, possibly from organic P compounds, 
which are not detected in a CAL-P measurement. Yet, for a concluding evaluation, it remains to 
evaluate P-content in plant tissue, which still is in analysis, as well as the results of the second 
year of field experiment in 2015. 
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Figure 4: Mean aboveground biomass DM of Zea mays grown in a field experiment ± SE in dependency of different P 

fertilization. ns= not significant (p ≤ 0.05). 

4. Conclusion and outlook  

Recycled P products from wastewater can be a potential alternative source for a specific P-supply 
of plants. It could be shown in pot experiments on both clover and maize, that struvites offer a P-
availability comparable to that of highly soluble P-fertilizers on neutral soils. Thermally recovered 
products like SSA, coal and slag-P were less effective under neutral soil conditions. However, it 
became obvious that legumes like red clover are very efficient in mobilizing P also from less avail-
able sources under neutral soil conditions. Further experiments should be conducted to find soil 
conditions and plant species under which specific recovered P-products are as effective as could 
be seen on struvites in the pot experiments. Distinct results shown in the pot experiments could 
not yet be confirmed under field conditions in the first year of investigation.   
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1. Objectives 

To quantify sulphur (S) supply from organic materials applied to winter wheat crops, in order to 
improve current recommendations on the use of farm manures and biosolilds as sources of avail-
able S for arable crops.  

2. Methodology 

Field experiments were carried out at 3 sites in England cropped with winter wheat over 2 harvest 
years at each site (between 2009/10 and 2011/12). There were 7 organic material treatments at 
each site comprising autumn applied cattle farmyard manure (FYM), pig FYM, broiler litter and two 
biosolids products, and spring applied broiler litter and pig/cattle slurry. The autumn applied organ-
ic material treatments were applied to stubble prior to cultivation and drilling with winter wheat, and 
the spring applied organic material treatments were top-dressed to the growing crop. All organic 
material treatments were applied at a target application rate equivalent to 50 kg/ha total SO3. 
Samples of organic materials were taken at application and analysed for dry matter, total N 
(Kjeldahl digestion), available N (NH4-N, NO3-N and for broiler litter uric acid-N), total S (ICP-AES) 
and extractable SO3 (0.016M KH2PO4 extract and analysis via ICP-AES). 
Organic material treatments were compared with inorganic (water soluble) S fertiliser response 
treatments (0, 12.5, 25, 50 and 75 kg/ha SO3) to determine the fertiliser S replacement value and 
hence S availability of the applied organic materials. Fertiliser S was applied in a single dose in 
early spring as potassium sulphate. There were 4 replicates of each treatment arranged in a ran-
domized block design.  
In order to ensure, as far as practically possible, that S was the only limiting nutrient, manufacture 
red fertiliser N was applied at recommended rates, taking into account supply of crop available N 
from the organic materials. Similarly, fertiliser P2O5 and K2O were applied at recommended rates 
based on soil analysis. 
Grain yields were determined at harvest, and grain samples were taken and analysed for dry mat-
ter and total S. Grain yields and grain SO3 offtake was calculated. Where there was a yield re-
sponse to applied S, a response curve was fitted to grain SO3 offtake data. It was not possible to 
fit a response curve to yield data at any of the sites because the majority of the yield increase from 
fertiliser S occurred at the first S application rate. Fertiliser S replacement values of the organic 
material treatments were estimated by comparing S offtake from the organic material treatments 
with the fitted model to the fertiliser S response plots. 

3. Results and discussion 

3.1 Crop response to sulphur 

The winter wheat crop responded to S at three of the six sites; at Frostenden (Suffolk) in 2009/10 
and 2011/12 and at Woburn (Bedfordshire) in 2010/11. 
The yield increase from the application of S fertiliser was 0.6 and 0.2 t/ha at Frostenden in 
2009/10 and 2011/12 (P>0.05), respectively, and 1.2 t/ha at Woburn 2010/11 (P=0.06). Although 
these yield increases were not statistically significant, yields from all SO3 application rates (12 to 
75 kg/ha SO3 fertiliser) were consistently higher than from the zero S control at these sites. The 
yield increase from applied inorganic S fertiliser occurred at the first S application rate (12 kg/ha 
SO3 fertiliser), with no further trend for increasing yields with greater fertiliser S application rates 
(12 to 75 kg/ha SO3). 
At Frostenden 2009/10, grain S content and SO3 offtake increased (P<0.05) with increasing S 
fertiliser application. Spring applications of broiler litter and cattle slurry increased grain SO3 
offtake compared to the zero S control treatment; this increase was significant (P<0.05) for the 
broiler litter, but not cattle slurry treatment. The difference in S response (yield and grain SO3 
offtake) between the autumn and spring applied organic material treatments was likely to be due 



TA Quality fertilizers from residues   Oral 

 

142 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

to the loss of available S from the autumn applied organic materials via overwinter leaching. For 
the spring applied organic materials, yields and SO3 offtakes were greater from the broiler litter 
than from cattle slurry treatment, reflecting the greater quantity of ‘extractable’ SO3 supplied by the 
broiler litter (36 kg/ha) than cattle slurry (8 kg/ha). 
At Frostenden in 2011/12, grain SO3 offtake increased from 14 kg/ha SO3 on the zero S control up 
to c.19 kg/ha SO3 on the 25 to 75 kg/ha SO3 fertiliser treatments. There was a significant increase 
in grain SO3 offtake (P<0.05) for the autumn limed biosolids treatment and the spring broiler litter 
and pig slurry applications compared with the zero S control.  
At Woburn in 2010/11, grain S content and grain SO3 offtake increased (P<0.05) with fertiliser SO3 
application rate (Figure 1). Grain SO3 offtake from the autumn applied cattle FYM was the same 
as from the zero S control, however there was an increase in grain SO3 offtake from the other 
autumn applied organic materials, which was statistically significant (P<0.05) for the broiler litter 
and two biosolids treatments, but not for pig FYM (Figure 1). The lower yields and grain SO3 
offtake from the autumn applied cattle FYM reflects the lower proportion of total S in the ‘extracta-
ble’ form in the cattle FYM and hence lower application rate of ‘extractable’ SO3 (3 kg/ha ‘ex-
tractable’ SO3 applied) compared to the other autumn applied organic materials (12–38 kg/ha 
‘extractable’ SO3 applied). Grain SO3 offtake from the spring applied broiler litter and cattle slurry 
treatments was comparable to the grain SO3 offtake measured from the highest S fertiliser (75 
kg/ha SO3) rate (Figure 1). The greater yields and grain SO3 offtakes from the spring compared to 
autumn applied organic materials (P<0.05), are consistent with the results from the Frostenden 
site and are likely to be due to loss of available S from the autumn applied organic materials via 
overwinter leaching. 
 

 
Figure 1:  Grain SO3 offtake at the Woburn field site in 2010/11 
 

3.2 Fertiliser replacement value of applied organic materials 

The spring applied cattle slurry at Frostenden 2009/10 had a SO3 fertiliser replacement value of 
7.5 kg/ha SO3, representing an efficiency of 16% of total SO3 applied. In 2011/12, the spring ap-
plied pig slurry had a SO3 fertiliser replacement value of 26 kg/ha SO3 (i.e. an efficiency of 27% of 
total SO3 applied). At Woburn in 2010/11, the spring applied broiler litter had a SO3 fertiliser re-
placement value of 70 kg/ha SO3, representing an efficiency of 96% of total SO3 applied (Table 1). 
It was not possible to calculate a SO3 replacement value for the spring applied broiler litter in ei-
ther year at Frostenden or the cattle slurry at Woburn as the grain SO3 offtake was greater than 
the maximum SO3 offtake from the fertiliser SO3 response treatments.  
At Frostenden in 2011/12, the autumn applied organic materials (excluding cattle FYM), had ferti-
liser SO3 replacement values of between 7 and 20 kg/ha SO3, representing efficiencies relative to 
fertiliser SO3 of up to 29% of total SO3 applied (Table 1). At Woburn in 2010/11, the autumn ap-
plied organic materials had fertiliser SO3 replacement values of between 0 and 10 kg/ha SO3, 
representing efficiencies relative to fertiliser SO3 of up to 20% of total SO3 applied (Table 1). 
Applications of organic materials in the spring were the most effective at supplying SO3 to the 
crop, as the SO3 was applied when the crop was growing and was not subject to overwinter leach-
ing loss.  
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Table 1: Fertiliser SO3 replacement value of applied organic materials 

Organic material 

Sulphur applied Fertiliser SO3 replacement value 
Total SO3 

kg/ha 
Extractable SO3 

kg/ha 
kg/ha Efficiency 

% total SO3 ap-
plied* 

Frostenden 2009/10 - Spring applied organic materials 
Broiler litter 66 36 >max >max 
Cattle slurry 46 8 7.5 16 

Frostenden 2011/12 - Autumn applied organic materials 
Biosolids – digested 55 9 7.4 14 

Biosolids – limed 69 20 20.2 29 
Cattle FYM 86 14 0 0 

Pig FYM 77 20 7.5 10 
Broiler litter 67 41 9.3 14 

Frostenden 2011/12 - Spring applied organic materials 
Broiler litter 68 42 >max >max 
Pig slurry 99 21 26.3 27 

Woburn 2010/12 - Autumn applied organic materials 
Biosolids – digested 48 16 9.6 20 

Biosolids – limed 75 16 10.0 13 
Cattle FYM 29 3 0.4 1 

Pig FYM 60 12 4.0 7 
Broiler litter 59 38 6.9 12 

Woburn 2010/12 - Spring applied organic materials 
Broiler litter 73 50 69.7 96 
Cattle slurry 68 41 >max >max 

* Fertiliser replacement value (kg/ha) as a percentage of total SO3 applied in the organic material. 
** Fertiliser replacement value (kg/ha) as a percentage of ‘extractable’ SO3 applied in the organic material. 
 

3.3 Sulphur availability from organic materials 

For the spring organic material applications (broiler litter and slurry), there was a good relationship 
between the recovery of SO3 in the grain (treatment minus control) and the amount of ‘extractable’ 
SO3 applied in the organic materials (Figure 2). This suggests that, for spring applied organic ma-
terials, ‘extractable’ SO3 is a good indicator of crop available SO3. For the spring applied organic 
materials there was a linear relationship between the fertiliser SO3 replacement value and quantity 
of extractable SO3 applied in the organic materials, and therefore the availability of S from spring 
applications of organic materials can be assumed to be equivalent to the proportion of total SO3 
which is present in ‘extractable’ form. Based on the analysis of organic materials used in this pro-
ject, ‘extractable’ SO3 was 15% of total SO3 for cattle FYM, 25% for pig FYM, 60% for broiler litter, 
35% for slurry (cattle and pig) and 20% for biosolids.  
‘Extractable’ SO3 from autumn applications of organic materials may be lost via overwinter leach-
ing, with the quantity lost depending on the amount of ‘extractable’ SO3 applied, soil type and 
overwinter rainfall. For the autumn applications, there was no relationship between grain SO3 re-
covery (or fertiliser replacement value) and the amount of ‘extractable’ SO3 applied; this was most 
likely a reflection of overwinter SO3 leaching losses. At the Frostenden (2011/12) and Woburn 
(2010/11) sites, where fertiliser SO3 replacement values for autumn organic material applications 
could be calculated, SO3 use efficiency was lower than for spring applied organic materials; rang-
ing from 0 to 13% of total SO3 for livestock manures (mean 5% total SO3) and from 5 to 29% for 
biosolids (mean 14% total SO3). Based on the data from this project, for autumn applied organic 
materials we suggest efficiency figures of 5–10% of total SO3 for livestock manures and 10–20% 
of total SO3 for biosolids.  
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Figure 2:  Relationship between the grain recovery of SO3 from the spring applied organic materials and quantity of ‘ex 

tractable’ SO3 applied 
 

4. Conclusion and outlook 

Organic materials can be a source of crop available S. However, application timing (autumn com-
pared to spring) has an effect on crop available S supply, with crop S offtake consistently higher 
from the spring compared to autumn manure applications. Readily available S from organic ma-
nures applied in the autumn may be lost via over-winter leaching, with the quantity lost dependent 
upon soil type and the amount of overwinter rainfall. 
The results from the field experiments showed that for the spring-applied organic manures, ‘ex-
tractable’ S was a good indicator of crop available S supply from the manures, and could generally 
be considered equivalent to inorganic fertiliser S. On this basis, the S use efficiency for spring 
organic manure applications can be assumed to be equivalent to the proportion of total S in the 
extractable form. 
Results from this project showed a lower S use efficiency from autumn compared with spring-
applied organic materials; typical autumn S use efficiencies in the range 5–10% of total SO3 for 
livestock manures and 10–20% of total SO3 for biosolids. 
This work has led to a better understanding of the available S supply from organic materials, al-
lowing guidance to be produced for farmers on the availability of S from applications of organic 
materials. This updated guidance was published by HGCA in an information sheet for farmers on 
‘Sulphur for cereals and oilseed rape’[1]. This is likely to improve farm profitability by reducing S 
applications to cereal crops receiving applications of organic materials. 
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1. Objectives 

Plant available N released after the incorporation into the soil of digestate solid fractions (DSF) is 
a basic knowledge in order to draw up affordable fertilization plans. The objective of this work was 
to estimate, with a greenhouse pot experiment, the amount of N recovered in Italian ryegrass (Lo-
lium perenne, L.) after application of two different DSFs. 

2. Methodology 

The soil used in the experiment had the following characteristics: sandy-loam texture, pHW 6.5, 
Tot. N and Tot. C 0.97 and 7.81 g kg-1, Olsen-P 10 mg kg-1, and exchangeable K 55 mg kg-1. Be-
fore the beginning of the experiment, the bulk soil was fertilised with an equivalent amount of 23 
kg ha-1 of P (as superphosphate) and 161 kg ha-1 of K (as potassium sulphate). The soil was 
moist-sieved at 4 mm and then mixed with washed neutral sand in a ratio of 2 parts of soil and 1 
part of sand on a weight basis. Each pot was filled with about 170 g of vermiculite as drainage 
layer and with 2.8 kg of the soil-sand mixture (hereafter named soil solely). The experiment con-
sidered the following treatments: 1) unfertilized soil (CON); and soil fertilised with 2) ammonium 
sulphate (AS); 3) DSF obtained from a cattle livestock farm (CLF); 4) DSF obtained from a slaugh-
terhouse (SH). The two DSFs (Table 1) were sampled and hand grind at 4 mm, in order to in-
crease their homogeneity. Fertilisers were applied at a rate of 100 and 340 kg ha-1 for AS and the 
two DSFs, respectively. 
 

Table 1: Characteristics of the digestate solid fractions (DSF) used in the greenhouse experiment. 

DSF 
DM 

(%) 

C 

(% DM) 

Total N 

(% DM) 

NH4-N 

(% DM) 
C/N 

DSF from cattle livestock farm (CLF) 32.0 45.3 1.99 0.30 23 

DSF from slaughterhouse (SH) 21.1 43.9 6.22 1.18 7 

DM-dry matter 
 
 
All materials were thoroughly mixed with the soil; thereafter, pots were gently pressed in order to 
reach a bulk density of about 1.3 g cm-3 and water was added to attain a soil water content (WC) 
corresponding to 50% of the water holding capacity (WHC). Pots were sown with Italian ryegrass, 
cv. Pamir, and, after emergence, 35 plants per pot were left (Figure 1). Greenhouse conditions 
were kept constant during all the experiment, with 16 h of lighting (150-180 W m-2) and 8 h of dark 
per day, and 22-30 and 16-22°C during lighting and dark, respectively. Soil WC was kept between 
25 and 50% of WHC by weighting of pots. Above ground biomass (AGB) was cut after 45, 66 and 
123 days after seeding while roots biomass was determined at the end of the experiment. Plant 
samples were oven dried at 105°C, grind at 0.2 mm and analysed for their total N content using an 
elemental analyser. Apparent nitrogen recovery (ANR) in AGB and roots was calculated as the 
ratio between the N uptake measured in the fertilised treatments (net to N uptake measured in 
CON) and the applied N. Cumulated AGB and ANR in AGB were calculated summing the values 
measured in the three ryegrass cuts. Analysis of variance (ANOVA) was performed separately for 
AGB, root biomass, ANR in AGB and ANR in roots using the SPSS procedure UNIANOVA (SPSS 
Version 22.0.0). Mean separation was conducted with the HSD Tukey test (P < 0.05). The treat-
ment was considered a fixed factor, while the block was random. Homogeneity of variances was 
evaluated using the Levene test (P < 0.05). Within the text, significant effects of fertiliser applica-
tion are reported with a P value lower than 0.05.  
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3. Results and discussion 

3.1 Above and below ground biomass 

Results of cumulated AGB are reported in Figures 2 and 3. Total AGB in CON (3.5 g pot-1) was 
lower compared to that of fertilised treatments (4.9, 5.7 and 7.1 g pot-1 in AS, CLF and SH, re-
spectively). The three fertilisers gave different cumulated AGBs, in the order AS < CLF < SH.  
At the end of the experiment, root biomass (Figure 3) accounted for 37-39% of total plant bio-
mass. Differences in root biomass among treatments followed the same trend observed for AGB, 
with higher biomass in the soil fertilised with the two DSFs compared to the unfertilized soil. 
 
 

 
 
Figure 2:  Above ground biomass of Italian ryegrass in unfertised soil (CON) and soil fertilised with ammonium sulphate 
 (AS), the digestate solid fraction from cattle livestock farm (CLF), and the digestate solid fraction from slaughter
 house (SH). 
 
 

CON CLF

AS SH

 
 

Figure 1: Pots sown with Italian ryegrass in the greenhouse experiment. 
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Figure 3: Cumulated above ground biomass (AGB) and root biomass of Italian ryegrass. Letters indicate significant 
 differences (P < 0.05) among treatments within above and below ground biomass (HSD Tukey test). CON: 
 unfertilized soil; AS: soil fertilised with ammonium sulphate; CLF: soil fertilised with the digestate solid fraction 
 from cattle livestock farm; SH: soil fertilised with the digestate solid fraction from slaughterhouse. 

3.2 Apparent N recovery 

Results of cumulated ANR in AGB and roots are reported in Figure 4. Cumulated recovery of N in 
AGB was higher in AS (72%) compared to CLF (13%) and SH (37%). Similar differences were 
found at the 1st ryegrass cut, when ANR in AGB was 49%, 21% and 3% in AS, SH and CLF, re-
spectively. In the 2nd and 3rd cut about 20% of applied N was recovered in AS and SH treatments, 
while a lower percentage (10%) was recovered in CLF. Recovery of applied N in roots was not 
significantly different among treatments and averaged 7% of the applied N. Results of ANR are in 
good agreement with the availability of N from the three fertilisers. In the 123 days of Italian 
ryegrass growth, SH gave a net release of N during decomposition, most likely due to the low C to 
N ratio and due to the lack of fibrous components (it originated form a digested slaughtering 
waste). Conversely, the higher C to N ratio and presence of fibers in CLF probably resulted in a 
net N immobilisation for at least in the first stages of decomposition, and thus in a reduced availa-
bility of N for the Italian ryegrass. 
In a field trial (Cavalli et al., 2014) in which CLF was applied to silage maize, ANR in the first year 
of the experiment  was very low (1%), while in the second year 17% of the applied N was recov-
ered in maize AGB. These results confirm the low availability of N for crops after the application of 
CLF-like DSFs. 
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Figure 4:  Cumulated apparent N recovery (ANR) in above ground biomass (AGB) and roots of Italian ryegrass. Letters 
 indicate significant differences (P < 0.05) among treatments within above and below ground biomass (HSD 
 Tukey test). AS: soil fertilised with ammonium sulphate; CLF: soil fertilised with the digestate solid fraction 
 from cattle livestock farm; SH: soil fertilised with digestate solid fraction from slaughterhouse. 

4. Conclusion and outlook 

The results of this pot experiment confirmed the high variability in the short-term availability of N 
from DSFs of different origins. Solid fraction of digested cattle slurry (like CLF), with high C to N 
ratio and low NH4-N content, can immobilise consistent amounts of N during decomposition into 
the soil. Opposite, solid fraction from non-fibrous materials, with low C to N ratio, is quickly miner-
alised, releasing relevant amount of N that is available for crop growth. For DSFs such as CLF, it 
could be proper to integrate plant N fertilisation with mineral fertilisers. Moreover, for these DSFs it 
is expected a slow release of N in the long period, as a consequence of the remineralisation of 
previously immobilized N and the mineralisation of the more resistant fractions of organic matter. 
Both these processes give rise to N residual effects that, in the long time can consistently en-
hance ANRs of these materials. 
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1. Objectives 

For fertilization with granulated mineral fertilizers, there are guidelines about on where to place the 
fertilizer in relation to the seed row to gain maximum fertilizer efficiency [1]. Organic fertilizers are 
due to their physical properties usually more difficult to apply with accurate precision. However, 
when pelleted, it is possible. Apart from increasing availability of nutrients to the crop, placement 
close to the crop row may also help reduce weed pressure [2], by fertilizing the crop rather than 
the weeds. This is of special importance in organic production where chemical weed control is 
banned and where pelleted organic fertilizers are most commonly used. The objective with this 
study is to investigate the nitrogen fertilization effect on yield and weed abundance in spring oats 
depending on placement of pelleted organic fertilizer at different soil depths and distances from 
crop row. This paper presents results from studies performed during the first year of the project. 

2. Methodology 

2.1 Field experiments 

The effects on crop nitrogen uptake, grain yield and weed abundance of placing pelleted meat 
bone meal (MBM) at different soil depths and at different distances from the seed row was tested 
in two field experiments in Sweden (58°N,13°E). One was in a field with silty clay and the other in 
a field with sandy loam. The treatments (Table 1) were randomized within four blocks. Each plot 
was only 70 cm long and 100 cm wide and sown and fertilized by hand with a crop row distance of 
25 cm. The seeds were sown at 4 cm depth and the pellets were placed at two or three depths (1, 
4 and 8 cm on the sandy soil and 1 and 4 cm depth on the clay soil) and at three distances (0, 4 
and 12.5 cm) from row. There were also control treatments without N fertilization, with mineral N 
fertilizer and with surface broadcasting with shallow (0-1 cm) incorporation. All fertilized treatments 
received 60 kg total N ha-1.  
 
 
Table 1: Treatments in the field experiments performed in oats during 2014. MBM = meat bone meal. 

Treatment Fertilizer Soil incorporation Distance from row 

1 - - - 
2 Ammonium nitrate 1 cm 4 cm 
3 Pelleted MBM 8 cm 0 cm 
4 Pelleted MBM 8 cm 4 cm 
5 Pelleted MBM 8 cm 12.5 cm 
6 Pelleted MBM 4 cm 0 cm 
7 Pelleted MBM 4 cm 4 cm 
8 Pelleted MBM 4 cm 12.5 cm 
9 Pelleted MBM 1 cm 0 cm 
10 Pelleted MBM 1 cm 4 cm 
11 Pelleted MBM 1 cm 12.5 cm 
12 Pelleted MBM 0-1 cm Broadcasting 

 
Weeds were counted in beginning and end of June and were then harvested to measure dry mat-
ter yield. The oat was harvested at ripening, by cutting the straw at soil surface in a net area of 50 
cm x 50 cm within each plot. Plant samples were threshed in the laboratory and grains and straw 
were measured separately and analyzed for N contents. 

2.2 Statistical analyses 

The yields in treatments 3-11 were compared using General Linear Model two factor analysis in 
Minitab software. Number of weeds in all treatments were compared using mixed model with the 
factors block, treatment, date and treatment x date in SAS software. The weed biomass in all 
treatments were compared using mixed model with the factors block, treatment and treatment x 
block in SAS software.  
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3. Results and discussion 

3.1 Yield effects in the field experiment on clay soil 

In the field experiment on the clay soil, grain yield in the unfertilized treatment was 1200 kg ha-1 
and in the treatment with broadcasting 1600 kg ha-1. There was a tendency for higher grain yield 
the closer to crop row (p=0.058) and the deeper in the soil (p=0.054) the pellets was placed with 
no interaction between depth and distance from row (p=0.45) (Figure 1a). Grain yield increased 
on average with 300 kg ha-1 when incorporated to 4 cm compared to 1 cm (p=0.054). Placement 
of pellet 0 cm from crop row gave 470 kg ha-1 higher yield than placement 12.5 cm from crop row 
(p=0.051).  
 

 

  
Figure 1:  Yield increase from placement of pelleted fertilizer at different depths and distances from crop row compared to 

broadcasting in field experiments performed on (a) clay soil and (b) sandy soil.  

 

3.2 Yield effects in the field experiment on sandy soil 

In the field experiment on the sandy soil, grain yield in the unfertilized treatment was 3700 kg ha-1 
and in the treatment with broadcasting 4100 kg ha-1. There was a tendency to differences in yield 
depending on both incorporation depth (p=0.07) and distance to crop row (p=0.06) without interac-
tion between depth and distance from row (p=0.30) (Figure 1 b). Grain yield increased by on av-
erage 500 kg ha-1 if applied at 8 compared to 4 cm depth (p=0.02), partly because placing pellet 
together with seeds were unfavourable in this trial. The difference in yield between incorporation at 
1 and 8 cm depth was smaller (230 kg ha-1) and not significant (p=0.068). Placement 4 cm from 
the crop row increased yield with on average 485 kg ha-1 compared to placement 12.5 cm from 
crop row. 

 

3.3 Effects on weeds 

The weed density was high in the field experiment on the sandy soil in the beginning of the grow-
ing season, but was significantly reduced from 2 to 24 June (Table 2). There were no significant 
differences between treatments in number of weed plants or weed biomass on 24 June, probably 
because of the vigorous crop competing well with weeds. In the field experiment on the clay soil, 
the crop was sparser. Here there were a significantly higher number of weed plants in treatments 
10-12 (Table 2), with more shallow incorporation in combination with some distance to crop row. 
The weed biomass was significantly higher in treatments 8 and 12. In other words, the weeds 
tended to be more frequent in treatments with either broadcasting or placement far from the crop 
row. However, the weed density was still rather low and did probably not affect the crop yield. 
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Table 2: Weed density in different treatments (see Table 1) in the experiments at clay soil and sandy soil. 
 Clay soil Sandy soil 

 
Number of 

weeds 
Number of 

weeds 
Weed bio-

mass 
Number of 

weeds 
Number of 

weeds Weed biomass 
Treatment plants m-2 plants m-2 kg DM ha-1 plants m-2 plants m-2 kg DM ha-1 

 02-jun 24-jun 24-jun 02-jun 24-jun 24-jun 

1 168 172 152 452 224 232 
2 180 212 240 376 148 188 
3    436 192 200 
4    424 216 232 
5    272 132 228 
6 168 140 240 388 224 300 
7 168 172 188 376 164 204 
8 156 168 364 336 160 288 
9 208 208 176 396 176 164 
10 192 264 232 448 200 184 
11 196 228 260 396 220 328 
12 220 316 308 472 224 412 

 

 

3.4 Aboveground plant nitrogen 

In the field experiment on the clay soil, the above ground crop nitrogen content amounted to 35 kg 
N ha-1 on average in the treatments with pelleted fertilizers, with around 31 kg N ha-1 in the lower 
yielding treatments and 38 kg N ha-1 in the higher yielding treatments (Figure 2a). Above ground 
weed nitrogen on the clay soil was 2-6 kg N ha-1. In the field experiment on the sandy soil, the 
above ground crop nitrogen content amounted to 100 kg N ha-1 on average in the treatments with 
pelleted fertilizers, with around 93 kg N ha-1 in the lower yielding treatments, 105 kg N ha-1 in the 
intermediate yielding treatments and 115 kg N ha-1 in the highest yielding treatment (Figure 2b). 
Above ground weed nitrogen on the sandy soil was 3-7 kg N ha-1. 
 

  
Figure 2: Aboveground crop nitrogen in treatments with different placement of pelleted fertilizer at different depths and 

distances from crop row compared to broadcasting, no fertilization and mineral fertilization in field experiments 
performed on (a) clay soil and (b) sandy soil.   
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4. Conclusion and outlook 

It is too early to draw conclusions from only one year of results. However, the results indicate that 
placement of organic fertilizer close to the crop row and incorporation deeper in the soil can im-
prove yield and reduce weed biomass compared to broadcasting and fertilizing shallowly between 
rows.   

Acknowledgements 

This study was financed by the SLU Ekoforsk. 

References 

[1] Rasmussen, K.; Rasmussen, J.; Petersen, J. 1996. Effects of fertiliser placement on weeds in weed harrowed 
spring barley. Acta Agriculturae Scandinavica Section B: Plant and Soil Science 46, 192–196. 

[2] Huhtapalo, Å. 1982. Scandinavian principles for fertilizer placement. Utilization of fertilizer-N. In: Proceedings of the 
9th conference of the international soil tillage research organization, ISTRO, 669-674.  

  



TA Quality fertilizers from residues  Poster 

 

154 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

TA-P_03 Reuse potential of urine as a source of plant 
micronutrients  

Factura, H.1; Bettendorf, T.1; Buzie, C.1; Otterpohl, R.1 
 

1 Hamburg University of Technology, Institute of Wastewater Management, 21073 Hamburg, Germany 

horacio.factura@tuhh.de  

1. Objectives 

Soil micronutrient deficiencies are widespread in India (20), South America (5), Canada (10), Thai-
land (14), Pakistan (3) and Nepal (2). It is also a problem in the USA, Tropical Latin America and 
to major climatic zones of tropical Africa (22). Important agricultural soils of the world are 49%, 
31%, 15%, 14%, 10% and 3% deficient in Zinc (Zn), Boron (B), Molybdenum (Mo), Copper (Cu), 
Manganese (Mn) and Iron (Fe) respectively (19). Soil micronutrient concentration is highly affect-
ed by the type of soil parent materials, soil pH, organic matter content, soil texture and mineralogy 
and other physical, chemical, and biological conditions in the rhizosphere (5, 22, & 1). Additionally, 
the vertical distribution of nutrients in the soil can be affected by weathering, atmospheric deposi-
tion, leaching and biological cycling (9). The main objective of this study was to investigate the 
potential of human urine as a source of plant micronutrients. Specifically, the study wanted to find 
out the micronutrient uptake of maize (Zea mays) with urine application during vegetative growth 
stage. Data on uptake will tell us how much of each nutrient is contributed by the treatments.         

2. Methodology 

A pot experiment with maize was conducted under greenhouse condition at the Institute of 
Wastewater Management and Water Protection, Hamburg University of Technology, Germany. 
Each plant was grown in a 5-liter plastic pot. Growing medium was composed of 73% woodchips, 
18% soil and 9% sand. The use of woodchips in this experiment is a demonstration of a poor soil 
with low retention capacity for water and nutrients. Urine was compared with a synthetic (chemi-
cal) commercial granular fertilizer containing 16% Nitrogen (N), 7% Phosphorous (P), 13% Potas-
sium (K), 2% Magnesium (Mg), 6% Sulfur (S), 0.02% Boron (B), 0.01% Zinc (Zn), 0.03% Manga-
nese (Mn), 0.008% Molybdenum (Mo), 0.028% Copper (Cu) and 0.29% Iron (Fe). Only water was 
applied to the control. Urine was diluted to 3:1 ratio (water and urine respectively). In the fertilizer 
treatment, 13 grams/plant was applied and irrigated with water. Irrigation schedule with water and 
the urine treatment was the same for all pots (including volume). Volume was increased gradually 
overtime. Each treatment was replicated 5 times. Light was provided for 12 hours/day. Twenty-six 
(26) days after sowing (DAS), plant height was measured from the base of the plant shoot up to 
the base of the tassel. After measuring plant height, the plants were cut at the base of the shoot, 
placed individually in paper bags and dried in the oven for drying. After drying, each plant sample 
was milled and analyzed for plant nutrient contents using Inductively Coupled Plasma Spectrome-
try at the Institute of Plant Nutrition, Leibniz University of Hannover, Germany. Analysis of urine 
revealed N contents 0.01 - 1.80 mg/L nitrate and 0.02 – 0.95 µg/L ammonium.  

3. Results and discussion 

3.1 Plant biomass  

Control plants had stunted growth with the lowest average dry weight and plant height (Table 1). 
The leaves were thin with reddish-purple color (Figure 1) and plant growth did not increase further 
after 20 DAS. In contrast, urine treated plants had green healthy vigorous leaves (Figure 1). 
Plants applied with urine had almost the same physical appearance with the fertilizer treated 
plants (Figure 1) and in both treatments, plants had shown similar performance in growth and 
development during the vegetative growth stage as observed in the experiment. Vegetative 
growth phase is a period of high nutrient uptake and the maize plant stores nutrients needed for 
its entire life cycle. Difference in biomass accumulation (dry weight) between urine and fertilizer 
treated plants was only very slight (Table 1).  
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Table 1: Plant height of maize (cm) and dry weight (g) at 26 days after sawing (DAS) for different nutrient supplementation 
variants. 

Parameter Control Urine Fertilizer  

Plant height  20.76 56.80 79.30  

Dry weight  0.67 35.08  40.36 

 

3.2 Uptake of plant nutrients  

Plant shoot analysis revealed macro- and micro-nutrient uptake including other detected elements 
(Table 2, 3 & 4). Generally, micronutrients (B, Zn, Fe, Mn & Cu) are needed by plants only in mi-
nute quantities while macronutrients (N, P, K, Ca & Mg) are required in high amounts (6 & 3). 
Regardless of plant requirement, they are all considered essential and play equally important 
functions in plant physiological processes (8 & 5). B is essential for plant cell wall formation, Cu 
catalyzes several plant processes, Fe promotes chlorophyll formation, Mn plays a direct role in 
photosynthesis and Zn aids plant growth hormones and enzyme system. 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

              CONTROL                 URINE                    URINE             FERTILIZER 
  
Figure 1: Plant growth and development at 26 DAS.  
 
All micronutrients in the urine treatment were higher than the control (Table 2) and such results 
confirmed the contents of the nutrients in the urine which were readily available for plant uptake. 
It is also very interesting to note the very high Mn content in the urine compared to the control 
and fertilizer treatments (Table 2). Significant differences were found among treatments for B, 
Zn, Mn and Fe at 5% level of significance. Plant micronutrient contents in urine were also re-
ported in some studies (11 & 15) but works on agricultural investigation are very limited. Maize 
accumulated minimum amounts of B, Cu, Mn and Zn in the initial stages of development and at 
physiological maturity, the above ground parts accumulate nutrients as follows: Zn>Mn>Cu>B 
(4). The total amount required to produce one ton of corn is: 900mg B; 19000-20000mg Cu; 
42000-46000mg Mn; 100000-194000mg Zn (4). 

Table 2: Plant shoot uptake (mg/kg dry matter) of micronutrients at 26 DAS. 

Treatment B Zn Mn Fe Cu 

Control 21.01 31.61 73.86 15.51 6.11 

Urine  30.04 56.59 136.16 41.95 8.64 

Fertilizer  52.35 62.83 77.46 55.48 8.69 

It is interesting to note that urine treated plants had the lowest P content but had the highest con-
tents of Ca and Mg (Table 3) compared to the control and fertilizer treatments. There is a signifi-
cant difference among treatments for Ca and Mg at 5% level of significance. Comparing P con-
tents of control and the urine treatment (Table 3), urine seemed to have a negative effect on up-
take of available P from the medium.    
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Table 3: Plant shoot uptake (mg/kg dry matter) of macronutrients at 26 DAS.  

Treatment P K Ca Mg 

Control 4315.66 17838.79 1846.44 1113.86 

Urine  2583.58 16928.95 3545.48 2135.27 

Fertilizer  4851.88 18634.41 2593.81 1479.17 

 
Contents of other elements such as Barium (Ba), Cobalt (Co), Nickel (Ni), Sodium (Na), Silicon 
(Si), Strontium (Sr) and Aluminum (Al) were also detected in urine (Table 4). Highly significant 
differences were found among treatments for Sr and Al at 1% and 5% level of significance where-
as no significant differences were found for the other elements. Ni is actually one of the essential 
plant micronutrients (12). It is a constituent of urease, and small quantities of Ni are essential for 
some plant species (18).   

Table 4: Plant shoot uptake (mg/kg dry matter) of other detected elements at 26 DAS. 

Treatment Ba Co Ni Na Si Sr Al 

Control 20.26 0.87 2.58 3,018.33 276.45 0.22 31.73 

Urine  52.33 0.95 3.68 2,487.44 434.15 4.67 41.52 

Fertilizer  64.87 0.89 3.10 4,027.20 577.52 2.97 116.70 

 
The kind of plant nutrients and other elements detected were all the same (except for the amount) 
for both the control and the urine treated plants (Table 2, 3 & 4). This means that the huge differ-
ence in growth and development between the both treatments must be due to N in the urine. Urine 
has been proven to be a good source of N for plants (17, 7 & 16). N demanding plants like maize 
normally show a clear and immediate respond to urine application (13). N is a vital component of 
all plant proteins and is one of the main chemical elements required for photosynthesis and plant 
growth. This proves that the deficiency of any single essential nutrient usually results to specific 
nutritional ailments, exhibition of unmistaken signs of hidden hunger and significant reduction of 
crops’ growth and yield (1 & 3) which were all manifested by the control plants. In this experiment, 
N was the limiting nutrient.  

4. Conclusion and outlook 

Urine is as good as commercial synthetic fertilizer in providing macro- and micro- plant nutrients 
particularly necessary for the vegetative growth stage. Crops can still be produced even in natural-
ly poor and infertile soils considering urine as an important agricultural input. Using urine as ferti-
lizer can empower small farmers in marginal areas by overcoming food insecurity situation due to 
insufficient harvest. In large scale crop production, reusing urine can definitely reduce depend-
ence on expensive chemical fertilizers. Several works have already addressed the hygienic con-
cerns in the reuse of urine. Storage of urine is a simple technique that elevates urine pH to the 
alkaline level creating an unfavorable condition for the survival of pathogenic bacteria.    
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1. Abstract 

Loss of biodiversity is may be occur by different problems such as high and unbalanced applica-
tion of chemical fertilizers for crop production, that it cause to disorder in agroecosystem functions. 
The objective of this study was to evaluate honey bees number in black cumin (Nigella sativa L.) 
plant treated with chemical fertilizer, organic manure and their combination, in semi-arid condi-
tions, Iran. The experiment was conducted in randomized complete block with four replications at 
research farm of Shahrekord University in 2013. Treatments were consisted of three sources of 
fertilizer (Chemical fertilizer, broiler litter, and integrated fertilizer 50:50. Honey bees number per 
plot (2.5 × 2.25 m) for black cumin plants was counted in flowering stage (during eight days). The 
results showed that effect fertilizer source was significant for honey bees number per plot in the 
first, second and seventh days. Honey bees number per plot were in the following decreasing 
order; in the first day, integrated= organic manure > chemical fertilizer, in the second day, inte-
grated= organic manure > chemical fertilizer and in the seventh day, integrated≥ organic manure ≥ 
chemical fertilizer. In the first, second and seventh days, increase honey bees number per plot in 
integrated and organic treatments compared to chemical fertilizer were 145 and 100 %, 140 and 
120 %, 83 and 33%, respectively. In general concluded that the application of organic manure in 
protecting of pollinators insects can play better than conventional systems. Therefore, more re-
searches is needed to investigate the composition of produced nectar of plant flowers in organic 
conditions. 

2. Introduction 

Black cumin (Nigella sativa) (family Ranunuculaceae) is emerging as a miracle herb with a rich 
historical and religious background since many researches revealed its wide spectrum of phar-
macological usage (khare, 2004). This plant is found in various countries bordering the Mediter-
ranean Sea, Pakistan, India, and Iran (Jansen, 1981; and Hosseinzadeh and Parvardeh, 2004).   
Black cumin  is an annual flowering plant which grows  to 20-90 cm tall, with finely divided 
leaves, the leaf segments narrowly linear to threadlike. The flowers are delicate, and usually 
colored white, yellow, pink, pale blue or pale  purple, with 5-10 petals. The fruit is a large  and 
inflated capsule composed of 3-7 follicles, each containing numerous seeds (Coreja, 2003; 
Warrien and Nambiar, 2004). This plant because of the attractive and colorful flowers, pollinated 
by insects that honey bee plays an important role.  
There are fixed oils (about 30%) and volatile oils (0.5 -1.5%) in seeds of black cumin; this plant 
is also a rich source of unsaturated fatty acids, amino acids and proteins, carbohydrates, qui-
nones (such as thymoquinone, nigellone, and thymohydroquinone), alkaloids and terpenoids, 
carvacrol, t-anetholet, crude fiber, and minerals such as calcium, iron, sodium, and potassium 
(Hosseinzadeh and Parvardeh, 2004; Gali Muhtasib et al, 2006). Most of the thorapelutic prop-
ertioss of this plant are due to the presence of they theymoquininone (TQ) which is a majar 
active chemical component of the  essential oil. Black cumin  seed are also used  in food like 
flavoring additive in the breads and pickles because of it has very low level of toxicity (Al-Ali, 
2008).    
Black cumin has been extensively studied for its biological activitises and therapeutic potential 
and shown to prossess wide spectrum of activities viz. as diuretic, antihypertensive, antidiabet-
ic, anticancer and immunomodulatory, analgesic, antimicrobial, anthelmintics, analgesics and 
anti-inflammatory, spasmolytic bronchodilator, gesroprotective, hepatoprotective, renal protec-
tive and axtionidant properties. The seeds of black cumin are widely used in the treatment of 
various diseases like bronchitis, asthma, diarrheal, rheumatism and skin disorders. It is also 
used as liver tonic, digestive, anti-diarheal, appetite stimulant emmenagogue, to increase milk 
production in nursing mothers to fight parasitic infections and to support immune system 
(Goreja, 2003; Khaled, 2009;  Assayed, 2010; Boskabadi et al, 2010; Abdol- Zaher, 2011; Abel- 
Salem, 2012).   
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Application of fertilizers is one of the major environmental  issues in agricultural production. 
Energy used for the production of chemical fertilizers accounts for around 1.2% of total global 
energy consumption (IFA, 2009). Nitrogen is provided in the form of synthetic chemical fertilizer 
(such as urea). Such chemical fertilizers pose a health hazard and microbial population problem 
in soil besides beings quite expensive and making the cost of production high. In such a situa-
tion the organic manure play a major role (Chandrasekar et al, 2005 ). 
 The use of organic manure are promoted to improve crop  yield is without doubt (Mweta et al., 
2007; Makumba and Akinnifesi, 2008; Kang et al., 2009). The application of organic manures 
(solitary or combined application with chemical fertilizer) provide more advantages over mineral 
fertilizers because of improvements in soil structure, aggregate stability, soil nutrient exchange 
capacity, water holding capacity, soil bulk density, microbial biomass and activity, and crop 
yields (Haynes and Naidu, 1998; Barzegar et al., 2002; Manna et al., 2007). Researchers reason 
of benefits organic manure known  resulting from the more match the nitrogen accessible nitrogen 
and needs plant (Alizadeh et al., 12). On the other hand organic manure can be increase height, 
essential oil, and etc., followed increase aggregation honey bees that may be effective in in-
creasing and protection diversity, but in this case has not been studied in the world. Therefore, 
the purpose of this study is effect application of different fertilizer (chemical, integrated and or-
ganic manure) on honey bees number of black cumin.    

3. Materials and methods 

The experiment was conducted in randomized complete block with three replications at re-
search farm of Shahrekord University in 2013. The site lies at longitude 50° 49, and latitude 32° 
21 and the altitude of the area is 2050 m above sea level. It has a cold dry climate with the 
mean minimum, and maximum air temperatures of 2.9, and 34.8°C, respectively. The character-
istics of soil and organic manure  is shown in Table 1).  
Treatments were consisted of three sources of fertilizer (Chemical fertilizer, broiler litter, and 
integrated fertilizer 50:50. All treatments were applied before sowing. Black cumin was planted 
manually in 17 may 2013. Experiment plots were seeded with Sistan landrace with 25 cm row to 
row distance and 4 cm between plants. Seeds were sown 2 cm depth. Weeds were removed by 
hand. After planting, irrigation was applied as required during the growing season.  
Honey bees number per plot (2.5 × 2.25 m) for black cumin plants was counted in flowering 
stage (during eight days). 

 
Tabel 1: Chemical analysis of soil and organic manure experiment 

 
 
 
 
 
 
 
 

Soil Organic manure 

 
Property 

 
      

Cly-loam  - Texture 

1.01 6.23 EC (dS/m) 

7.96 7.91 pH 

0.82 21.1 N (g/kg) 

0.0108 3.8 P (g/kg) 

0.391 18.6 K (g/kg) 

8.73 47.11 Mn (mg/kg) 

0.68 23.14 Zn (mg/kg) 

8.09 256 Fe (mg/kg) 

0.91 21.15 Cu (mg/kg) 
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4. Result and Discussion 

Effect of fertilizer source on honey bees number are presented in Table 2. Effect fertilizer 
source was significant for honey bees number per plot in the first, second and seventh days 
(Table 2).  While  the   effect of  fertilizer source on honey bees number per plot in the third, 
foruth, fifth, sixth, and eighth day was not significant (Table 2).   
Honey bees number per plot were in the following decreasing order; in the first day, integrated= 
organic manure > chemical fertilizer, in the second day, integrated= organic manure > chemical 
fertilizer and in the seventh day, integrated≥ organic manure ≥ chemical fertilizer (Table 3  ). 
 

Table 2: Effects of fertilizer source on honey bees number of black cumin. 

Day 8 Day 7 Day 6 Day 5 Day 4 Day 3 Day 2 Day 1 Df S.O.V 

11.1ns 2.7ns 7.1ns 

 

2.7ns 5.44ns 8.3ns 11.1ns 10.1ns 2 Replication 

19.4ns 52.7* 42.1ns 2.7ns 2.1ns 25ns 119.4** 73.4* 2 Fertilizer 

source 

11.1 

 

6.9 12.1 11.1 8.7 8.3 2.7 8.4 4 Error 

19.3 18.9 21.9 18.7 16.9 17.3 10.7 23.9 - CV (%) 

ns, * and ** indicate are non-significant, significant at the 5 and 1% probability level, respectively. 
 

 
In the first, second and seventh days, increase honey bees number per plot in integrated and 
organic treatments compared to chemical fertilizer were 145 and 100 %, 140 and 120 %, 83 and 
 

 
33%, respectively. Nevertheless highest  honey bees number  per plot in the third, fourth, fifth, 
sixth, and eighth day was observed in chemical fertilizer, organic manure, organic manure and 
integrated, integrated and integrated sources, respectively. The  source  integrated amendment 
(organic manure+ chemical fertilizer) has the greatest effect on honey bee number diversity and 
maintenance. 
  
More presence of honey bee in organic systems, may be  due to increase the height and essen-
tial oil of medicine black cumin plants. As in this study, the maximum plant height and essential 
oil contain (Black cumin) were observed in the Integrated system (data not presented). In this 
regard  Abou El-Magd  et al., (2008) reported the application organic manure compared with no 
fertilizer increased significantly plant height of (Foeniculum vulgare mill). Salehi (2013) reported  
the maximum essential oil contain of  N. sativa Was obtained  in Integrated system (organic 
manure + chemical fertilizer).  
In general it can be concluded that the application of organic manure in protecting of pollinators 
insects can play better than conventional systems. Therefore, more researches is needed to 
investigate the composition of produced nectar of plant flowers in organic conditions. 
  

Table 3: Effect fertilizer source on honey bee number of black cumin during the  flowering stage 
 Treatment Day 8 

 
Day 7 

 
Day 6 

 
Day 5 

 
Day 4 

 
Day 3 

 
Day 2  Day 1 

Chemical fertilizer 16.66a 10b 15a 16.67a 17.33a 20a 8.33b 6.66b 

Integrated fertilizer 20a 18.33a 20a 18.33a 16.66a 15a 20a 16.33a 

Broiler litter 15a 13.33ab 12.66a 18.33a 18.33a 15a 18.33a 13.33a 
Mean with the same letter are not significantly different. 
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1. Objectives 

The aim of this experiment was to determine the effects of different agroindustrial waste composts 
on the soil properties and on plant yield and some marketable parameters of two successive horti-
cultural crops. 

2. Methodology 

2.1 Materials and experimental design 

The field experiment was conducted at the Tunshi Research Station of the Polytechnic School of 
Chimborazo (Riobamba, Ecuador) (01°45 0 S, 78°30 38 W and elevation 2,82λ m above sea lev-
el). The climate of this region is temperate, with an average cumulative annual precipitation of 475 
mm and an average annual temperature of 13.8 °C. The main characteristics of the soil were: 
loam texture, pH 7.2, electrical conductivity (EC) (1:5) 0.44 dS m−1, organic matter (OM) 1.04%, 
total nitrogen (Nt) 500 mg kg−1, available-P (Pava) 13.9 mg kg−1 and available-K (Kava) 241 mg kg−1. 
 
Six treatments, in a completely randomised design with three replicates per treatment, were set up 
in experimental plots of 6 m2 each, with 0.5 m distance between plots. The treatments were: con-
trol without amendment (C); mineral fertiliser (175, 60 and 200 kg ha-1 of N, P2O5 and K2O, re-
spectively) (M); poultry manure (PM) (9.7 t ha-1), a traditional amendment used as a reference in 
this study; compost comprising flower waste (vegetable waste from rose postharvest, made up of 
stems, leaves and non-marketable flowers), poultry manure and sawdust (C1) (9.3 t ha-1); com-
post comprising broccoli waste, poultry manure and sawdust (C2) (28 t ha-1), and compost com-
prising tomato waste (vegetable waste from postharvest, consisting of stems, leaves and non-
marketable tomatoes), poultry manure and sawdust (C3) (16.7 t ha-1). These composts were pre-
pared in the following proportions, on a fresh weight basis: 50% vegetable waste + 15% poultry 
manure + 35% sawdust. The main characteristics of these organic materials are shown in Table 1. 
The amendment application rate was adjusted to supply 175 kg ha−1 of nitrogen. The organic ma-
terials were applied uniformly by hand and immediately incorporated to a soil depth of 25 cm, by 
light roto-tilling. The unamended plots and those receiving inorganic fertiliser were also tilled. After 
the incorporation of these treatments, two successive crops of broccoli (Brassica oleracea cv. 
Avenger) and lettuce (Lactuca sativa L. cv. capitata) were carried out. Seedlings of uniform size of 
both horticultural plants were selected and planted in each plot, leading to a plant density of 
35,000 and 40,000 plants ha-1 for broccoli and lettuce, respectively. Periodic irrigation with water 
was given during the growing seasons and treatments of insecticide were applied when neces-
sary. 
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Table 1: Characteristics of the organic materials used in the experiment. 

Parameter* PM C1 C2 C3 

pH 8.2 8.2 8.4 8.9 

Electrical conductivity (dS m-1) 8.08 2.99 2.50 3.52 

Organic matter (%) 38.0 54.6 24.1 31.9 

Total organic C (%) 23.7 31.7 16.3 28.6 

Total N (%) 2.33 2.80 0.92 1.60 

Total organic C/Total N 10.2 11.3 17.7 17.9 

P (g kg-1) 14.6 10.2 4.82 6.01 

K (g kg-1) 38.4 20.5 12.8 19.7 

*Values on a dry matter basis. 
PM: poultry manure; C1: compost of flower waste +poultry manure + sawdust; C2: compost of broccoli waste 
+poultry manure + sawdust; C3: compost of tomato waste +poultry manure + sawdust 
 
The timing of the experiment was as follows (Table 2): 

Table 2: The timing of the experiment. 

Date  Operation 

15 April 2014 Addition of soil amendments and of the mineral fertiliser and first soil sampling (S1) 

21 April 2014 Transplanting of broccoli seedlings 

29 July 2014 Harvesting of broccoli and soil sampling (S2) 

31 July 2014 Light rototilling for the homogeneous mixing of soil with the roots of broccoli, transplanting of let-
tuce seedlings and soil sampling (S3) 

13 October 2014 Harvesting of lettuce and soil sampling (S4) 

 
The cropping period from transplanting to the end of harvesting was about 99 and 74 days for 
broccoli and lettuce, respectively.  

2.2 Analytical and statistical methods 

All plants of each of the treatment plots were harvested and weighed and counted to determine 
the total plant yield and the vegetable weight. The marketable parameters in both horticultural 
crops were determined by the following methods:  
 Method 1: The diameter of broccoli and lettuce was measured using calipers.  
 Method 2: The degree of compactness of broccoli and lettuce was calculated by dividing the 

vegetable diameter between its weight. 
 Method 3: The colour of broccoli was evaluated according to the following criteria: 1 (yellow) 

to 5 (green). 
All the soil samples were produced by mixing six sub-samples, from six sites of each plot, taken at 
0-25 cm depth. Each soil sample was sieved to 2 mm, after removal of vegetation and bigger 
roots and stones, and the granulometric fraction was air-dried and used for analysis. All the analyt-
ical determinations in the manure, compost and soil were determined according to the methods 
described by Paredes et al. [1]. All analyses were made in triplicate.  
The data were tested for statistically significant differences using one-way analysis of variance 
(ANOVA), considering the type of treatment. Comparison of the means of these parameters was 
performed by the Tukey-b test at P < 0.05. Data analysis was carried out using the SPSS v. 22.0 
statistical software packages. 

3. Results and discussion 

3.1 Effect of the treatments on physico-chemical soil properties 

The soil initial pH was only affected by the mineral fertiliser (Table 3). This treatment reduced the 
soil pH probably due to the soil acidification caused by the nitrogen fertiliser. Makinde et al. [2] 
also observed a soil acidification after the application of NPK in two soil types in Nigeria (Orthic 
Luvisol and Dystric Fuvisol). However, the treatments with compost increased the soil pH at S2 
and S3, this result being also found by Guénón and Gros [3] in a study of burned soil recovery by 
the addition of compost of municipal sewage sludge + pin barks + greenwastes with different ma-
turity degree. At the end of the experimental period, great differences in the pH values were not 
found due to the treatment. 
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Organically and inorganically amended plots had higher EC values than the control at S1 (Table 
3). This parameter diminished in all soils during the experimental period, possibly due to nutrient 
uptake by the crop, ion leaching and inorganic nitrogen immobilisation. Bustamante et al. [4] also 
observed a decrease of soil EC throughout a long-term experiment investigating the effects of the 
addition of agroindustrial composts and sheep manure to a calcareous vineyard soil. However, 
only M, PM and C1 soils reached EC final values statistically similar to those of the control soil. 
Soil EC values were clearly higher in the soils with C2 and C3 treatments, possibly due to their 
high application doses, as a consequence of their low nitrogen content.  
PM and C3 addition to soil did not result in any significant initial effect on OM with respect to the 
control and mineral fertiliser, while the all organic fertilisers resulted in statistically significant in-
creases in this parameter at S2 (Table 3). This fact indicated that the organic matter provided with 
the studied amendments was not easily degradable in the short term. Similar results were ob-
tained by other authors in different studies about the effects of organic waste or compost on soil 
properties after a cropping period [1, 5]. Before and after lettuce cropping, no differences were 
found in the organic matter concentration of the soil due to the treatment effect. This fact could be 
due to the mixture of soil with the roots of broccoli carried out in all plots.  
The soils treated with compost or poultry manure had the highest concentration of total N (Nt) after 
the addition of these organic amendments and after harvesting broccoli (S1 and S2) (Table 3). 
Increases of the nitrogen concentrations in the soil due to organic fertilisation were observed also 
by Paredes et al. [1], in a study of the effects of different olive mill wastewater sludge compost 
doses on soil properties. Later, only plots treated with C3 showed significantly higher Nt concen-
trations than the other treatments (S3 and S4). At S3, the C and M soils presented an increase in 
the Nt content possibly due to the organic matter incorporated with the mixture of soil with the 
roots of broccoli carried out in all plots. 

Table 3: Physico-chemical characteristics of the soil according to the fertiliser treatments and samplings (dry weight basis). 
Sampling time S1: after the first application of organic materials and before broccoli planting, S2: after broccoli 
cropping, S3: before lettuce planting and S4: after lettuce cultivation. 

Parameter Sampling C M PM C1 C2 C3 ANOVA 

pH S1 7.2 b 6.7 a 7.4 b 7.3 b 7.3 b 7.2 b *** 
S2 7.3 ab 7.1 a 7.3 ab 7.4 bc 7.5 bc 7.7 c ** 
S3 7.4 abc 7.1 a 7.2 ab 7.5 bc 7.4 abc 7.7 c ** 
S4 7.3 ab 7.1 a 7.2 ab 7.5 ab 7.7 b 7.5 ab * 

EC (dS m-1) S1 0.44 a 2.87 e 1.96 d 1.03 b 2.26 d 1.54 c *** 
S2 0.28 a 0.26 a 0.44b 0.41 ab 0.63 c 0.63 c *** 
S3 0.36 ab 0.28 a 0.49 bcd 0.41 abc 0.54 cd 0.60 d *** 
S4 0.31 a 0.30 a 0.35 ab 0.45 abc 0.56 c 0.50 bc ** 

OM (%) S1 1.04 a 1.08 a 1.35 ab 1.45 b 2.39 c 1.22 ab *** 
S2 0.40 a 0.37 a 0.88 b 0.82 b 0.79 b 0.77 b *** 
S3 0.92 0.80 0.83 0.89 1.03 0.80 NS 
S4 0.97 0.93 0.96 0.87 1.11 1.11 NS 

Nt (mg kg-1) S1 500 a 633 ab 700 b 733 b 767 b 700 b ** 
S2 199 a 100 a 447 b 401 b 497 b 700 c *** 
S3 462 a 402 a 415 a 445 a 514 a 700 b ** 
S4 453 a 433 a 458 a 467 a 567 ab 700 b ** 

Pava (mg kg-1) S1 13.9 a 38.8 b 105.1 d 99.6 cd 81.2 c 55.7 b *** 
S2 10.7 a 15.6 a 59.8 c 34.8 b 62.4 c 69.1 c *** 
S3 10.2 a 15.7 a 68.7 c 40.9 b 52.1 bc 65.6 c *** 
S4 10.1 a 16.3 a 50.7 bc 43.5 b 63.6 c 64.5 c *** 

Kava (mg kg-1) S1 241 a 484 b 420 b 392 b 360 b 368 b ** 
S2 262 a 340 abc 325 abc 310 ab 432 c 414 bc ** 
S3 203 a 300 bc 288 b 334 bc 378 c 382 c *** 
S4 192 a 293 b 215 ab 271 ab 309 b 264 ab * 

C: control; M: mineral fertiliser; PM: poultry manure; C1: compost of flower waste +poultry manure + sawdust; C2: com-
post of broccoli waste +poultry manure + sawdust; C3: compost of tomato waste +poultry manure + sawdust; EC: elec-
trical conductivity; OM: organic matter; Nt: total nitrogen; Pava:  available-P; Kava: available-K. 
***, **, * and NS: significant at P < 0.001, 0.01, 0.05 and not significant, respectively.  
Values in row followed by the same letter are not statistically different according to the Tukey’s b test at P < 0.05.  
 
As table 3 shows, at S1, the addition of mineral and organic fertilisers increased available P (Pava) 
contents in the soil. However, only the amended plots with PM or compost had higher concentra-
tions of Pava than the control in the rest of the samplings, showing that these organic amendments 
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had a higher P fertilising capacity than treatment M. This available P evolution suggests that the 
gradual mineralisation of organic P compensates the mineral P content, which is gradually lost 
through absorption by the crop [5]. 
M and amended plots had higher concentrations of available K (Kava) than the control in all sam-
plings, although the differences were not statistically significant for some samplings (Table 3). The 
soils with C2 and C3 treatments presented the highest Kava contents at S2 and S3. At the end of 
the experimental period, great differences in the available-K concentrations were not found due to 
the treatment. 

3.2 Effect of treatments on crop quality and production 

The marketable yields of broccoli obtained with M, PM, C1 and C2 treatments were higher than for 
the compost 3 and control (Table 4); whereas, the non-marketable production (the leafs of broccoli 
plants) was higher with PM, C1 and C2 treatments. Non statistic differences were found in the 
values of curd weight, diameter colour and compactness degree of broccoli due to the treatment. 
Production results for lettuce and vegetable weight values were higher in the soil with organic 
amendments (Table 5). This fact indicated that the studied organic fertilisers had a higher residual 
fertilising effect than the mineral fertiliser. Great differences in other marketable parameters of 
lettuce were not found due to the treatment. Therefore, these organic amendments can enhance 
soil fertility and productivity, improving the plant nutrient status for potentially limiting nutrients 
such as N, P and K as well as for several micronutrients. These positive effects of the organic 
fertilisers on the yield of the horticultural crops were also observed by Alburquerque et al. [6] in an 
experiment to evaluate the fertilising capacity of a digestate using watermelon and cauliflower 
crops. 

Table 4: The main effects of the tested fertiliser treatments on marketable parameters of broccoli (fresh weight basis). 

Treat-
ment 

Marketable produc-
tion 

(Mg ha-1) 

Non-marketable produc-
tion 

(Mg ha-1) 

Curd 
weight 

(kg piece-1) 

Diame-
ter 

 

(cm) 

Col-
our 

Compact-
ness degree 

(cm kg-1) 

C 11.3 a 12.0 a 0.38 13.3 4.9 36.5 
M 19.6 bc 15.8 a 0.53 16.6 4.8 31.5 
PM 20.0 bc 21.1 b 0.55 17.5 4.7 32.7 
C1 18.6 b 24.5 b 0.55 13.8 5.0 25.0 
C2 24.5 c 23.7 b 0.63 15.7 5.0 25.4 
C3 15.5 ab 14.4 a 0.48 15.4 5.0 33.2 
ANOVA *** *** NS NS NS NS 
C: control; M: mineral fertiliser; PM: poultry manure; C1: compost of flower waste +poultry manure + sawdust; C2: 
compost of broccoli waste +poultry manure + sawdust; C3: compost of tomato waste +poultry manure + sawdust. 
** and NS: significant at P < 0.01 and not significant, respectively.  
Values in column followed by the same letter are not statistically different according to the Tukey’s b test at P < 0.05. 

Table 5: The main effects of the tested fertiliser treatments on marketable parameters of lettuce (fresh weight basis). 

Treatment Production 

(Mg ha-1) 

Vegetable weight 

(kg piece-1) 

Diameter 

(cm) 

Compactness degree 

(cm kg-1) 

C 10.5 a 0.30 a 7.7 a 25.7 b 
M 13.5 ab 0.41 ab 9.6 ab 23.8 ab 
PM 16.6 bc 0.48 b 10.6 b 22.2 ab 
C1 16.1 bc 0.47 b 10.1 ab 21.3 ab 
C2 19.8 c 0.57 b 10.9 b 19.6 a 
C3 18.5 bc 0.54 b 10.5 b 19.6 a 
ANOVA ** ** * * 
C: control; M: mineral fertiliser; PM: poultry manure; C1: compost of flower waste +poultry manure + sawdust; C2: 
compost of broccoli waste +poultry manure + sawdust; C3: compost of tomato waste +poultry manure + sawdust. 
***, ** and * : significant at P < 0.001, 0.01 and 0.05, respectively.  
Values in column followed by the same letter are not statistically different according to the Tukey’s b test at P < 0.05. 

4. Conclusion and outlook 

From the data obtained, it can be concluded that the application of the agroindustrial waste 
composts to soil produced positive effects on soil fertility and these composts did not lead to 
phytotoxic effects on the broccoli and lettuce plants. 
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1. Objectives 

Digestates are a nutrient rich source, especially with view to the finite resource phosphorus (P). 
Manure and sewage sludge are often used as co-substrates in biogas plants, thus digestates may 
be contaminated with antibiotics [1] and heavy metals [2]. Different substrates and digestates 
were analysed to assess the effect of digestion on the content of selected antibiotics, heavy met-
als and P-solubility.  

2. Methodology 

Several methods were used to analyse the different parameters in the substrates and digestates. 
The P-solubility was investigated by extracting substrates and digestates with CAL (calcium-
ammonia-lactate) and water followed by the colorimetric determination of the P content. The anti-
biotics were quantified after liquid extraction and purification with solid phase extraction (SPE). 
Heavy metals were dissociated by aqua regia and determined by ICP-MS. 
 The substrates and digestates were sampled in a commercial biogas plant. The anaerobic 

digestion of the substrates (corn and poultry manure) was conducted at 43 °C in two steps in a 
fermenter and a following post digester, from which the digestate was sampled. 

 CAL/water extraction ([3],[4]adapted): The equivalent of 0.5 g dry matter of the fresh, homoge-
nized material was extracted with 100 mL water or CAL solution and was shaken for 30 (water) 
or 60 minutes (CAL). The P content was determined as antimony-phosphorus-molybdenum-
complex by colorimetric determination [5] in 4 replicates. 

 Aqua regia ([6],adapted): 1 g dry matter was dissociated with 25 mL aqua regia and boiled 
under reflux for 2 hours. The concentration of heavy metals was determined by ICP-MS. 

 Extraction of antibiotics/SPE ([7], adapted): Antibiotics were extracted by a citric acid buffer at 
pH 4.7 and by methanol citric acid (80/20, v/v, pH 3.5). After liquid-liquid extraction with hep-
tane for the reduction of liposoluble pollutants, the extract was adjusted to pH 3 with formic ac-
id and diluted with water. Afterwards, a SPE was performed, with a strong anion exchange 
phase to filter out matrix components like humic acids and a reversed phase to bind the antibi-
otics. After washing the reversed phase cartridge with water, the antibiotics were eluted in 
2 mL methanol. The quantification of selected tetracyclines, fluorquinolones and sulfonamides 
was done by standard addition employing LC-MS. 

3. Results and discussion 

3.1 P-solubility 

The total P content and the P solubility of the digestate are key parameters for the calculation of 
reasonable application rates to prevent excess fertilisation as well as eutrophication.  
The P-solubility of substrates and digestates of a biogas plant was analysed in order to determine 
if the solubility changes during anaerobic digestion. Samples were taken from the basic substrates 
(corn, sugar beet and chicken manure), through the process steps (fermenter, post digester) and 
from the end product (digestates). The sampled biogas plant used a hydraulic press to separate 
digestates in liquid and solid phase at the end of the process. For this reason 3 different types of 
digestates were analysed, the digestate before separation and the liquid and solid phase after 
separation.  
 
As shown in Figure 1 the substrates corn and sugar beet have low contents of water-soluble P 
compared to the samples of the fermenter, post digester and digestates. The chicken manure 
shows slightly higher contents than the digestate, but only accounts for one third of the amount of 
the input materials (Table 1). Mixing of the materials during the process is no explanation for an 
increase in the water-soluble P content. An increase was observed between substrates and the 
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first fermentation step, while there was only a minor increase during the process steps towards the 
digestate. The liquid digestate showed slightly more water-soluble P than the solid digestate, be-
cause the liquid phase partly extracts the solid phase. The data suggests that during the anaero-
bic digestion process the P water-solubility of the substrates is increased. 
 

 
Figure 4:P water solubility of original substrates and digestates of a biogas plant (DM-dry matter, n=4 (different letters 
  denote significant differences between groups as tested by Tukey post-hoc test (P<0.05)) 

 
 

Table 7: Composition of the substrate mix fed into the fermenter 

Substrate % of the input mixture 

Corn 56.8 

Chicken manure 29.5 

Sugar beet 13.6 

 
 

Additionally to the water extraction a CAL extraction was performed, which extracts bound P frac-
tions which are plant available. Figure 2 shows the CAL-soluble P content of the samples, which is 
distinctly lower in the substrates than in the digestates. In contrast to the water extractable P, the 
CAL-soluble P increases significantly during the fermentation process from the fermenter towards 
the digestate.  
 
The anaerobic digestion seems to lead to an increased formation of water-soluble P-forms early in 
the fermentation process, while the P-forms which are not soluble in water but in CAL, occur dur-
ing the process steps to the digestate. A higher plant availability of P improves the efficiency of 
this type of organic fertiliser. 
 
The water-soluble P contents of the original substrates are higher than the CAL-soluble P concen-
tration. This finding has been unexpected as, the acidic CAL solution is supposed to additionally 
dissolve P fractions which are not water-soluble. One explanation for this phenomenon might be 
an interference of the antimony-phosphorus-molybdenum-complex during the colorimetrical anal-
ysis especially in samples rich in organic matter resulting in cloudy water extracts.  In contrast to 
the substrate, the samples taken during the fermentation process and the end product show, as 
expected, higher CAL-soluble than water-soluble P contents.  
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Figure 5: P CAL solubility of fresh substrates and digestates of a biogas plant, DM-dry matter, n=4 (different letters 
   denote significant differences between groups as tested by Tukey post-hoc test (P<0.05)) 

3.2 Heavy metals  

The heavy metal content (As, Pb, Cd, Cr, Ni,Tl) were far below the threshold values set in the 
German Fertiliser Ordinance (DüMV) [8].  It is not expected that there is a risk for accumulation of 
heavy metals in the soil when digestates are applied to the field. 

3.3 Antibiotics in substrates and digestates of biogas plants 

The number of biogas plants in Germany has been steadily increasing during the last decade to 
about 8,000 biogas plants. These produce large amounts of digestates that are used as organic 
fertilisers. Besides energy plants such as corn, manure from poultry, pig or cattle are used as co-
substrates. In intensive livestock farming, antibiotics are regularly used and residues or metabo-
lites of the antibiotics are excreted and end up in the animal manure [9]. Some antibiotics, espe-
cially tetracyclines, fluorquinolones and sulfonamides, are not degraded during the digestion pro-
cess and can still be found in the digestate [1]. Residues of antibiotics that are applied to the soil 
via manure or digestate application can affect the soil fauna [10] and enhance the formation of 
microbial resistance to antibiotics [11]. 
To determine the influence of digestion on the degradation of antibiotics, compounds of three 
classes, tetracyclines, fluorquinolones and sulfonamides, were analysed in both original sub-
strates and digestate by the employed method (Table 2). Fluorquinolones were found in 4 of the 6 
tested samples, in one sample even two antibiotics were detected at once. The concentrations are 
in the same order of magnitude as observed by Ratsak and co-workers [1]. In contrast, Sulfona-
mides and tetracyclines were not detected in this batch of samples, while in literature the occur-
rence of these antibiotics in digestates was proven (e.g. [1]). The studied biogas plant was sam-
pled twice in a time span of 4 months. While chicken and turkey manure was used as co-substrate 
on the first sampling date, only chicken manure was used as co-substrate on the second sampling 
date. Since the retention time of the substrate in a continuously working biogas plant is about 4-6 
weeks and new substrate is steadily mixed with partially digested substrate in the fermenter, it is 
not possible to derive degradation rates of antibiotics by comparing input and output materials.  
Preliminary results from 5 further biogas plants show that tetracyclines, fluorquinolones and sul-
phonamides can be detected in the digestates indicating that there is no complete degradation 
during the fermentation process. Each digestate was at least contaminated by one antibiotic, but 
up to five different antibiotics were also found in one digestate. 5 of 6 analysed manures contained 
antibiotics, and up to five different antibiotics were detected in one sample of turkey manure.  
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Table 8: Content of 8 antibiotics in substrates* and digestates (µg/kg DM) of a biogas plant on two sampling dates (July 
  and December 2014). (Double determination, standard deviation in brackets) 

Antibiotic 

Chicken 
manure  

(July 2014) 

Turkey 
manure 

(July 2014) 

Digestate 

(July 2014) 

Chicken  

manure  

(December 
2014) 

Fermenter 

(December 

2014) 

Digestate 

(December 
2014) 

Sulfadiazine - - - - - - 

Sulfamethazine - - - - - - 

Ciprofloxacin - 202.9 (15.1) - - - - 

Enrofloxacin - - 159.8 (67.9) - 185.1 (2.2) 140.0 (11.6) 

Difloxacin - - - - 17.8 (4.2) - 

Tetracycline - - - - - - 

Oxytetracycline - - - - - - 

Chlorotetracycline - - - - - - 

* the substrate corn was not analysed  

4. Conclusion and outlook 
Anaerobic digestion does not have a negative influence on the P-availability of digestates in com-
parison to the substrates. On the contrary, CAL and water-soluble P even increases during the 
digestion process indicating that the end product of the digestion process contains higher amounts 
of plant available P-forms than the substrates. Furthermore, the heavy metal concentration of the 
analysed digestates does not exceed the limit values of the German Fertiliser Ordinance which 
also suggests that digestates are suitable fertilisers. However, the detectability of veterinary anti-
biotics in digestates indicates that further processing of these materials is required to provide a 
safe nutrient source. Further studies are necessary to evaluate the fate of different antibiotics and 
metabolites during the digestion process and to evaluate the risks related to the application of 
such materials in agriculture.  
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1. Objectives 

The aim of this project (Wavalue) is  to develop and tested a new technology to formulate and 
granulate organic wastes, specifically biogas plants digestate evaluating, performance, costs , Life 
cycle analyses . With the WAVALUE project, we are trying to introduce a process to transform 
digestate, or the by-products generated during the treatment processes, into high-value commer-
cial fertilizers. These fertilizers are granulated, totally spherical with sizes between 1and 4 mm in 
diameter and have a N:P:K value that has been tailored to meet  market demand.  

2. Prototype description  

The process for transforming digestate into commercial fertilizers comprises two basic steps:  
1) Nutrient composition balancing: Liquid digestate is first mixed with other high nutrient organic 
wastes and/or commercial fertilizer chemicals in order to fortify and balance the N:P:K value to 
commercially viable levels recognized in the industry.  
2) Drying and granulation:  The liquid or slurry mixture from 1) above is then introduced into a 
Spouted Bed- type dryer/granulator where completely round granules of various sizes are pro-
duced.  The dry granular product appears to be physically similar to commercial mineral fertilizers 
but differs in that it could contain between 20 and 100% organic materials.  
 
 
 

 
 
 
 

Figure 1: Simple process diagram of the WAVALUE PROCESS 
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2.1 Dosing and mixing: 

The objective of this stage is to achieve a mixture with an adjusted N:P:K ratio, as well as the ad-
justment of the rheology and chemical properties required for good granulation.  
The mixture includes the following fractions obtained when treating digestate:  solid fraction from 
solid/liquid separation, liquid ammonium sulphate from ammonia stripping processes, and/or stru-
vite obtained during the removal of phosphorus P. These concentrated fractions contain the nutri-
ents present in digestate. The solid fraction of raw digestate is usually thickened or dewatered to 
reduce the energy costs of the dryer.  
One or more of the fractions, could be mixed with different mineral fertilizers, depending on the 
desired N:P: K ratio in the final product.  
The above materials are pumped into a mixing reactor into which different liquid fertilizer chemi-
cals are dosed. Reactions are carefully controlled by programmed dosing pumps to ensure stoi-
chiometric reactions thereby avoiding un-reacted chemicals in the final products.   This results in a 
liquid or pasty material suitable for granulation in the Spouted Bed dryer.  

2.2 Spouted Bed Drying: 

The Spouted Bed Dryer is a fluid bed type dryer, but it has a vertical configuration with a conic 
bottom. Hot air is introduced in the conical section of the chamber which has been filled with fine 
material or “seed”.  In the pilot unit this hot air is derived from a propane burner but in real life 
waste heat recovered from prime movers will be used. Hot aire flows vertically through the gran-
ules, producing strong circulating movements. 
Fortified slurry previously prepared is then gradually introduced into the granular bed where it is 
quickly dispersed onto the surface of the fast moving seed material. The granules grow layer by 
layer from tiny balls into larger products.  New seed material,   created by attrition in the drying 
bed, forms the basis for new granules which grow into the desired size before being extracted 
from the bed via a pneumatic conveying mechanism. 
Hot air is introduced in the bottom at about 300 ºC and exits the upper end of the vertical “free 
board” area of the drying chamber at about 100ºC.  This hot air or gas serves to remove  the  
moisture from the original pasty mixture as super heated steam.  
This spouted fluid bed drying process enables the production of uniformly round hard dust free 
granules from the liquid fortified slurry produced from the digestate. Fines from the process is 
recovered in a cyclone and reused as seed material while the humid gasses are scrubbed to re-
move the evaporated moisture.  The spherical granules are hard because of the layering process 
introduced by the spouting action.   
 
 

 
  

Figure 2: General view of the granulation plant in NEIKER – TECNALIA, in Arkaute. 
 

2.3 Screening of granules: 

As mentioned above, the granules are continuously extracted from the drying chamber as they are 
produced and pneumatically conveyed to the product screening station where the different sizes 
of granules are classified:  
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Product sizes are: 2-4 mm, 1-2 mm and 0.5-1 mm (micro-granules). Oversize granules pass 
through a hammer mill from where the fines are recycled back into the feed slurry.  
 

2. 4 Gas circuit: 

Hot gases at between 100 and 110 ºC are drawn from the upper vertical portion of the drying 
chamber and after passing through a cyclone to separate the dust generated in the granulation 
process, continue on to a condensing scrubber used to remove the evaporated moisture. From 
there the scrubbed gasses are reheated back to 300 °C and re-introduced into the dryer. Dust 
from the cyclone is also recycled in the feed slurry.    
This closed circuit configuration of gas recycling, minimizes gas and odour emissions into  the 
atmosphere  since the volatile fraction of the gases are oxidized when passing  through the high 
temperature end of the burner chamber inside the heat exchanger.   

3. Results and discussion 

3.1 Developed Fertilizer products 

Developed fertilizer products include a wide range of NPK values, from relatively low (for example 
9-2-2 with 70% organic matter) when digestate is the main component of the mixture, to high NPK 
values (11-15-11 with 20% organic matter) when combined with mineral fertilizers. 
Because of the reactions that take place between organic matter and added mineral nutrients, 
those fertilizers have slow release behavior. That makes them specially suitable for gardens, sport 
courses or horticulture. 
 
A special type of fertilizer that can be produced are the microgranules. Microgranules are granules 
between 0,5 – 1,5 mm diameter. Because of their small size, they can be applied together with the 
seed, under the same labor. That puts the fertilizer in a “ultralocalizated” position, allowing a total 
availability of the fertilizer for the plant, at first moments of germination. Then, the fertilizer dose 
can be strongly reduced, without losing any production.  
 
 
 

 
 
Figure 3: Different fertilizer products developed, the color is different because of the different organic matter content 
 

3.2 Life cycle Analysis 

Two life cycle analysis have been conducted, considering the whole chain and all the processes 
implied on fertilizers production using conventional processes for mineral fertilizers production 
based or on the other hand,  considering organic-mineral fertilizers based on sewage sludge  us-
ing Wavalue prototype.  The compared fertilizers have been: one of the fertilizers developed in 
this project (12-12-12), and an equivalent dose of a very popular and similar mineral fertilizer (15-
15-15). The result of the comparison is that the fertilizer produced by the WAVALUE process, 
produces 50% less impact on the global warming (IPCC 2007 – kg CO2 eq index). Reducing also 
significantly the impacts in all the rest of usually used indexes in life cycle analysis. The employed 
methodology is based on  Yara report (2010) 
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Figure. 4:  Percentage of different impact indexes caused by WAVALUE fertilizer (blue) in comparison with  mineral fertilizer 
(red). 

3.3 Economic features 

The economic success of a digestate granulation project, obviously, depends critically on the sell-
ing price of the final fertilizer product. During WAVALUE project, studying the commercialization 
ways and prices is been a key activity. The conclusion is that those granules, depending on the 
composition and the granule size, can be sold between 100 and 500 euros per ton, from manufac-
turer to distributor. Those prices make possible attractive returns on investment in many cases. 
Another important feature are the synergies generated between biogas production, digestate 
treatment and fertilizer production. Features like the use of waste heat, saving logistic costs to 
spread digestate, saving the need of wide agricultural fields to spread digestate … can have a big 
impact on the economic result of a biogas project. For that reason, in the WAVALUE project, dif-
ferent calculation tools have been developed, to establish the economic consequences that can 
have choosing one or other project option, individually for each possible conditions.  
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1. Objectives  

Sewage sludge represents one of the largest pools of phosphorus (P) in urban waste streams [1]. 
Thermal drying of sewage sludge implies sanitation [2] and improves practical handling options of 
the sludge; however, it may also affect its value as a P fertiliser. The main objective of this study 
was to assess whether thermal drying of sewage sludge, as well as drying temperature, affects 
plant P availability. 

2. Methodology  

Sludge P availability were assessed through an incubation experiment and a pot experiment, in-
cluding triple super phosphate (TSP) as a reference. Sludges used in the experiments (see details 
in table 1) originated from Randers Spildevand A/S, a municipal wastewater treatment plant in 
Denmark. Wastewater P removal at the plant combines enhanced biological and chemical (Fe 
dosing) removal. Sludge treatment involves anaerobic digestion, belt press dewatering and ther-
mally drying at temperature up to 200°C. Sampled sludges were anaerobically digested and de-
watered sludge (DWS) and thermally dried sludge (DRS). Subsamples of DWS were dried in a 
laboratory oven at different temperatures to obtain DWS 70, DWS 130, DWS 170 and DWS 250. 
All materials were ground to a particle size of <2 mm before application to soil. The used soil was 
a sandy loam with a total P content of 673 mg P kg-1.  
 Incubation experiment: All sludges and TSP were included in a 197 days soil incubation exper-

iment (80 mg P kg-1 soil) with sampling over time for DGT (diffusive gradients in thin films) 
analyses as an indicator of P availability.   

 Pot experiment: DWS, DRS and TSP were included in a pot experiment with evaluation of dry 
matter yield and P uptake in spring barley after 6 weeks growth in a greenhouse. To enhance 
P effects, the soil was mixed with quartz sand at ratio 1:1 and other nutrients than P were sup-
plied in excess.  

 
Table 1: Overview and details of the used sludges and TSP: dry matter (DM) %, concentrations of P, N and NH4-N, and 

water extractable P (WEP).  

 

3. Results and discussion 

3.1 Incubation experiment 

Whereas P availability from the TSP-amended soil clearly decreased over time, the sludge-
amended soils remained at the same level or increased slightly (figure 1a). However, the ranking 
of P availability for the different amendments remained the same throughout the experiment (av-
erage CDGT in µg l-1 is shown in brackets): TSP (186) > DWS (66)> DRS (42) > control soil with no 
P amendment (19). CDGT is the time average concentration of P at the interface of the DGT and 
the soil calculated according to [7]. No differences in CDGT on soils amended with the four labora-
tory-dried sludges (measured on days 7 and 197) were found (figure 1b). Average CDGT of these 
soils corresponded to 73 % of that of the soil amended with DRS.   

Total P Total N NH4-N

DM % pH

DWS Dewatered sludge from Randers 19 8.4 38 57 9.0 1.26 ± 0.01

DRS Dried sludge from Randers 95 7.3 39 47 3.4 2.00 ± 0.03

DWS 70 DWS dried in a laboratory oven at 70°C >99 6.9—         n.d.         —45 6.1 1.23 ± 0.04

DWS 130 DWS dried in a laboratory oven at 130°C >99 6.6—         n.d.         —45 4.6 1.14 ± 0.01

DWS 190 DWS dried in a laboratory oven at 190°C >99 5.8—         n.d.         —45 1.1 1.69 ± 0.01

DWS 250 DWS dried in a laboratory oven at 250°C >99 6.5—         n.d.         —45 1.2 0.93 ± 0.03

TSP Triple super phosphate 100 3.7 174 n.d. n.d. 62.66 ± 5.55

(g kg-1 DM) (% of total P)

WEP



TA Quality fertilizers from residues  Poster 

 

176 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

The immediate P availability, as indicated by CDGT one day after application of fertilisers, was 4 
times higher for TSP than for DWS. However, after 197 days, this difference had levelled out and 
P availability from the TSP supplied soil was only 1.5 times higher than for the DWS applied soil. 
The sharp initial decrease for the TSP amended soil is most likely due to adsorption to soil parti-
cles. The initial decrease for DWS is much smaller and can be a result of both adsorption of the 
most soluble P fractions as well as immobilisation since also organic matter was added with the 
sludge. For both sludges, the incubation experiment showed an increase in P availability over 
time, from 14 days to 197 days, potentially a result of mineralisation of organic matter associated 
P. 
 

 
Figure 1: Development in CDGT over time for TSP, DWS, DRS and CON (a) and CDGT on day 7 and day 197 for all treat 

ments (b) in the incubation experiment. Error bars show standard error of the mean (n=3).  

3.2 Pot experiment 

Applications of TSP, DWS and DRS increased dry matter yields, P concentrations and P uptake in 
spring barley after 6 weeks of growth compared to no application of fertiliser (CON) (see Figure 2). 
Significant effects of the treatment were found for P concentrations and P uptake (p<0.001), but 
not for dry matter yields (p=0.14). The apparent P use efficiency (PUE) (calculated as the differ-
ence in P uptake between the fertilised and the unfertilised plant, divided by the amount of P ap-
plied with the fertiliser) was 10, 6 and 3 % for TSP, DWS and DRS, respectively. 
The pot experiment confirmed the results found in the incubation experiment, and it furthermore 
emphasized that dried sludge has a poorer P fertiliser value than non-dried sludge. In line with the 
findings from the incubation experiment, TSP was superior to both sludges in its ability to support 
P uptake. However, whereas TSP had tripled CDGT compared to DWS at day 42, PUE after 42 
days of growth was only 1.7 times higher for TSP compared to DWS (Figure 1a).  
 

 
 
Figure 2: Dry matter yields (a), P concentrations (b) and P uptake (c) for 6 weeks old spring barley plants. Error bars show 

standard error of the mean (n=3). 
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3.3 Effects of thermal drying 

Thermal drying of the sludge reduced P availability from the sludge after application to soil. This 
was evident from all results from the incubation experiment which showed an average decrease of 
37 % for CDGT (five time points). Also the pot experiment indicated a decline in P availability due to 
drying as shown by lower dry matter yields, lower P concentrations and a 50% lower PUE. These 
findings are in line with a previous study which for a range of different sludges, found lower bicar-
bonate extractable P after soil application of dried sludge compared to non-dried sludge [3].In 
contrast, other studies have found increases in the most labile P fractions of sewage sludge or 
manures after drying  [4,5,6]. Such increases may be due to hydrolysis of microbial cells and re-
lease of microbial P due to the high temperatures [4]. This could also be the reason for the higher 
amount of water extractable P in DRS compared to DWS (Table 1). After application to soil this 
trend was no longer apparent, and instead we saw that P from DWS was more available than P 
from DRS. This indicates that other processes during drying are determining for the actual plant P 
availability. Such processes could be the formation of more stable calcium phosphates, e.g. apa-
tite, or iron phosphates during drying [4]. The sludge used in our experiment had a high content of 
Fe (58 g kg-1 DM) due to addition of Fe salts during the wastewater treatment. Thus, Fe phos-
phate compounds present in the sewage sludge may have been affected by the drying and have 
influenced the final P availability. In fact, a previous study observed that whereas high Fe contents 
did not influence P availability from “fresh” sewage sludge, P availability from dried sewage sludge 
was affected negatively by high Fe contents [3].  
 
The temperature during drying did not affect P availability from the sludge after addition to soil 
(Figure 1b). Differences in water extractable P between the sludge dried at different temperatures 
(see table 1), however, suggest that temperature does affect the inherent characteristics of the 
sludges. But since these were not apparent after addition to soil, we believe that changing drying 
temperatures between 70 and 250°C does not substantially affect sludge P availability.  
 
In general, we saw that the laboratory-dried sludges had lower P availabilities after addition to soil 
than the on-plant dried sludge (Figure 1b). Reasons for this could include different drying pro-
cesses and conditions. Whereas, the laboratory-dried sludges were dried at still conditions, on-
plant drying involved continuous movement during the drying resulting in very brittle sludge pel-
lets. This could have resulted in different physical properties of the sludges. However, we at-
tempted to diminish this by grinding the samples to the same particle size. More likely, the reason 
for the differences in P availability between the laboratory-dried sludges and the on-plant dried 
sludge could be ascribed to the different final water contents of the dried sludges. The laboratory-
dried sludges were dried to a DM-content >99%, whereas the on-plant dried sludge still contained 
around 5% of water. This lower drying intensity of the on-plant dried sludge may also have result-
ed in less precipitation of stable P and Fe phosphate compounds.  
 
Choice of sewage sludge treatment is a compromise. Important arguments for choosing drying as 
a final treatment option are sanitation, reduction in volume and the achievement of a more stable 
and easily manageable product. However, our results show that drying also reduces P availability 
from the sewage sludge. Furthermore, drying also implies a loss of nitrogen (see table 1) due to 
evaporation of ammonia. Thus, from a plant nutritional point of view drying of sewage sludge is 
not an optimal treatment option. 

4. Conclusion and outlook  

The results clearly demonstrated that thermal drying reduces the plant P availability from sewage 
sludge. This was obvious from both the incubation experiment and the pot experiment. No evi-
dence was found for the temperature during the drying process to have a major effect. Overall, our 
results suggest that thermal drying of sewage sludge is not a good treatment option if aiming at 
optimising plant P availability. 
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1. Objectives 

The objectives of the research were: 
 to recycle vegetable waste with sewage sludge, sawdust and wood ash by composting 
 to test and utilize compost as: (a)  bio-fertilizer; (b) low cost adsorbent substrate in removal of 

heavy metal (Cu2+)  from polluted water. 

2. Methodology 

The research consists of two steps: (1) obtaining of the composts, and (2) testing and optimiza-
tion  the composts as low-costs adsorbents to remove the toxic Cu2+ from polluted water. 
 Step 1: 4 types of composts (with different ratios between raw materials) were synthesized 

and characterized at laboratory scale. The composting process was monitored (15 weeks) 
by weekly investigating of several physical and chemical parameters: pH, electrical conduc-
tivity (EC), content on monocarbohydrates (%G), content on amino acids (%AA), and the 
C/N ratio. The compost maturity and stability was estimated using FTIR spectroscopy and 
germination tests, performed 7 days; 

 Step 2: The C3 compost was tested as adsorbents of Cu2+ from synthetic wastewater. 
Amounts of (0.5–3 g) BNR2 were added to 100 mL of Cu(NO3)2 0.1 N solution (Scharlau). 
The mixtures were stirred 1÷120min, at room temperature (20-230 C); then the substrates 
were removed by vacuum filtration. Both the initial solutions and the supernatants were ana-
lyzed by AAS (Analytik Jena, ZEEnit 700), at Cu = 324.75 nm to evaluate the initial (ci) and 
the equilibrium concentrations (ce) There was no physical or chemical treatment applied to 
the compost prior to adsorption.  

3. Results and discussion 

3.1 Synthesis and characterization compost as bio-fertiliser 
Four composts were prepared: C1: 100% vegetables; C2: 80% vegetables, 10% sawdust, 10% 
wood ash; C3: 70% vegetables, 20% sewage sludge, 10% sawdust; C4: 70% vegetables, 10% 
sewage sludge, 10% sawdust, 10% wood ash); the composts were obtained and characterized in 
the Laboratories of the Centre Renewable Energy Systems and Recycling from the Transilvania 
University of Brasov, Romania. The data presented in Table 1 for the composts at the end of the 
composting process (the values of pH, EC, C/N ratio), respectively in Figure 1 (germination index 
of the composts) are in agreement with the recommended conditions of stability and maturity for 
bio-fertilizers: pH: 6÷9; EC: 2,0÷3,5 mS/cm; C/N ratio: 20÷35; PSG>60%; GI>85%. The FTIR 
spectra confirmed the biodegradation of complex compounds such as proteins, poly carbohy-
drates, etc. into simpler, biological active compounds, like carboxylic acids, alcohols, phenols, 
amines and their salts, amides etc. proving the viability of the process based on wastes. 

Table 1: Characteristics of the compost samples 

Compost (Notation) pH EC mS/cm % AA % G C/N 

C1(B1) 8.43 2.10 0.14 0.099 20.45 

C2(BRC) 8.50 3.40 0.15 0.450 22.56 

C3(BNR2) 8.12 2.47 0.14 0.171 27.14 

C4(BNRC1) 7.29 2.31 0.3 0.117 31.78 

 
The germination test represents the most important parameter to evaluate the nutritional quality, 
toxicity and maturation degree of the compost. The germination indexes GI (for 7 days) combine 
relative seed germination and relative root growth for soil cultivated with Raphanus sativus and 
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Brassica oleracea, comparable with the control sample (GI = 100%). It is considered that a mature 
compost, without fitotoxines, has GI = 80-85% or PSG>60% (calculated with Eqs. 1 and 2). As 
shown in Figure 1 (A and B) all the compost samples had good GI for both radish and cabbage 
seeds, but the best results were obtained for compost C3 obtained from biomass, sewage sludge 
and sawdust which have enriched content in nutrients and biocatalysts enzymes. 
 

        % =                                              Eq.1 

  % =       �   ℎ       �   ℎ                                     Eq.2 

 
 

A B 
Figure 1:  Germination  test for the compost  samples: (A) Percent of seeds germinated (B) Germination index  

3.2 Adsorption studies 

The C3 compost was used for Cu2+ removal from wastewater. The adsorbent compost structure 
and morphology were investigated, before and after copper adsorption, by FTIR - Fourier trans-
form infrared spectroscopy, AFM - Atomic force microscopy and SEM - Scanning electron micros-
copy techniques. The heterogeneity of the adsorbent C3 determines a physical, multilayer, coop-
erative adsorption, on heterogeneous compost surface. 
The optimum parameters for the adsorption process: contact time and mass of substrate: solution 
volume ratio were experimentally optimised based on the process efficiency. The results were 20 
min for the equilibration duration and an optimal value of 1.5 g compost for 100mL pollutant solution. 
The experiments were run at the natural pH (5~6), when copper ions are hydrated [Cu(H2O)n=4-6 
]2+, supporting possible interactions with the partially dissociated –OH and –COOH reactive func-
tional groups on the C3 surface.  

Adsorption isotherms: In the previously optimized condition, adsorption studies at specific con-
centrations in the range of 0…300mg/L were done and the substrate adsorption capacity was 
evaluated by calculating the adsorption coefficient, q (mass of adsorbed pollutant/mass of com-
post, mg/g). Based on these data, the adsorption isotherms (q=f(ce)) were plotted in the linear 
form, according to the Langmuir and Freundlich models (eq. 3 and 4).. The results are given in 
Figure 2. 
The linear form of the Langmuir isotherm, is:  
 � = ��� +  ���                                                      Eq. 3 

 

where: ce is the equilibrium concentration (mg/L); qmax is the maximum adsorption coefficient 
(the maximum amount adsorbed per specified amount of adsorbent, mg/g); a is the equilibrium 
constant.  

The linear form of the Freundlich isotherm is: 

 lo� =  +                                                      Eq. 4 

k and n are the Freundlich equilibrium constant and exponent; 1/n giving an indication of ad-
sorption intensity. Generally, for a regular adsorption, 1/n < 1 indicates o favourable adsorption, 
while 1/n > 1 means an associative adsorption.  
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  A        B 

Figure 2:  The linearization of Langmuir (A) and Freundlich (B) models for BNR2 

The parameters of Langmuir and Freundlich models were calculated and reported in Table 2. 

Table 2: The related parameters of Langmuir and Freundlich models 

Compost 

  

Langmuir model 

 

Freundlich model 

 qmax 

mg/g 

a 

L/mg 

R² 

 

k 

mg/g 

1/n 

 

R² 

 

BNR2 42,73 0,0016 0,9207 0,0378 1,009 0,9757 

The experimental data are well fitted with both models, with better correlation coefficient when 
Freundlich liniarization is applied, indicating combined adsorption mechanism. Freundlich model is 
specific for both chemical and physical adsorption onto energetically heterogeneous surfaces with 
random distribution of the active sites as the compost surface is. The values of the Freundlich 
parameters (1/n>1) corresponds to a cooperative adsorption of the copper ions onto tested 
compost. Chemical adsorption via electrostatic interactions of the copper ions and the functional 
groups of the compost surface of are also possible, following the Langmuir model; the likely 
active sites for this adsorption type are on the anionic sites, resulted either due to carboxyl dis-
sociation of on the inorganic oxide, existing in traces in the sludge . 

Kinetic studies: As described in literature, the mechanism of adsorption depends on the physical 
and chemical characteristics of the adsorbents. Various kinetic models such as the pseudo-first-
order, pseudo second-order and interparticle diffusion have been applied to fit the experimental 
data to predict the adsorption kinetics. The kinetic parameters are presented in Table 3. 
The pseudo-first-order and pseudo-second-order kinetic models are applicable mostly for less porous 
surfaces, while the interparticle diffusion model give better results for surfaces with small porous.  

Table 3: The kinetic parameters for the adsorption of Cu2+ onto BNR2 

Compost 

 

Pseudo first order Pseudo second order Interparticle diffusion 

k1 

min-1 

qe 

mg/g 

R² 

 

k2 

g/mg 

min 

qe 

mg/g 

R² 

 

kid 

mg/g min-

½ 

C 

mg/g 

R² 

 

(3-120') 0,002 13,14 0,405 0,025 9,64 0,991 0,2656 13,623 0,222 

(3-20') 0,002 10,8 0,924 0,033 16,2 0,991 1,3843 8,76 0,903 

Pseudo second order kinetic model proved valid for the entire process duration, and corre-
sponds to a moderate concentration/number of active sites, comparable with the copper ions 
concentrations.  The other two tested models fit well the data only in a limited time interval indi-
cating that parallel/complex mechanisms are likely within this range, on the highly heterogene-
ous substrate. 
Changes in the surface morphology result as consequence of the copper adsorption onto the 
compost and are proved by the AFM and SEM images of the substrate before and after the 
adsorption. 
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The AFM analyses indicate large aggregates with different dimensions and an increase in the 
average roughness (see Figure.3.a and 3.b), certifying the adsorption process of Cu2+ only on 
specific sites on the compost surface.   
 

    

a                                                   b 

Figure 3: AFM images of the compost:  (a) before (Roughness = 42nm;) and (b) after adsorption (Roughness = 51nm;)  

    

a                                                      b 

Figure 4: Morphology of compost adsorbent BNR2 before (a) and after (b) adsorption of copper ions 

The changes in the compost morphology are outlined in the SEM images (Figure. 4.a and 4.b.) 
The bright spots after the adsorption can be attributed to the adsorption of Cu2+ on the compost 
surface, forming aggregates, in agreement with the AFM data. 

4. Conclusion and outlook 

Monitoring the composting process outlined interesting correlations between the chemical struc-
ture of different types of waste and their biodegradability. Through composting, organic matter 
undergoes partial mineralization and, to a varying degree, transformation into humus-like sub-
stances which can be used directly in agriculture as an organic bio-fertilizer. The results obtained 
evidenced that percentages of 10-20% of sewage sludge, wood ash and sawdust can be recycled 
together with vegetable waste for obtaining a good compost, which can be used as bio fertilizer or  
as low cost adsorbent of Cu2+ from polluted water. Considering the very good results obtained in 
the copper removal efficiencies of 98%, future research will be dedicated to the adsorption of oth-
er toxic metals on the compost substrates. It can be concluded that now, when the price of fertiliz-
ers is significant, also affecting the sanity of the land, the use of organic waste biodegraded by 
composting represents a low cost and interesting perspective, both for ecological soil fertilization 
and for removal of toxic metals from contaminated waters. 
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1. Objectives 

The objective of this work was to study the effects of a distillery organic waste compost with re-
spect to different traditional organic fertilisers on some physico-chemical, chemical and biological 
characteristics of a vineyard soil and on the grape yield and quality during a year period. 

2. Methodology 

The field experiment was carried out during the 2013 season in a 15 year old ‘Monastrell’ vineyard 
(Vitis vinifera L.) of about 1.1 ha, situated in Monovar (Alicante-Spain; 38o27’4’’N, 0o54’56’’W; 
elevation 392 m a.s.l.). The climate in this area is semi-arid continental Mediterranean with an 
average cumulative annual precipitation of 382 mm and a mean annual temperature of 16.2oC. 
The soil at the site was a calcareous sandy-loam classified as a Xeric Haplocalcids [1], with an 
alkaline nature and low salinity and organic C content. The main characteristics of the soil are 
shown in Table 1. 

Table 1: Characteristics of the soil used in the experiment 

Parameter* Value 

pH 8.28 

Electrical conductivity (dS m-1) 0.28 

Sand (%) 79 

Loam (%) 8 

Clay (%) 13 

Texture Sandy-loam 

Active CaCO3 (%) 11.8 

Oxidisable organic C (%) 0.33 

Organic N (mg kg-1) 572 

NH4
+-N (mg kg-1) 0.57 

NO3
--N (mg kg-1) 2.38 

Available P (mg kg-1) 11.7 

Available K (mg kg-1) 400 

*Values on a dry matter basis 
 
Four treatments, in a completely randomised design with three replicates per treatment, were set 
up in experimental plots (87 m2), each containing 20 vines planted with a row spacing of 3 m × 1.5 
m (row x vine) equivalent to 2300 vines ha−1. The treatments were: treatment without organic ferti-
liser (C); sheep/goat manure (SGM) (5.5 t ha-1); distillery organic waste compost (DC) (5.6 t ha-1) 
and sheep/goat manure compost (SGC) (17 t ha-1). The main characteristics of these organic 
materials are shown in Table 2. The amendment application rate was adjusted to supply 170 kg 
ha−1 of nitrogen. No additional inorganic fertilisation was applied throughout the experiment and 
only one irrigation was carried out during the growing season (140 days).  
pH, EC, Coox, Norg and soil respiration were measured throughout the experiment, after the  addi-
tion to the soil of the organic fertilisers. Also, grape yield and grape quality parameters were de-
termined. All the analytical determinations in the manure, compost, soil and grape samples were 
determined according to the methods described by Rubio et al. [2]. All analyses were made in 
triplicate. Confidence intervals at P<0.05 were calculated for all figures to compare the effect of 
the different treatments. The mean values of the grape yield and quality parameters were tested 
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for statistically significant differences using one-way analysis of variance (ANOVA), considering 
the type of treatment. Comparison of the means of these parameters was performed by the Tuk-
ey-b test at P < 0.05. Data analysis was carried out using the SPSS v. 22.0 statistical software 
packages. 

Table 2: Characteristics of the organic materials used in the experiment. 

Parameter* SGM DC SGC 

pH 7.37 7.96 7.67 

Electrical conductivity (dS m-1) 11.6 6.5 16.9 

Total organic C (%) 22.2 42.5 24.6 

Total N (%) 3.08 3.04 1.00 

Total organic C/Total N 7.2 13.9 24.6 

P (g kg-1) 2.08 1.84 2.04 

K (g kg-1) 48.1 71.4 61.7 

*Values on a dry matter basis 
 

3. Results and discussion 

3.1 Effect of the treatments on soil properties 
At the beginning of the experiment, the soil addition of the amendments produced a decrease of 
pH values in comparison to control soil (Fig. 1a). However, after this initial acidification, the pH 
increased to values close to those of the control soil only in the case of DC treatment. The addition 
of the SGM and SGC treatments reduced the soil pH values throughout the whole experimental 
period. This fact could improve the plant micronutrient assimilation, especially in the case of Fe, 
reducing the common iron chlorosis of plant of this area. Hannachi et al. [3] also observed that the 
soil addition of composted wastes from vegetal and animal sources mixed with manure significant-
ly decreased soil pH in cultivated dryland soils from southern Tunisia. These authors concluded 
that in alkaline soils, a pH lowering can be considered as an ameliorating process as it may help 
provide nutrients to plants.  
The evolution of EC in the control and treated soils is shown in Fig. 1b. The EC values of the soils 
with the C and DC treatments did not statistically differ during the whole period of experiment. 
However, the addition of SGM and SGC increased the salinity of the soil. This parameter dimin-
ished in SGM soil at the end of the experiment, reaching EC final values similar to those of the 
control soil. In the case of SGC treatment, the addition of this organic fertiliser increased the soil 
salinity, possibly due to its high application dose (17 t ha-1), as a consequence of its low nitrogen 
content (NT = 1%). This fact could restrict the use of this amendment. 
The addition of exogenous organic matter from the organic fertilisers significantly increased soil 
organic carbon content throughout the experimental period with respect to the control soil (Fig. 
1c). The initial values of this parameter were 0.33, 0.86, 1.09 and 1.70 % and the final values 
0.45, 0.88, 0.74 and 1.68 % for control, SGM, DC and SGC soils, respectively. This result was 
also obtained by Morlat and Chaussod [4] and Bustamante et al. [5] in long-term addition of differ-
ent organic amendments to calcareous vineyard soils.  
The incorporation of DC treatment into the vineyard soil did not induce notable effects in soil respi-
ration with respect to the control treatment probably due to the high degree of OM stability of this 
compost (Corg/NT < 20; Bernal et al. [6]) (Fig. 1d). This fact was also stated by Bustamante et al. 
[7] in a short-term experiment with several organic wastes added to soil after undergoing varying 
composting times, who reported highest soil respiration for the soils amended with the less stabi-
lised organic material. However, the addition of SGM and SGC increased the initial values of soil 
respiration with respect to the control soil. Finally, this parameter gradually decreased towards 
similar values in all the treatments. By the end of the incubation, there were no great differences in 
the respiration rates among treatments. 
The addition of the studied organic fertilisers produced an initial increase of the Norg concentration 
(Fig. 1e). In all the amended soils, an initial decrease in this parameter was observed, as a con-
sequence of the Norg mineralisation, followed by an increase. The increases of the Norg concentra-
tion in the amended soils could be due to immobilisation processes [8] or due to the nitrogen bio-
logical fixation, which has been observed by others authors in a soil amended with organic wastes 
[9]. Finally, this parameter gradually decreased towards similar values in C, SGM and DC treat-
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ments. Only the SGC soils increased significantly the Norg content of soil at the end of the experi-
ment.  
 

(a) (b) 

  
(c) (d) 

  
(e) 

 
 
Figure 1: Evolution of pH (a); electrical conductivity (EC) (b); oxidisable organic carbon content (Coox) (c); soil respiration 

(d) and organic nitrogen content (Norg) (e) in the control and amended soils during the experiment (C: control; 
SGM: sheep/goat manure; DC: distillery organic waste compost; SGC: sheep/goat manure compost). 

3.2 Effect of treatments on grape yield grape and quality 

The use of the studied organic amendments produced significant increases in the vine production 
in comparison to the control, especially in the case of SGC treatment (Table 3). However, other 
authors have reported an absence of any significant effect of organic fertilisers on grape yield [10, 
11]. This discordance in the obtained results could be due to the difference age of the vineyards. 
The above-mentioned authors carried out their experiments in vineyards of 30-year-old vines, 
which usually have very deep-reaching roots. As the organic fertilisers were incorporated into the 
top layer of the vineyard soil, more pronounced effects may be seen in the upcoming years, when 
the finer particles of the amendments will likely move down into deeper soil horizons as observed 
by Schmidt et al. [11]. However, our experimental vineyard consisted of 15-year-old vines with 
shallow roots. 
In this experiment, no significant differences were found in most of the quality parameters of grape 
between the different treatments (Table 3). These results were also observed by Mugnai et al. [12] 
and Schmidt et al. [11] in long-term application of green waste compost and biochar to vineyard 
soils, respectively. However, Morlat and Symoneaux [13] found a reduction of grape quality with 
long-term additions of organic amendments to calcareous sandy soil. This fact was presumably in 
connection with available nitrogen. In this experiment, the nitrogen supplied by the organic 
amendments did not affect negatively grape quality.  
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Table 3: Analysis of the effects generated by the addition of different organic materials on the grape yield and quality 

 

Treatment Production 

(kg/plant) 

Berry 
weight 

(g) 

pH Total 
acidity 

(g/L) 

º Be Total 

anthocyanins (mg/L) 

Extractable 

anthocyanins 

(mg/L) 

TPI 

 
C 0.67 a 1.36 a 3.50 a 5.01 a 12.20 a 407 a 333 a 16.53 a 

 
SGM 3.02 b 1.60 a 3.37 a 5.34 a 11.66 a 448 a 288 a 18.73 a 

 DC 3.60 b 1.50 a 3.44 a 4.82 a 12.63 a 880 c 317 a 17.30 a 

 
SGC 5.62 c 1.52 a 3.38 a 5.52 a 11.46 a 657 b 261 a 19.10 a 

 
F-ANOVA 38.29*** 0.99NS 0.86 NS 1.53 NS 1.55 NS 19.30** 0.60 NS 0.58NS 

C: control; SGM: sheep/goat manure; DC: distillery organic waste compost; SGC: sheep/goat manure compost; 
TPI: total polyphenol index. ∗∗∗, ∗∗ and NS: significant at P < 0.001, 0.01 and not significant, respectively.  

Values in columns followed by the same letter are not statistically different according to the Tukey’s b test at P < 
0.05.  

4. Conclusion and outlook 

From the data obtained it can be concluded that the use of the distillery organic waste compost 
improved soil quality and increased grape yield, obtaining similar results to those observed with 
the traditional organic fertilisers. However, no differences were found among the different treat-
ments respect to the grape quality. This fact indicates that the use of distillery waste organic com-
post as organic fertiliser can be a method to maximise the use of residual nutrients from the or-
ganic wastes generated in the distilleries associated to the winery industry. 
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1. Background and objectives 

For the compulsory farm nutrient balance calculation and fertilization planning, Swiss farmers 
need reliable standard values for livestock excretions of nitrogen (N), phosphorus (P) and other 
minerals. In principle, the excretions are derived from balance calculations of dietary nutrient in-
take minus nutrient retention in produced milk and body growth. The inputs and assumptions of 
these balance calculations should, as far as possible, reflect typical current standard practice on 
farms. These nutrient excretion standard values are also used to derive the composition of differ-
ent manure types by combining them with standard values on the amount of liquid (before the 
addition of water from washing etc.) and solid manure produced per animal place per year in dif-
ferent housing systems.  
For the new edition of the Swiss fertilization guidelines (SFG; to be published 2016; current ver-
sion: Agroscope 2009) a major review and revision of the standard values on excretion is planned 
for all major livestock categories. The general approach used to derive such standard values is 
shown here using dairy cows as an example. Dairy cows are contributing about 50% of the total 
livestock N and P excretion and production has changed considerably in the recent past. Although 
tentative results will be available at the conference, the focus of this contribution is on the ap-
proach used. 

2. Methodology 

The following elements were used to determine nutrient excretions from dairy cows: 
 Data on the components of the forage diet on Swiss dairy farms from a representative 

survey on livestock and manure management performed in 2010 (Kupper et al. 2015). 
From this, the share of major diet types and their relative importance were derived. 

 Expert assumptions on the proportion of the forages within each diet type. 
 New scientific results on the mineral content of forages used in the diet types. 
 Mean nutrient content of three types of compound feeds and of three mineral feeds de-

rived from the list of products found on the market in 2014.  
 Statistical data on milk yield and average animal weight of dairy cows with consensus ex-

pert assumption of what levels to use as base values. 
 Database values on the content of milk, animal (during first lactation) and placenta 

growth. 
 The official current feeding recommendations for dairy cows (chapter 6 of Swiss "Feeding 

recommendations for ruminants" (SFRR; Agroscope 2015) 
 A model based on the SFRR to estimate consumption, production and excretion of nutri-

ents for dairy cows on a weekly basis. 

2.1 Dairy cow diets 

In the representative survey from 2010 on livestock and manure management on Swiss farms 
(Kupper et al. 2015) information from 1678 dairy farms keeping 35.939 cows could be analyzed. 
The twelve-page questionnaire was designed in such a way that farmers should be able to fill it in 
in maximum one hour without any special data query. Regarding the dairy cow diets, this meant 
that they just had to mark which of the forages (grass, hay, grass silage, maize silage and whole 
plant maize pellets) they used during summer and winter feeding. The additional questions con-
cerning grazing and amount of compound fed were ignored in the present calculations. 
According to the forage used, the farms in the survey were allocated to seven winter and nine 
summer diets (Table 1), to study the importance of each. As it would not be reasonable to produce 
different standard values according to geographic zones (valley, hill and mountain), the deviation 
between the average of all farms and those from the valley and hill zone, where 60% of the cows 
are kept, was checked and not considered as important. Taking into account the diets with an 
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importance of at least 5%, it was decided what share each of the remaining three winter and six 
summer diets would have in the calculation of the weighted average of excretions. In the winter 
diet with hay, grass silage and maize, some sugar beet pulp silage was also considered, as this 
component is commonly used on many farms, but not during the whole winter feeding period. The 
value of 6% of total dry matter consumption is based on a calculation considering the amount of 
sugar beet pulp used in dairy production and the total (national) number of dairy cows receiving 
such a diet. 

Table 1: a) Importance of different winter and summer diets (percent of cows in the 2010 survey) for the whole sample 
and the valley and hill zone only. Share allocated to each diet in the calculation of the weighted average of excre-
tions for the standard values (SV). 
b) Expert assumptions about the proportion of components in the selected diets.  

a) Survey results 
 

  

b) Expert assumptions for forage proportions in 
selected diets 

winter feeding all valley/hill 
share for 

SV G H GS MS MP SBP 

H only 28.6% 27.0% 30%   100%         

H + MP 12.5% 13.4% 13%   85%     15%   

H + MS 1.0% 0.8%               

H + GS 7.5% 3.9%               

H + GS + MS 48.0% 53.3% 57%   20% 40% 34%   6% 

H + GS + MP 1.6% 0.7%               

H + GS + MS + MP 0.9% 0.9%               

                    

summer feeding 

G only 19.7% 14.3% 15% 100%           

G + H 23.7% 21.1% 25% 80% 20%         

G + MP 4.4% 4.7%               

G + MS 9.8% 10.9% 10% 80%     20%     

G + H + MP 12.3% 13.4% 15% 70% 15%     15%   

G + H + MS 29.2% 34.8% 30% 65% 15%   20%     

G + MS + MP 0.1% 0.1%               

G + H + MS + MP 0.7% 0.7%               

H + GS + MS na 5%   20% 40% 40%     
* H - hay; G - gras; GS - gras silage; MS - mais silage; MP - maize pellets; SBP - sugar beet pulp silage 

2.2 Nutrient and mineral contents in forage components 

Swiss grassland is mainly composed of mixed herbage and classified according to botanical com-
position, growth development stage and growth number (described in SFRR). The classes of bo-
tanical composition depend on the proportion of the functional groups grass, legumes and herbs 
and on the presence of ryegrass: grass rich (G, >70% grass; GR, >70% grass with more than half 
as ryegrass), equilibrated (E, 50-70% grass; ER, 50-70% grass with more than half as ryegrass), 
forage legume rich (L, >50% legumes) and forage herb rich (H, >50% herbs with thin leaves). The 
classes of growth development stage are the following: 1 (tillering), 2 (stem elongation), 3 (begin 
heading), 4 (full heading), 5 (end heading), 6 (flowering) and 7 (fructification) with reference to 
Dactylis glomerata or Lolium perenne. The growth number is distinguished between 1st seasonal 
growth (1st) and re-growths (+2nd). The growth development stages 1 to 3 are typical for intensive 
management, 4 and 5 for medium intensive, 6 and 7 for extensive. 
Based on an expert consensus the following botanical compositions and growth development 
stages were chosen for the nutrient balance calculations: 

 Gras (barn feeding and grazed): mean of ER and E, stage 2 during lactation, stage 3 for 
dry cows 

 Gras silage: mean of ER and E, stage 3 during lactation, stage 4 for dry cows 
 Hay: mean of ER and E, stage 4 during lactation, stage 5 for dry cows 

The reference values of energy (NEL, net energy for lactation) and protein (crude protein – CP; 
absorbable protein in the duodenum, based on energy – APDE or based on N available in the 
rumen – APDN) of forages given in the SFRR (chapter 13) were used. New values based on the 
investigations of Schlegel (not yet published) were used as basis for the mineral content of herb-
age. This study differentiates between the growth number. Based on expert experience, the rela-
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tive weight of the 1st growth was assumed as follows: growth development stage 2 23%, stage 3 
29%, stage 4 42%, stage 5 66%.  
Table 2 gives an overview of the nutrient contents of the forages used in the calculations.  

Table 2: Energy (net energy for lactation – NEL), protein (crude protein – CP; absorbable protein in the duodenum, based 
on energy – APDE or N available in the rumen – APDN) and mineral content per kg dry matter of the forage 
components used in the model calculations 

component 
growth  

develop. stage NEL CP APDE APDN P K Mg Ca 

MJ g g g g g g g 
grass 2 6.4 180 107 120 4.0 32 2.3 7.9 

grass 3 6.2 160 102 106.5 3.7 30 2.1 7.8 

grass silage 3 6.0 168 81 106 3.7 30 2.4 7.8 

grass silage 4 5.7 149 77 94 3.3 27 2.1 7.6 

hay 4 5.4 128 87 81 3.3 27 1.8 5.3 

hay 5 5.2 108 80 68 2.9 23 1.6 5.0 

   
 

      maize silage 
 

6.3 77 65 47 2.2 10 1.1 1.8 

maize pellets 
 

6.4 76 69 49 2.6 13 2.1 0.9 

2.3 Nutrient contents in compound feeds and mineral feeds 

The nutrient contents of concentrates and mineral supplements are the mean values derived from 
the list of products found on the market in 2014 (Table 3).  

Table 3: Energy (NEL, net energy for lactation), protein (crude protein – CP; absorbable protein in the duodenum, based 
on energy – APDE or N available in the rumen – APDN) and mineral content per kg fresh matter of the concentrates and 
mineral supplements used in the model calculations 

compound feed type NEL RP APDE APDN P K Mg Ca 

content per kg FM MJ g g g g g g g 

energy rich 7.4 115 85 80 5.0 6.0 2.5 8.5 

protein rich 6.9 400 230 300 7.0 14.0 3.5 11.0 

balanced 7.3 200 130 140 6.0 9.0 3.0 11.0 

Mineral feed type     P  Mg Ca 

content per kg FM     g  g g 

Ca rich     50  55 170 

P rich     110  65 80 

Mg rich     40  120 100 

2.4 Animal characteristics and other assumptions 

The average 305 day milk yield in the 2010 survey was exactly 7000 kg. The herdbook average of 
the main breeds ranged from 6736 kg (Swiss Fleckvieh) to 8523 kg (Holstein). It is clear that the 
standard values must be variable to account for farm specific milk yields. This was so far done 
with a correction factor (SFG, 2009): basal values for 6500 kg yield and 650 kg average adult live 
weight (lactation 2+); -10% per 1000 kg lower yield; +2% per 1000 kg higher yield. Whether it will 
again be done in a similar way or using a simple formula will be decided after the calculations. Milk 
yields from 5000 to 10,000 kg will be considered. A milk yield of 7500 kg and 650 kg average adult 
live weight will be assumed for the future basal values. This is higher than today's average, but 
takes into account the expected increase in milk yield up to 2020 (minimum period of validity of 
the new SFG). For cows in 1st lactation 93% of the adult weight will be assumed.  
As calving in early winter is most common today, the main scenarios will use November 1st as 
calving date. Other calving dates will also be calculated to check if this would significantly influ-
ence the results and if this would have to be considered in the weighted average. The change 
between winter and summer feeding is set at April 20 and November 15. 
Retained nutrient contents in milk and animal growth are the following: 
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 Per kg milk:  5.5 g N, 1.0 g P, 1.55 g K, 0.1 g Mg, 1.22 g Ca 

 Per kg growth during the first lactation:  25 g N, 6.7 g P, 1.6 g K, 0.4 g Mg, 12 g Ca  
 For fetus and maternal tissue, weeks 8 to 4 and 3 to 0 before calving, respectively: 

17.1/17.1 g N, 4.5/5.2 g P, 1.0/1.0 g K, 015/0.3 g Mg, 6.5/9.0 g Ca  
 

2.5 Model calculation – feeding and excretion 
The annual dairy cow feeding model (Münger, unpublished) is based on the official feeding rec-
ommendations for ruminants (SFRR; Agroscope 2015), chapter dairy cows. The SFRR are com-
parable with French and German recommendations. Based on the energy, protein and mineral 
requirements which depending on production and body mass, the model calculates feed and nu-
trient intake and the required amounts of compound feed and minerals on a weekly basis. This is 
done over a whole year, i.e. a lactation-gestation cycle including the dry period. Selectable user 
entries are possible for milk yield (per lactation) and average life weight of the cows, lactation 
number (first or higher), calving date, the composition of the basal/forage diet during winter and 
summer (type and share of forage components) and the dates for dietary changes (forage com-
position, compound feeds and mineral feeds). The choice of milk yield level determines a lactation 
curve which was derived from analysis of data from a large number of experimental animals. The 
selection and supplementation of compound feed and mineral feed is determined weekly by calcu-
lating the difference between the animal’s nutrient requirements and nutrients supplied by the 
basal diet (forage). Mobilization of body reserves is included in the model, decreasing over the first 
twelve weeks of the lactation for energy, six weeks for protein. Rebuilding of both is accounted for 
over the remaining lactation period, as an additional, linearly increasing requirement. For the opti-
mization the model can choose between energy and protein balancer concentrate or one of the 
balancers plus a balanced feed. The mineral requirements (P, Ca, Mg) not covered by the basal 
diet and supplements is supplemented with mineral concentrate (choice of two mixtures, rich in P 
or Ca).  The total annual consumption of each component of the diet as well as energy, protein 
and minerals can be summed up. The excretion is calculated as consumption minus retention in 
milk and animal growth. 
Compared to the version of the model used for previous excretion calculations, the current version 
was updated to fully reflect the current state of knowledge and current SFRR. One major update 
are the new recommendations on mineral requirements of dairy cows that were released in April 
2015. Especially for P, they will tend to reduce the excretion values. However, this is probably 
partly compensated by an increase of the P content in some herbages. 

3. Results  
The first preliminary results of the calculated excretions of dairy cows will be shown exclusively at 
the RAMIRAN conference.  
In general (not only for dairy cows), the excretion values for N, P, K, Mg, Ca plus the annual for-
age consumption of the main categories of cattle, pigs, poultry, horses and small ruminants 
(sheep, goats) will be compiled in one big table. For major influencing factors like the milk yield of 
dairy cows or the protein and P content of pig diets, footnotes will give instructions how excretions 
can be adapted. The main assumptions used for the calculation of the excretion values (definition 
of category, productivity etc. will be documented in additional footnotes or in a special annex.  

4. Conclusions and outlook 
The level of detail of the approach used to calculate the new standard values for the nutrient ex-
cretions of dairy cows might look a bit too elaborated. However, as the values are quite important 
for policy implementation (compulsory N and P balance) they have to be reliable and robust. It 
must also be mentioned that the same level of detail will not be possible and necessary for all 
livestock categories. The use for policy implementation is also responsible for the fact that this 
information is still provided in the form of standard values rather than as a flexible calculation soft-
ware. 
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1. Objectives 

In England, Wales and Northern Ireland, advice for farmers on the typical nutrient contents of 
livestock manures is published in the 8th edition of Defra’s “Fertiliser Manual (RB20λ)” [1]. The 
underlying data for supporting the nutrient content figures were mainly derived from samples of 
stored slurry, solid manures and dirty water (from cattle, pig, poultry and sheep units) collected 
between April 2000 and December 2002, which were analysed for a range of chemical proper-
ties including dry matter (DM), total nitrogen (N), phosphorus (P), potassium (K), sulphur (S), 
magnesium (Mg), ammonium-N, nitrate-N and uric acid N (poultry manures only). However, 
these data on livestock manure composition may now be out of date due to changes to pig and 
poultry genotypes, diets, and housing and manure management systems which have occurred 
since the original data were collected. 

The aim of this study was to ensure that advisory data on the ‘typical’ N, P, K, S and Mg con-
centrations of pig and poultry manures are up-to-date and representative of current farm prac-
tice, so that the published guidance continues to provide accurate and relevant nutrient man-
agement advice for farmers and growers. 

2. Methodology 

A targeted sampling scheme was undertaken to provide updated information on the nutrient 
concentrations of pig and poultry manures. Samples of pig slurry and farmyard manure (FYM), 
layer manure, broiler litter, turkey litter and duck FYM were collected throughout England and 
Wales during 2014 (112 samples in total). The sample distribution broadly reflected the overall 
contribution of each manure type to nutrient inputs to agricultural land in England and Wales, 
with the sampling programme targeted in areas where pig and poultry production is most com-
mon. Samples were collected using well established methodologies to ensure that representa-
tive samples of the manures were collected and additional information about each sample was 
recorded (e.g. type and age of livestock, diet, storage method, length of storage, etc.) to aid with 
the interpretation of the data. All samples were analysed for DM, total N, ammonium-N, nitrate-
N, uric acid-N (poultry manures only), and total P, K, Mg and S, using standard methods. 

These data were combined with supplementary data collected during the course of other recent 
research projects (181 samples) to provide a comprehensive and up to date manure analysis 
database for pig and poultry manures. Where possible, the data were analysed using two-
sample t-tests to determine whether there were significant differences between the nutrient 
contents of the current data and the old (2000-2002) database for each manure type. This al-
lowed us to determine whether the results from the sampling programme would justify an up-
date of the ‘typical’ manure nutrient contents used in the guidance documentation.  

3. Results and discussion 

3.1 Pig manure 

For pig slurry, the concentrations of all nutrients were significantly related to the slurry DM con-
tent (e.g. Figure 1), although there was a weaker relationship between DM and K concentra-
tions because most K is dissolved in the liquid fraction of the slurry. Revised nutrient values for 
pig slurry were derived based on the ‘best fit’ relationships between DM and nutrient concentra-
tions (Table 1 and 2). 

Compared with current guidance, pig slurry total N and readily available N (RAN i.e. NO3-N and 
NH4-N) concentrations have increased by a small amount (from 3.6 to 4.1 kg/t total N and from 
2.5 to 2.7 kg/t RAN for a 4% DM slurry), whilst phosphate concentrations have decreased (from 
1.8 to 1.6 kg/t for a 4% DM slurry) reflecting the widespread use of dietary phytase (currently 
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used in over 70% of pig diets [2]). Concentrations of the other nutrients in pig slurry were very 
similar to current guidance values (Tables 1 and 2). 

 
Figure 1:  Relationship between dry matter and total N concentrations for pig slurry 
 

Table 1: Current [1] and suggested revised total and readily available N (RAN) contents for pig slurry. 

Dry matter (%) Total N (kg/m3 FW) RAN (kg/m3 FW) 

Current Revised Current Revised 

2 3.0 3.0 2.2 2.2 

4 3.6 4.1 2.5 2.7 

6 4.4 4.7 2.8 2.9 

8 - 5.1 - 3.1 

FW: fresh weight 

Table 2: Current [1] and suggested revised nutrient contents for pig slurry. 

Dry matter 

(%) 

P2O5  (kg/m3 FW) K2O (kg/m3 FW) SO3 (kg/m3 FW) MgO (kg/m3 FW) 

Current Revised Current Revised Current Revised Current Revised 

2 1.0 0.6 2.0 2.1 0.7 0.5 0.4 0.3 

4 1.8 1.6 2.4 2.5 1.0 0.9 0.7 0.6 

6 2.6 2.5 2.8 2.8 1.2 1.3 1.0 0.9 

8 - 3.5 - 3.1 - 1.7 - 1.3 

FW: fresh weight 

 

There were no changes to the DM content or nutrient concentrations of pig FYM (P>0.05) de-
spite recent reductions in dietary crude protein contents and the increased use of dietary 
phytase, which might have been expected to lead to reduced N and P excretion. 

3.2 Poultry manures 

The mean dry matter content of layer manure increased from 35 to 48%. British poultry farmers 
invested heavily to ensure they were compliant with the EU Laying Hens Directive (1999/74/EC) 
that came into force in 2012. This banned the use of barren battery cages and introduced the 
enriched or colony cage which is designed to hold up to 90 birds and give the hens more free-
dom. As a result, there has been a reduction in the numbers of older deep-pit housing systems 
(i.e. where manure is collected over a period of months in a pit below the house) to newer 
houses with belt removal systems (i.e. where manure is collected on moving belts below the 
cages and removed daily), many of which dry the manure and remove it from the house at regu-
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lar (often daily) intervals. Manure from belt systems is drier than that from the old deep pit hous-
es, thus ammonia emissions during storage are likely to be lower which in turn would be ex-
pected to increase the total N content of the manure. More laying hens are also reared on deep 
litter systems (with or without forced drying of the manure) or in an aviary system with an out-
side range or scratching area. 

For both layer manures and broiler/turkey litter a greater proportion of the RAN was present in 
the form of uric acid-N which may decrease ammonia losses during housing and manure stor-
age, and following land spreading of manure. The increased uric-acid N content and reduced 
ammonia losses are also likely to affect manure N use efficiency. 

The P concentration of broiler/turkey litter has significantly decreased following the introduction 
of dietary phytase; however, K and Mg concentrations have significantly increased. Potash con-
centrations may have increased (from 18 to 21 kg/t) because of the use of higher protein feeds 
to meet the requirements for higher amino acid specifications which are needed for modern 
poultry genotypes. This leads to more soya being used in feed than previously, with many com-
panies reducing or excluding fishmeal from their formulations in response to customer needs. 
Soya is high in K so both of these changes will have tended to increase K concentrations in the 
feed and hence in the excreta. It is not clear why Mg concentrations have also increased (from 
4.4 to 5.8 kg/t) as Mg is not routinely added to poultry diets, although it may be related to 
changes in feed digestibility. 

When the data on layer manure and broiler/turkey litter were combined it was clear that nutrient 
contents were related to manure DM content, as has been previously reported [3]. There were 
strong and highly significant (r2= 0.58); p<0.001) linear relationships between poultry manure 
DM contents and the total N (Figure 2a), P, K, S and Mg contents, with no distinction between 
the relationships for layer manure and broiler litter. The relationship between poultry manure 
DM and RAN concentration was weaker (r2= 0.14; p<0.01), although when RAN was expressed 
as a percentage of the total N content, there was a significant (r2= 0.28; p<0.001) inverse rela-
tionship with DM content (Figure 2b).  

 

a) 

 

b) 

 

Figure 2:  Relationships between dry matter and a) total N and b) RAN concentrations for poultry manures 
 

Table 3: Current [1] and suggested revised total and readily available N (RAN) contents for poultry manures. 

Dry matter (%) Total N (kg/t FW) RAN (kg/t FW) 

Current Revised Current Revised 

20 - 9.4 - 4.5 

35 (layer)1 19 - 9.5 - 

40 - 19 - 7.8 

60 (broiler)2 30 28 10.5 9.4 

80 - 37 - 9.8 
  1Currently a typical dry matter content of 35% for layer manure is given [1] 
  2Currently a typical dry matter content of 60% for broiler litter is given [1] 
  FW: fresh weight 
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Table 4: Current [1] and suggested revised nutrient contents for poultry manures. 

Dry matter 

(%) 

P2O5  (kg/t FW) K2O (kg/t FW) SO3 (kg/t FW) MgO (kg/t FW) 

Current Revised Current Revised Current Revised Current Revised 

20 - 8.0 - 8.5 - 3.0 - 2.7 

35 (layer)1 14 - 9.5 - 4.0 - 2.6 - 

40 - 12 - 15 - 5.6 - 4.3 

60 (broiler)2 25 17 18 21 8.0 8.2 4.4 5.9 

80 - 21 - 27 - 11 - 7.5 
1Currently a typical dry matter content of 35% for layer manure is given [1] 
2Currently a typical dry matter content of 60% for broiler litter is given [1] 
FW: fresh weight 
 
These findings suggest that standard figures for poultry manure (layer manure, and broiler and 
turkey litter) could be combined and given for a typical range of dry matter contents as is cur-
rently the case for slurries. Suggested values are presented in Tables 3 and 4. 

4. Conclusion and outlook 

The likely financial, agronomic and environmental impacts of revising ‘typical’ nutrient values 
depends on the magnitude of the change to the mean nutrient contents of pig and poultry ma-
nures in relation to current typical values in the published guidance. Data from this study have 
indicated that there have been some changes to the mean ‘typical’ manure dry matter and nu-
trient concentrations. Most notably, for poultry manures the phosphate concentration has de-
creased whilst the K and Mg concentrations have increased; there have also been some in-
creases in the total N concentration of pig slurry The nutrient concentrations in pig FYM were 
not significantly different from the previously published guidance values. 

Typical manure nutrient contents are used to calculate manure nutrient supply and adjust manu-
factured fertiliser applications to meet crop demand. The manure analysis data are also used by 
farmers and regulators to show compliance with Nitrate Vulnerable Zone (NVZ) Action Plan 
requirements. Accurate information on manure nutrient content is essential to maximise nutrient 
use efficiency, farm profitability (through avoiding unnecessary fertiliser applications or reduc-
tions in crop yield and quality) and minimise the risks of nutrient losses to air (i.e. ammonia and 
nitrous oxide) and water (i.e. nitrate-N, ammonium-N and phosphorus). Under-estimating the 
nutrient content of livestock manures could lead to nutrient applications in excess of crop de-
mand, increasing the risk to crop yields and quality including lodging in cereals, elevated amino-
N concentrations in sugar beet, high grain N content of barley, excessive ammonia concentra-
tions in grass silage and reduced tuber numbers in potato crops. Excessive nutrient applications 
will increase the risks of ammonia and nitrous oxide emissions to air and nitrate-N, ammonium-
N and P losses to water. Over-estimating manure nutrient contents may result in nutrient appli-
cations that are insufficient to achieve optimum yields reducing farm incomes and food produc-
tion.  

Further work is now required to quantify the effect of elevated uric-acid N content of poultry 
manures on manure N use efficiency and on ammonia emissions during housing and manure 
storage and following application to land. The information will be important to meet the require-
ments of future revisions of the NVZ Action programme and to support national policy to meet 
the requirements of the National Emissions Ceilings Directive. 
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1. Objectives 

Effect of organic residues application on P availability in soils depends on soil properties [1]. 
Phosphorus availability in the soils of Reunion (a French tropical island in the Indian Ocean) has 
been poorly studied [2]. The objectives are: 
 To determine P availability in a wide range of soils of Reunion supplied or not with various 

mineral and organic fertilizers 
 To evaluate the relevance of 3 soil P tests to distinguish P availability as a function of soil types 

and fertilization management 

2. Methodology 

Organic, mineral or no fertilization were applied on 5 field trials, encompassing the main soils 
types (i.e. hydric andosol, chromic andosol, andic cambisol, nitisol and arenosol), and cropping 
systems (fodder, sugar cane, market garden crops) of Reunion. Then, each soil type had different 
fertilization managements and have received different amount of P. 
Phosphorus availability was measured in fifty soil samples collected in these trials with three ex-
traction methods (table 1): 
 CaCl2 (0.001M) extraction that mimics soil solution, 
 Olsen extraction [3] that targets the moderately available P pool. Olsen method is a soil P test  
 widely used to assess P availability. 
 Olsen-Dabin extraction [4] that targets the weakly available P pool. Olsen-Dabin method is the 
 soil P test used in Reunion Island to assess P availability. 
 
The molybdate reactive P concentration in the extracts was determined by colorimetry, using the 
malachite green method [5] for CaCl2 and Olsen extracts and the molybdate blue method [6] for 
the Olsen-Dabin extracts. Malachite green method was not used for Olsen-Dabin extracts be-
cause of the interference of reactive fluoride with the coloration. We considered the molybdate 
reactive P as the inorganic P (Pi), even if a small part of the organic P can react with the molyb-
date [7]. 

Table 1: Methods used 

Extraction method Chemical extractant Extraction time S:L Colorimetric method 

   g.mL
-1  

CaCl2 0.001M CaCl2 24h 1:10 Malachite green 

Olsen 0.5M NaHCO3 at pH 8.5 30min 1:20 Malachite green 

Olsen-Dabin 0.5M NaHCO3 + 0.5N NH4F 
at pH 8.5 1h 1:35 Molybdate blue 

S:L ratio soil:liquid 

3. Results and discussion 

3.1 Correlation between soil P tests changes with soil types 

The three soil P tests yielded to very different concentrations of Pi extracted: in average 3.25 ± 
1.55 mg.kg-1, 52.87 ± 20.84 mg.kg-1 and 307.98 ± 92.50 mg.kg-1 for CaCl2, Olsen and Olsen-
Dabin methods respectively (table 2). This was expected, since CaCl2 is the least aggressive ex-
tractant, with a Pi concentration supposed to be close to the concentration of the soil solution. 
Olsen-Dabin method yielded to a larger concentration of Pi extracted than Olsen method. The 
fluoride ions contained in the Olsen-Dabin extractant can explain this higher concentration, be-
cause they release more P, especially from Al-PO4, than NaHCO3 alone. The longer extraction 
time for Olsen-Dabin method can moreover explain this difference. The very large concentration of 
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Pi extracted with Olsen-Dabin method (up to 1268.22 mg.kg-1 in a sample of andic cambisol) show 
that this method extracts a high part of P strongly sorbed onto the soil. 
Concentrations of Pi extracted changes with soil type, but the order of soil types according to their 
concentration of Pi extracted is different between the three methods (table 2): with CaCl2, the con-
centration of Pi was the highest in the arenosol (mean: 8.76 ± 2.23 mg.kg-1) and the lowest in the 
chromic andosol (mean: 0.56 ± 0.21 mg.kg-1

). For seven samples, the P CaCl2 was below the 
quantification limit (0.019 mg.kg-1). With the Olsen and Olsen-Dabin methods, the highest Pi con-
centrations were obtained for the andic cambisol, but with Olsen the lowest Pi concentration were 
obtained for the chromic andosol; while it was obtained for the nitisol with the Olsen-Dabin meth-
od.  

Table2: Average concentration of Pi extracted with the 3 methods in each soil type 

Soil type P CaCl2 P Olsen P Olsen-Dabin 

  mg.kg-1 

Andic cambisol 4.49 ± 1.27 133.05 ± 19.18 648.69 ± 78.76 

Hydric andosol 1.73 ± 0.36 30.17 ± 2.49 322.21 ± 25.78 

Chromic andosol *0.56 ± 0.21 13.43 ± 1.23 263.38 ± 18.85 

Arenosol 8.76 ± 2.23 47.08 ± 5.08 201.25 ± 21.39 

Nitisol 0.72 ± 0.08 40.61 ± 1.34 104.36 ± 7.14 

All soils 3.25  ± 1.55 52.87  ± 20.84 307.98 ± 92.50 

P CaCl2, P Olsen, P Olsen-Dabin: concentration of Pi extracted with CaCl2, Olsen and Olsen-Dabin methods 

*For the calculation of the mean, some concentrations were below the quantification limit 

 

P CaCl2 correlation with P Olsen or P Olsen-Dabin changes with soil type: P CaCl2 is poorly 
correlated with P Olsen or P Olsen-Dabin for all soils together, with global coefficients of determi-
nation (R²) equal to 0.27 and 0.16, respectively. However, the correlations between P CaCl2 and P 
Olsen or P Olsen-Dabin according to the soil type are high for two soils: the arenosol and andic 
cambisol (R² from 0.75 to 0.87). In these two soils, the relationship between P CaCl2 and P Olsen 
or P Olsen-Dabin is flat until a threshold and then P CaCl2 increases linearly with P Olsen or P 
Olsen-Dabin. This sudden change of slope can be explained by the saturation of soil P sites. For 
the three others soils, the correlation between P CaCl2 and P Olsen or P Olsen-Dabin are low (R² 
from 0.08 to 0.58) and P CaCl2 remains stable with augmentation of P Olsen or P Olsen Dabin.  

 
Figure 1: Linear regressions between P Olsen-Dabin and P Olsen for each soil type. Lines represent the linear regressions, 
their equations and coefficients of determination (R2) are given in the legend. Dotted line: line 1:1. 
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P Olsen-Dabin and P Olsen relationship changes with soil types: P Olsen and P Olsen-Dabin 
are positively correlated for all soils together, with a coefficient of determination (R²) equal to 0.79. 
This is logical since both extractants have a close composition. Linear regressions between P 
Olsen-Dabin and P Olsen according to the soil type have acceptable coefficients of determination 
(R2 from 0.75 to 0.94) except for the chromic andosol (R2: 0.47) (figure 1). The slopes of regres-
sion lines are close on the one hand for the andic cambisol, the arenosol and the nitisol (average 
slope: 4.22 ±.0.21). On the other hand, the slopes are close and higher for the two andosols (av-
erage slope: 9.75 ± 0.76). These results show that the use of Olsen-Dabin instead of Olsen meth-
od increased more the concentration of Pi extracted in the andosols than in the other soils, that’s 
why the order of soil types are different with the two methods. As fluoride contained in Olsen-
Dabin extractant released preferentially P from Al-PO4, the andosols have probably a high part of 
P sorbed to Al. This pool of P, which is not extracted with the Olsen method, is poorly available. 

3.2 Relevance of soil P tests to distinguish samples according to the soil type and the ferti-
lization management 
CaCl2 extraction shows an interaction between soil type and fertilization management: For 
high amount of P applied, fertilization affected P CaCl2 in the arenosol, the andic cambisol, and at 
a lower rate in the hydric andosol. In the arenosol, the P CaCl2 in the sample that received an 
organic fertilization at a high rate was 12 times higher than in the control without fertilization (30.70 
mg.kg-1 and 2.42 mg.kg-1 respectively). In contrast, fertilization did not affect the P CaCl2 in the 
chromic andosol and in the nitisol (figure 2a). The nitisol samples have just been amended for one 
year, that’s why no difference with fertilization was expected. All other soil samples have been 
amended for 10 years. Even with the organic fertilization at the highest rate, which represented a 
supply of 220 kgP.ha-1.year-1, andosols show a small P CaCl2. This highlights the high P sorption 
capacity of the andosols [2]. P CaCl2, is indeed an intensity parameter supposed to increase when 
P sorption sites of the soil are saturated, that’s why there is a high interaction between soil type 
and fertilization management. 
 

 
 

 
Figure 2: Concentration of Pi extracted with CaCl2 (a), Olsen (b) and Olsen-Dabin (c) methods in the 5 soil types.  
 For each soil type, 3 modalities of fertilization are shown, that represent increasing amount of P applied: for all 

soil types, control with no fertilization (No fert). For the andic cambisol: NPK fertilization (Mineral) and composted 
pig manure at high rate (CLP). For the 2 andosols and the arenosol: NPK fertilization (Mineral) and cow manure 
at high rate (CFB). For the Nitisol, sewage sludge at low rate (SS low) and sewage sludge at high rate (SS high). 
Dotted line: mean for all soils. 
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P CaCl2 seems to differ between soil types (table 2), but these variations are probably due to this 
interaction between soil and fertilization management. CaCl2 extraction is a soil P test used to 
approximate the concentration in the soil solution, but amount of P extracted with this method is 
often poorly correlated with P available to plant [8]. 
 

Olsen extraction shows effects of soil type and fertilization management: Fertilization man-
agement affected P Olsen particularly in the andic cambisol, and at a lower rate in the arenosol 
and the hydric andosol (figure 2b). Soil type and fertilization had effects on P Olsen. Olsen extrac-
tion is a soil P test frequently used to assess P phytoavailability, but its relevance varies with soil 
types. In tropical soils, a previous study showed that the correlation between P Olsen and P up-
take by plant varied from 50% to 100% according to the soils [9]. 
 
Olsen-Dabin extraction shows an effect of fertilization management whatever the soil type: 
Fertilization management affected P Olsen-Dabin particularly in the andic cambisol, and at a lower 
rate in the arenosol and the two andosols (figure 2c). Andosol samples show in average higher P 
Olsen-Dabin than arenosol samples (table 2) for the same fertilization managements. Since an-
dosols have a higher sorption capacity than arenosols, results show that Olsen-Dabin method 
extracted a high part of P from a weakly available P pool. That’s why P Olsen-Dabin could proba-
bly not reflect the P phytoavailable in all soil types, especially in andosols. Morel et al. (1987) 
showed that the Olsen-Dabin method extracted a high amount of P that was not available for plant 
in some tropical soils [9]. 

4. Conclusion and outlook 

Olsen-Dabin extraction, which is the traditionally soil P test used in Reunion to fit P fertilization to 
crop requirements, extracted large concentrations of Pi, with a high part weekly available. CaCl2 
method extracted small concentrations of Pi, and is affected by the interaction between soil type 
and fertilization management. Andosols showed small amount of Pi extracted with CaCl2 even in 
samples that received an organic amendment at a high rate for 10 years. Then, CaCl2 extraction 
is not usable for the most representative soil of Reunion, i.e. andosols. Olsen extraction varied 
with both soil type and fertilization management. The Olsen method could then be used to discrim-
inate the respective contribution of soil types and organic fertilization on P availability in tropical 
soils of Reunion. The next steps of our study are to test one other method: the DGT (diffusive 
gradient in thin films) technique, that fits well with P phytoavailable in some tropical soils [8], and 
then to compare the P available assessed with each method and the P concentration in plants. 

References 

[1] Shafqat, M.N.; Pierzynsky, G.M. (2013): The effect of various sources and dose of phosphorus on residual soil test 
phosphorus in different soils, Catena 105, 21-28 

[2] Truong, B.; Bertrand, R.; Burdin, S.; Pichot, J. (1974): Contribution to the study of phosphorus in the soils derived 
from volcanic rocks in Reunion Island (Mascareignes). Effect of calcium carbonate and siliacte, L’agronomie tropi-
cale 29, 663-674 

[3] Olsen, S.R.; Cole, C.V.; Wanatabe, F.S.; Dean, L.A. (1954): Estimation of available phosphorus in soils by extrac-
tion with sodium bicarbonate. US Dep of Agric Circ No. 939 

[4] Dabin, B. (1967): Sur une méthode d'analyse du phosphore dans les sols tropicaux. Colloque sur la fertilité des 
sols tropicaux. Tananarive (Madagascar), Nov. 1967, p.99-115. I.R.A.T. 

[5] Ohno, T.; Zibilske, L.M. (1991). Determination of low concentrations of phosphorus in soil extracts using malachite 
green, Soil Science Society of American Journal 55,892-895 

[6] NF ISO 11263 (1995) - Soil quality. Determination of phosphorus. Spectrometric determination of phosphorus in 
sodium hydrogen carbonate solution 

[7] Van Moorleghem, C.; Six, L.; Degryse, F.; Smolders, E.; Merckx, R. (2011): Effect of organic P forms and P present 
in inorganic colloids on the determination of dissolved P in environmental samples by the diffusive gradient in thin 
films technique, ion chromatography, and colorimetry, Analytical Chemistry 83, 5317–5323 

[8]  Six, L.; Pypers, P.; Degryse, F.; Smolders, E.; Merckx, R. (2012): The performance of DGT versus conventional soil 
phosphorus tests in tropical soils - An isotope dilution study, Plant and Soil 359, 267–279 

[9] Morel, C.; Fardeau, J.C. (1987): Available phosphorus in intertropical soils: its relation with phosphorus determined 
by two chemical extraction methods, L’Agronomie Tropicale 42, 248-257    



Poster  TA Quality fertilizers from residues 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

199 

 

 

TA-P_14 Utilization of precipitated phosphorous in plant 
production  

Riihimäki, M.-A.; Pölönen, I.1; Wiirilä, S.2; Salminen, T.2 
 

1 Häme University of Applied Sciences, Visamäentie 35 B, 13100 Hämeenlinna, Finland 
2 Saloy Ltd., Sopulitie 2 B00800 Helsinki, Finland.   

mona-anitta,riihimaki@hamk.fi 

1. Objectives 

The aim was to find out whether plants can utilise phosphorus from the sludge collected from agri-
cultural drainage water. The water treatment method developed by Saloy Ltd uses iron sulphate to 
bind organic matter and phosphorus from drainage water in an emission catcher.  A vertical sepa-
ration pipeline connected to the sediment pond reduces the amount of suspended solids in the 
water. The pipeline also operates as a sediment pond for the sludge precipitated by the emission 
catcher.  

2. Methodology 

Sludge from two sources (Pien-Saimaa and Sauvo) were tested at Häme University of Applied 
Sciences (HAMK) during summer 2014 in a growth tunnel. The experimental species was a barley 
variety ‘Barke’. Sand used as a substrate in the golf courses was used as reference. There was a 
total number of six treatments (table 1). The fertilizer used was Kekkilä Garden’s Puutarhan yleis-
lannoite.  

Table 1: Volumes of sludge and sand in the six treatments are presented in the table. Also addition of fertilizer is stated. 
Calcium was added to all treatments. Numbering of the treatments is used later in figures. 

Treatment Sludge Sand Fertilizer Calcium 

 
Sauvo 

20% 

Pien-Saimaa 

20% 
80% 100% 0,5 o/oo 3 kg/m3 

1 x  x  x x 

2  x x  x x 

3 x  x   x 

4  x x   x 

5    x x x 

6    x  x 

 
Barley was sown into 10 litre pots filled with mixed substrate. The pots were placed into a growth 
tunnel at the HAMK nursery. The experiment was covered in order to control the amount of water, 
but the sides of the tunnel were kept open. There were six replications, experimental design was a 
Latin square with protection rows that were not measured. 
 
The pots were watered once or twice a week, depending on the weather. An excess of watering 
was done three times during the summer in order to cause enough drainage for nutrient analyses. 
The nutrient content of the substrate was analysed also from the substrate in the beginning and at 
the end of the experiment. The total plant biomass and the yield was measured at the end of the 
experiment. 

3. Results and discussion 

3.1 Phosphorous 

The results show a huge difference between the two tested sludge, Pien-Saimaa and Sauvo. The 
phosphorous content from the drainage of the treatments with Pien-Saimaa sludge decreased 
most during the summer (treatments 2 and 4 in Figure 1). Phosphorus is known to bind to iron. 
The biggest iron contents were observed in the drainage analyses of Pien-Saimaa sludge. It 
seems that Pien-Saimaa sludge as such easily releases nutrients. There were no observations of 
an increase in pH during the summer. When slowly soluble fertilizer is added  the phosphorous 
content actually increases during the summer in the reference treatments 6 with sand and fertilizer 
(Figure 1).  
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Figure 1: Change in the phosphorous contents of the treatments. For codes on x-axis, see table 1. 

3.2 Plant growth 

Barley was observed to grow without symptoms of over dosing or low nutrient content.  The fresh 
weight of straws in different treatments is presented in figure 2. The highest weight of the straw 
was measured in the Pien-Saimaa treatment number 2 with added commercial fertilizer. There 
was no significant difference between Pien-Saimaa treatment number 2 and the control treatment 
number 5 with commercial fertilizer (df=5, F=1,2, p=ns). Both treatments that contained sludge 
from Sauvo resulted in lower straw fresh weight than the control (Treatment 1: df=5, F=38,1, 
p=0,02. Treatment 3: df=5, F=53,7, p=0,001). 
 
 
 

 
Figure 2: Fresh weight of the straw biomassa of the treatments. For codes on x-axis, see table 1. 

 
The total yield was measured by counting the grains and weighing the total mass. There was 
great variation in the grain weight (figure 3), but again the overall trend showed the highest yield 
for Pien-Saimaa treatment number 2 and fertilized controls. However, the only significant differ-
ence was between unfertilized sludge (treatments number 1 and 2) and fertilized control treatment 
5): (1 vs.5: df=5, F=48,7, p=0,01. 2 vs.5: df=5, F=27,0, p=0,003). 
 

-60

-50

-40

-30

-20

-10

0

10

20

1 2 3 4 5 6

C
h

a
n

g
e

  %
 

0

10

20

30

40

50

60

1 2 3 4 5 6

F
re

sh
 w

e
ig

h
t 

(g
) 



Poster  TA Quality fertilizers from residues 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

201 

 

 

 
Figure 3: Average weight of barley grains in different sludge treatments. For codes on x-axis, see table 1. 

4. Conclusion and outlook 

The results show that the method used by Saloy Ltd for phosphorous catchment produces 
sludge that does not reduce plant growth. However, it needs to be investigated further whether 
the sludge could act as a source of phosphorus.  
 
There is a great need to find new ways to recirculate phosphorus. Agricultural production is 
dependent on phosphorus, but today many of the world’s remaining reserves will be depleted 
during the next decades (Pearce 2011). The excess of phosphorous use in the past is bound to 
various organic matters causing serious eutrophication of lakes and seas around the world. 
 
The Baltic Sea Agreement from 2010 also binds Finland to improve the state of the Baltic Sea 
markedly until the year 2020.  An important task is to diminish the amount of nutrients, especial-
ly nitrogen and phosphorous, in run-off waters and also to promote research and development 
work in order to find new innovations to recirculate nutrients.  
 
A work-group set by the Finland’s Ministry of Agriculture and Forestry has described four main 
themes for achieving the goal:  
1. Sustainable use of nutrients;  
2. Decrease of the amount of organic waste and nutrients in it;   
3. Effective and safe recirculation of nutrients; and  
4. Harvest of nutrients from waters and recirculating to agricultural use.   
 
Sustainable primary production and the recirculation of nutrients are also the focus areas in the 
future for the Research Unit of Bioeconomy at Häme university of Applied Sciences.  

References  

[1] Pearcce, F. (2011): Phosphate: A Critical Resource Misused and Now Running Low, Environment 360. 
http://e360.yale.edu/feature/phosphate_a_critical_resource_misused_and_now_running_out/2423/ 

  
  

0

10

20

30

40

50

60

70

1 2 3 4 5 6

G
ra

in
 w

e
ig

h
t 

(m
g

) 



TA Quality fertilizers from residues  Poster 

 

202 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

TA-P_15 Acidification of cattle slurry – Effect on  
ammonia emissions and nitrogen fertilizer  
replacement value of spreading non-digested 
and digested slurry on grassland  

Rodhe, L.1; Delin, S.2; Oostra, H.1; Gustafsson, K.3 
1 JTI – Swedish Institute of Agricultural and Environmental Engineering, Box 7033, SE-75007 Uppsala, Sweden 
2 SLU – Swedish University of Agricultural Sciences 
3 AGROVÄST 

lena.rodhe@jti.se. 

 

1. Objectives  

The objective of the project was to determine the effect on NH3 emissions and dry matter yield of 
acidification of digested and non-digested slurry, applied on two different occasions to grassland. 
The overall aim was to help develop future guidelines on whether acidification should be recom-
mended for Swedish conditions from an environmental and economic perspective.  
 

2. Methodology  

Field experiments were conducted on a grass ley at two Swedish sites in 2013 (Rådde and 
Bjertorp) and at one site in 2014 (Lanna), all approximately 100 km north-east of Gothenburg. 
The effect on grass yield and nitrogen (N) offtake of anaerobically digested and non-digested 
cattle slurry, with and without acidification, was compared with the effect of a mineral N fertiliser 
treatment. Slurry was band-spread with trailing hoses on two occasions in each experiment, 
after the first and second cut in 2013 and in spring and after the first cut in 2014. The experi-
ments were organised in a randomised complete block design. Treatments without acidification 
were applied first, followed by acidified slurry treatments. Actual rates are shown in Table 1. Sul-
phuric acid was added with a dosage device just before spreading to achieve pH below 6, which 
required 2-3 L m-3 for non-digested slurry and 6 L m-3 for digested slurry (Table 2). Dry matter 
yield and forage N content were measured for two cuts. Nitrogen fertiliser replacement value 
(NFRV) for total N in digested and non-digested cattle slurry with and without acidification was 
calculated from the respective effect on N offtake in relation to that of mineral fertiliser.  
 
Ammonia emissions were measured in the experiment at Lanna with an equilibrium concentration 
method [1] in spring and after first cut in three blocks, with repeated measurements (3-5) until the 
emissions subsided. In each small plot, two ventilated chambers were used to estimate the equi-
librium concentration and one device took ambient samples. 
 

3. Results and discussion  

3.1 Slurry properties 

The properties of the cattle slurry, non-digested and digested, are shown in Table 1. The propor-
tion of ammonium-nitrogen (NH4-N) in total N (Tot-N) was higher and the C/N ratio lower in di-
gested slurry than in undigested slurry. At the start, the pH was around 7.4-7.9 for all slurry types 
and spreading times, and after acidification it was just below 6. 
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Table 1: Properties of non-digested and digested slurry with no acid added used in spring and summer treatments  

   Tot-N NH4-N P K S Tot-C  

Slurry type 
DM content 

(%) 
pH (kg tonne-1) 

C/N 
ratio 

   Spring 

Cattle slurry 8.5 7.6 4.1 2.1 0.42 2.3 0.31 39.6 9.7 

Cattle slurry, 
digested 4.2 7.4 3.7 2.5 0.31 2.2 0.32 18.0 4.9 

Summer 

Cattle slurry 6.9 7.9 3.4 1.7 0.34 2.4 0.32 32.2 9.5 

Cattle slurry, 
digested 3.8 7.4 3.6 2.5 0.30 2.2 0.29 15.9 4.4 

DM-dry matter; Tot-N-total nitrogen; NH4-N-ammonium nitrogen; P-phosphorus; K-potassium; S-sulphur; Tot-C-total car-
bon; C/N ratio-ratio of Tot-C and Tot-N 

3.2 Ammonia emissions 

Overall, acidification reduced NH3 emissions (Table 2). In spring the reduction was significant 
(p<0.05), about 50% for undigested slurry, but was even more pronounced for the digested slurry, 
with more than 90% reduction. In summer, the emissions were slightly lower than in spring. Acidi-
fication also lowered ammonia emissions compared with no acid addition, by about 75% for cattle 
slurry and more than 90% for digested slurry. This was not statistically verifiable, as significant 
interactions between treatment and block excluded pairwise comparisons. The higher amount of 
acid added to the digested slurry and differing buffer capacity of digested and non-digested slurry 
may have contributed to the better effect of acidification on digested than non-digested slurry. The 
efficiency of acidification of animal slurry in minimising NH3 emissions has been documented in 
previous studies [2]. 

Table 2: Application data for the different slurry types, acidified or not, and ammonia emissions per ha and as percentage 
of NH4-N and Tot-N applied 

  Application rate  Ammonia emissions 

Type of slurry 
Acid, L 
tonne-1 

Tonne 
 ha-1 

kg NH4-N 
ha-1  

kg Tot-
N ha-1  

 kg N 
ha-1 

% of NH4-N 
applied 

% of kg Tot-
N  applied 

Spring application 

Cattle slurry 0  37* 78 152  71.9 92.5a 47.4a 

Cattle slurry 1.7 24 50 98  22.7 45.1b 23.1b 

Cattle slurry, 
digested 0 24 60 89  30.5 50.8b 34.3ab 

Cattle slurry, 
digested 6.2 24 60 89  2.1 3.5c 2.4c 

Early summer applicationA 

Cattle slurry 0 25 42 85  17.5 41.2 20.6 

Cattle slurry 3.0 25 42 85  4.3 10.2 5.1 

Cattle slurry, 
digested 0 25 62 90  16.6 26.5 18.4 

Cattle slurry, 
digested 6.0 25 62 90  1.1 1.7 1.2 

a, b, c Means with different letters within each column and application time are significantly different (p<0.05).  
A Significant interaction between treatment and block, no pairwise comparisons made. 

* High application rate due to technical problems with valve setting on slurry tanker. 

3.3 Nitrogen offtake and NFRV 

Dry matter yield and N offtake were greater in acidified treatments than in the corresponding 
treatments without acidification (Table 3). On average, NFRV increased with acidification from 
21% to 35% in undigested cattle slurry and from 39% to 67% in digested slurry. At Lanna, where 
ammonia emissions were measured, in most cases NFRV increased on average by about 20% 
units of Tot-N applied when slurry was acidified, which corresponds to the mean reduction in am-
monia emissions from acidification as percent units of Tot-N. However, for digested cattle slurry 
application in spring, the increase in NFRV was negligible and did not match the reduction in am-
monia emissions.   



TA Quality fertilizers from residues  Poster 

 

204 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

Table 3: Nitrogen (N) offtake with harvested grass and nitrogen fertiliser replacement value (NFRV) in different treatments 
at the Bjertorp, Rådde and Lanna sites 

  Nitrogen offtake (kg N ha-1)  NFRV (% of total N) 

Type of slurry, acid 
addition  Bjertorp Rådde Lanna* 

 
Bjertorp Rådde Lanna* 

     Spring application 

Cattle slurry    45    25 

Cattle slurry, acid added    49    45 

Cattle slurry, digested    55    62 

Cattle slurry, digested, 
acid added    56    63 

     Early summer application 

Cattle slurry  26 33 25  23 31 11 

Cattle slurry, acid added  35 46 31  40 45 20 

Cattle slurry, digested  40 48 31  49 52 18 

Cattle slurry, digested, 
acid added  59 67 57  83 72 51 

     Late summer application 

Cattle slurry  7 24   7 29  

Cattle slurry, acid  10 32   17 42  

Cattle slurry, digested  12 22   23 29  

Cattle slurry, digested, 
acid added  22 41   61 72  

* Site where NH3 measurements took place in 2014. 

4. Conclusion and outlook  

Ammonia emissions can be reduced and grass yield improved by acidification of cattle slurry.  
The effect on ammonia emissions is larger for anaerobically digested slurry than for non-digested 
slurry. For non-digested slurry, this study showed a reduction of 50% and 75% for spring and early 
summer application, respectively. For digested slurry the reduction in NH3 emissions from acidifi-
cation exceeded 90%, although at a higher acid dosage of 6 L m3.  
With both digestion and acidification, the nitrogen fertiliser replacement value can be about three-
fold that of untreated slurry and N offtake is around twice that of untreated slurry, due to high plant 
availability of N in combination with reduced ammonia losses.  
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1. Objectives 

Certain heavy metals, such as Cu and Zn, are essential micronutrients for plant and crop growth. 
However, the high concentrations of these metals found in pig slurry, derived from their use as 
ZnO and CuSO4 in feed additives (especially during pregnancy and in the post-weaning phase), 
and the fact that they remain mostly in the solid fraction after solid-liquid separation can be limiting 
factors for the use of this waste material to obtain high quality composts for agricultural use. The 
use of pig slurry derived composts in crop production (as soil amendment or organic fertiliser) may 
suppose a concern of metal contamination of soil, water and the surrounding environment. There-
fore, the objective of this work was to study the influence of solid phase of pig slurry composting 
on the concentration and solubility of heavy metals, and their distribution in the different particle 
size fractions, and evaluating their potential toxic effects on plant germination and seedling 
growth. 

2. Methodology 

The solid fraction (FS) was obtained from a piglets and sows farm located in south-eastern Spain, 
after slurry separation by a screw-press (without flocculants). Two composting piles were pre-
pared in the farm, mixing FS1 with cereal straw (Pile 1) and FS2 with cotton gin waste (Pile 2) (3:2 
and 2:1 v:v ratios, respectively) by the turning pile system. The bio-oxidative phase of P1 lasted 
for 75 days and of P2 for 120 days, and the total composting times (including maturation period) 
were 170 and 187 days, respectively. During composting, the piles were turned three and five 
times, respectively, when the temperature started to decrease - to improve both the homogeneity 
of the materials and the composting process. Compost samples were taken by mixing seven sub-
samples from seven representative sites of the pile, from the whole profile (from the top to bottom 
of the pile). The original materials and compost were chemically analysed using standard meth-
ods. The mature composts were mechanically sieved at different particle sizes (mm): < 0.05; 0.05-
0.5; 0.5-1.0; 1-2; and >2. The samples of compost and the different particle size fractions of ma-
ture compost were analysed for total Cu and Zn concentrations by microwave assisted acid diges-
tion (HNO3/H2O2) and for soluble and exchangeable Cu and Zn concentrations by 0.1 M CaCl2 
extraction, and all measured in an atomic absorption spectrometer (Thermo iCE 3000 series). The 
potential phytotoxicity of compost was evaluated through plant growth tests (ISO 15 799.1999) 
using different mixtures of mature compost and artificial soil (prepared according to OECD 
207.1984), and seeds of Zea mays. For each treatment the growth index was expressed as a 
percentage of fresh weight (g per plant of the aerial part) with respect to the control (without com-
post). The EC50 and LC50 values were also calculated. The germination index (GI) was assessed 
using Lepidium sativum seeds.  

3. Results and discussion 

3.1. Evolution of metals during composting  

The solid fractions obtained by screw press separation had high concentrations of Zn and Cu: 
3098-3397and 249-269 mg kg-1, respectively. The concentrations of Cu in the solid fraction of pig 
slurry were similar to those reported in other pig slurry separation studies [1], but the concentra-
tions of Zn were higher in the present study, probably because the pig slurry came from piglets, 
since Zn is provided as feed additives to piglets in order to avoid digestion problems and to im-
prove nutrients assimilation. A study with different growth stages of pigs indicated that Zn and Cu 
are excreted at relatively higher rates than other feed constituents [2] and over 90 % of Cu and Zn 
was reported to be retained in the solid phase in solid-liquid separation treatment with different 
technologies[3].  
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The total concentrations of Cu and Zn increased during composting (Table 1) due to the degrada-
tion of organic matter (OM) and the consequent weight loss of the pile. The increase was more 
evident in the earlier stage of composting, when OM degradation was highest (data not shown) 
[4]. In the present experiment, the concentrations of the metals in soluble and exchangeable forms 
were rather low in comparison with the total values (low recovery percentages), and even de-
creased during the composting process, especially in compost 2 (Table 1). These results also 
suggest that increased OM stabilisation and humification during composting facilitated heavy met-
al interaction with ligands of greater complexing strength, rendering them less bioavailable. 
 
Table 1: Average total and soluble metal concentrations of composting materials and mature compost. 

 Total Zn Zn CaCl2 Total Cu Cu CaCl2 

 (mg kg-1) (mg kg-1) (% Total) (mg kg-1) (mg kg-1 ) (% Total) 

SF1 3098 82 2.65 249 1.9 0.76 

Pile1 Initial 2931 9.9 0.34 203 0.4 0.21 

Compost 1 5552 16.1 0.29 351 1.4 0.39 

SF2 3397 61.6 1.81 269 1.8 0.66 

Pile 2 Initial 2380 40.6 1.71 175 1.2 0.67 

Compost 2 5650 16.8 0.30 391 0.6 0.16 

 
The bulking agent used had a significant effect on the degradation of the OM during composting 
and on the OM humification process; the cotton gin waste gave higher humic acid-like C formation 
(compost 2) than the cereal straw (compost 1; Table 2). The particle size distribution of the mature 
compost was also affected: compost 2 showed a greater proportion of the 0.05-0.5 mm particle 
size fractions than compost 1 (Table 2). However, the evolution of the total and soluble forms of 
Cu and Zn during composting, as well as their distribution in the different particles size, was not 
significantly influenced by the different bulking agents used.  
 
Table 2: Characteristics of the different particle size fractions in both composts  

Particle 

size 

(mm Ø) 

Size distribu-

tion (%) 

OM 

(%) 

TOC 

(g kg-1) 

TN 

(g kg-1 ) 

CHA 

(g kg-1) 

CEXT 

(g kg-1) 

Zn 

(mg kg-1) 

Cu 

(mg kg-1) 

Compost 1 

<0.05 0.2 45.8 200 31.0 5.1 9.7 6168 270 

0.05-0.2 4.1 45.3 206 21.9 5.3 10.6 3684 319 

0.2-0.5 13.2 52.9 255 24.2 5.2 11.2 3184 362 

0.5-1 18.3 57.2 271 26.1 5.1 11.6 3949 362 

1-2 18.2 57.4 273 25.4 6.8 13.2 2684 380 

>2 45.9 55.8 270 25.8 7.0 13.4 3110 397 

Full compost 100 54.4 250 26.5 13.4 24.5 5552 350 

Compost 2 

<0.05 0.5 44.4 211 32.1 10.2 17.5 6333 269 

0.05-0.2 5.0 42.9 208 27.5 11.2 18.1 4674 286 

0.2-0.5 14.8 51.0 219 23.7 10.8 17.1 4354 292 

0.5-1 20.3 59.9 268 26.5 13.7 21.5 4021 290 

1-2 23.6 62.2 276 30.2 13.5 20.3 4256 309 

>2 35.6 60.2 295 27.6 16.9 24.6 4365 313 

Full compost 100 59.7 259 28.1 18.1 29.3 5651 391 

 
Regarding the separation in different particle size fractions, in both composts the highest Zn con-
centration was found in the smallest particle size fraction (0.05 mm), with the lowest TOC and 
humic acid-like C concentration, while the Cu concentration was highest in the largest particle size 
fraction (>2mm), that had the highest TOC and humic acid-like C concentrations. These results 
suggest that Zn in mature compost was mainly linked to hardly soluble inorganic compounds. The 
highly significant relationships between Cu concentration and TOC (r = 0.925 and 0.834 for com-
post 1 and 2; significant at p<0.05 and 0.01, respectively) and OM (r = 0.931 and 0.815 for com-
post 1 and 2; significant at p<0.05 and 0.01, respectively) reveal the ability of this metal to form 
stable complexes with organic compounds, favouring its retention in the fraction richest in OM. 
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The elimination of the smallest particle size fraction would remove only a small, insignificant 
amount of the total Zn content of the composts (12 and 31.6 mg kg-1), since this fraction repre-
sented only a minor part of the compost. 

3.2. Phytotoxicity test and germination index 

The GI increased in both piles throughout the composting process, from very low values in the 
initial mixtures (data not shown) to 87.8 % in compost 1 and 80.2 % in compost 2, which indicates 
absence of phytotoxicity. Therefore, in spite of the relatively high total concentrations of Zn and Cu 
present in the composts, the low solubility of the metals did not cause any relevant toxic effects in 
L. sativum seed germination. 
The results of the growth test performed with Zea mays (figure 1) gave values of EC50 of 42% for 
compost 1 and 66% for compost 2, indicating that it is necessary to apply at least such percent-
ages of compost to the clean soil to find a reduction of 50 % in the growth of the plants. In addi-
tion, the values of LC50 (related with seedling emergence) indicate that when compost 1 was ap-
plied at 62 % it provoked a lethal effect in 50 % of seedlings, while for compost 2 no harmful ef-
fects were found. Both composts stimulated the growth of maize seedlings when applied at up to 
3-6 % to the soil, with respect to the control soil without compost; compost 1 also stimulated root 
growth. But when high proportions of the composts were applied, compost 1 was not able to main-
tain correct root growth, giving a higher decrease in the growth index than compost 2.  
 

 

 
  
Figure 1.  Growth of aerial parts and roots of Zea mays (g per plant) and growth index at different proportion of compost in 

the toxicity test. a) Compost 1; b) Compost 2. 

 
All these results indicate that the presence of Zn and Cu at high concentrations in these composts 
did not negatively affect plant germination and growth when the composts were used in soils as 
fertilisers at agricultural doses. But, the application of high proportion of both composts can cause 
negative effects on plants, and the long-term accumulation of Cu and mainly Zn in the soil. 
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4. Conclusions and outlook 

The composting of the solid phase of pig slurry produced a material with a stable OM content and 
with humic characteristics. But, the high concentrations of Cu and especially Zn in the solid phase 
of the pig slurry led to metal rich composts. However, despite the elevated total concentrations, 
the low solubility of both metals in the mature composts avoided any significant toxic effect on the 
plants when used as fertiliser, promoting plant growth.  
The elimination of the smaller particle size fraction would not reduce significantly the total Zn con-
centration of the composts. The use of pig slurry from piglets should be avoided in composting in 
order to prevent high Zn concentrations in the compost produced. 
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1. Objectives 

This study was conducted to investigate microbiological and parasitic risks related to disposal of 
animal manure to soil. We focused on survival of Salmonella typhimurium and Ascaris suum 
eggs in raw pig slurry stored at  4o, 20o and 42oC for 115 days with monitoring of their devitalisa-
tion at days 0, 7, 12, 22, 32, 40, 55, 90 and 115 of storage. Besides influence of temperature 
the potential effect of physico-chemical parameters during the storage was also investigated. 

2. Methodology 

The experiment was carried out on raw pig slurry obtained from a pig farm. The slurry was stored 
for 115 days in closed plastic containers of volume 5 at one of three temperatures: 4, 20 or 42oC.  
Before storage, lyophilised strain S. typhimurium SK 14/39 (SZÚ Prague, CR) was inoculated into 
the investigated slurry (initial count of S. typhimurium 3.6 x 109 CFU.ml-1).  
Also special polyurethane containers, each containing 1500 A. suum eggs, obtained by dissection 
of distal ends of the uterus of A. suum females were introduced into the slurry.  
Plate counts of S. typhimurium were determined at days 0, 7, 12, 22, 32, 40, 55, 90 and 115 of 
storage. At the same intervals devitalisation of A.suum eggs was observed in comparison with 
A.suum eggs stored in distilled water at the same temperatures. 
The following changes in physical and chemical properties of the slurry were monitored: pH 
(measured by HACH electrode), dry mater (DM)  determined by drying at 105°C to a constant 
weight, chemical oxygen demand (CODCr) determined by HACH method, and ammonium ions 
(NH4

+) analysed by titration.   
The physical and chemical properties (pH, DM, COD and NH4

+) of pig slurry, as well as the num-
ber of damaged eggs were expressed as mean values ± standard deviation (x ± SD).  
Significance of differences between experimental and control groups of parasites were determined 
using Student t-test, ANOVA and Dunnet Multiple Comparison test at the levels of significance 
0.05; 0.01 and 0.001 (Statistica 6.0). 

3. Results and discussion 

With regard to animal wastes we are concerned particularly with representatives of the family 
Enterobacteriacea, the majority of which have zoonotic character, such as Salmonella sp., Esche-
richia coli, Mycobacterium sp., Enterococcus sp., etc., which are a threat to farm animals. Excre-
ments of farm animals are also a source of endoparasites (cysts, eggs, larvae of  genera Ascaris 
sp., Oesophagostomum sp., Trichuris sp., Giardia sp., and others) that may cause massive para-
sitic infections in both specific hosts and non-specific ones, such as man. An important factor in 
spreading of endoparasitoses is high tenacity of some propagative stages of parasites (Papajová 
and Juriš, 2012). It is generally known that some eggs, infectious larvae (L3), oocysts or sporo-
cysts can survive for considerable time, frequently for several years, even under unfavourable 
environmental conditions. The most dangerous are highly resistant eggs of some parasitic nema-
todes, e.g. Ascaris spp., Trichuris spp. and coccidial oocysts. After application of manures to land 
there is some movement of the pathogens through the soil matrix, both horizontally and vertically. 
In soil this movement is affected by moisture retaining properties of soil. 

3.1 Devitalisation of Salmonella typhimurium 

According to Reissbrodt et al. (2000), salmonella species are important food-borne pathogens that 
represent a significant and increasing public health problem in industrialized countries. The most 
common pathogens S. enteritidis and S. thyphimurium are responsible for nearly half of all illness-
es. The persistence of these bacteria in the environment depends on the long-term survival of 
heavily stressed cells. Therefore the risk to public health arising from application of insufficiently 
treated animal manure to soil may be higher than detected by common methods. At 4°C the initial 
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concentration of the tested S. typhimurium strain decreased three orders of magnitude by day 90 
and on day 115 of storage the test strain was not detected. At 20°C a  marked decrease by 7 or-
ders of magnitude was observed on day 32 and from this day the test strain was investigated only 
qualitatively. The most marked decrease in plate counts of test bacteria was recorded in pig slurry 
stored at 42°C (Fig. 1). Our results showed that that viability of bacteria in stored pig slurry was 
significantly affected by the temperature during the storage. Arrus et al. (2006) observed influence 
of temperature on S. typhimurium and concluded that while Salmonella did not grow in hog ma-
nure, storage reservoir temperatures would facilitate Salmonella survival over winter enabling 
contamination of fields at spring application. Since untreated liquid hog manure may contain Sal-
monella, manure should be held for 60 days without commingling with fresh manure in stores 
before application to fields. Key to controlling salmonella is to follow the general rules that have 
been successfully applied to other infectious diseases (Burton and Turner, 2003). 
 

 
Figure 1 Survival of Salmonella typhimurium in the raw pig slurry stored at three different temperatures 

3.2 Devitalisation of A.suum eggs 

Parasite survival in animal manures may also be related to temperature, but the trends are not 
as pronounced as those reported for bacterial pathogens. This is likely due to their ability to 
form cysts and oocysts for protection from environmental pressures. A. suum eggs are highly 
resistant to inactivation in faeces, potentially remaining infectious for years. Ascaris infects over 
a quarter of the world´s human population (1.47 billion people worldwide) and clinically affects 
~335 million people (Crompton, 1999). 
The above-mentioned helminthozoonoses are classified among epidemiologically ”low-risk” 
parasitozoonoses, because the propagative stages develop in the outdoor environment into the 
infectious stage and potentially secondarily contaminate the food chain. Therefore, a direct con-
tact with infected animal, but also contaminated environment, or contaminated food chain (wa-
ter, vegetables) are considered as a potential risk factor (Papajová and Juriš, 2012).  
Our investigations showed that at 4oC the number of devitalized eggs increased with the length 
of storage up to day 115, with the exception of day 20, when it was almost doubled compared to 
the control. The difference between storage in slurry and distilled water was significant (P<0.05) 
after 55 days of storage. More marked decrease in survival was observed at 20oC  but the via-
bility of non-embryonated eggs of A .suum varied considerably during storage at this tempera-
ture. Observations at 42oC showed still more rapid devitalization of A. suum eggs exposed to 
pig slurry.  Significant differences in the number of devitalized eggs   were observed on days 12, 
40 and 90 (P< 0.01) and 7, 20, 55 and 115 (P< 0.001) of storage (Table 1). 
Our study showed that the number of devitalised Ascaris eggs generally increased with the 
length of storage and the temperature. However, considerable number of Ascaris eggs re-
mained viable even after 115 days of storage at 4o and 20oC. Only at 42oC more than 90 % of 
eggs were devitalised after 12 days of storage. However, such temperature can only rarely be 
reached in animal slurries, thus the risk of persistence of this zoonotic parasite is very high.  
Beside temperature also changes in physico-chemical properties of slurry could affect the vitali-
ty of model non-embryonated A. suum eggs at long-term storage (Venglovsky et al., 2009). 
 

 
 
Table 1: Survival of non-embryonated model A. suum eggs in raw pig slurry stored at three different temperatures 
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Exposure time (days) Devitalized eggs of A. suum (x % ± SD) 

4
o
C 20

o
C 42

o
C 

0 15.55 ± 2.52 10.13 ± 3.17 14.90 ± 4.06 
7 16.86 ± 2.39 16.72 ± 1.38 74.30 ± 0.82*** 
12 20.33 ± 9.31 17.17 ± 5.74 92.39 ± 4.95** 
20 17.04 ± 11.25 16.86 ± 3.64 99.23 ± 1.09*** 
32 21.54 ± 16.67 26.90 ± 4.38 92.85 ± 10.10** 
40 22.87 ± 4.06 21.85 ± 10.69 96.15 ± 5.44** 
55 24.90 ± 1.28* 23.81 ± 13.46 98.24 ± 2.48*** 
90 25.87 ± 5.84 36.28 ± 10.91 95.83 ± 5.89** 

115 26.97 ±  5.14 37.65 ± 8.34 99.65 ± 1.34*** 
Control 14.14 ± 0.82 15.14 ± 0.92 14.14 ± 0.22 

*Significance at the level P<0.05, **Significance at the level P<0.01, ***Significance at the level P<0.001 

3.3 Changes in physico-chemical parameters 

Besides temperature and time of storage the survival of pathogens in the slurry may well de-
pend on factors other than temperature and duration of heat treatment, e.g. moisture content, 
free ammonia concentration, pH, the presence of other micro-organisms and other physico-
chemical properties (Turner, 2002; Venglovský et al., 2006) This was the reason why the stored 
pig slurry was subjected also to physico-chemical examination.  
With some fluctuations the pH level increased throughout the storage at all three temperatures 
from the initial 6.95 ± 0.11 to 8.35 ± 0.58 at 4oC, to 8.55 ± 0.17 at  20oC and to 9.35 ± 0.05 at 
42oC. On the other hand, we observed a temperature-dependent decrease in DM content to-
ward the end of storage from the initial 28.00 ± 6.26 g.kg-1 DM to 15.09 ± 1.23 at 4oC, 13.09 ± 
4.12 at 20oC and 12.89 ± 1.05 g.kg-1 DM at 42oC. The NH4

+ level fluctuated considerably and the 
final level of this parameter differed between the treatments. By day 115 it increased from the 
initial 50.00 ± 21.11 g.kg-1 DM to 84.13 ± 21.23 g.kg-1 DM at 4oC and decreased to 27.11 ± 1.06 
g.kg-1 DM at 20oC  and always down to 0.56 ± 0.01 g.kg-1 DM at 42oC. The COD generally de-
creased from 804.00 ± 2.73 g.kg-1 DM to 734.09 ± 2.89 at 4oC, 489.09 ± 42.12 at  20oC and to 
222.89 ± 10.05 g.kg-1 DM at 42oC.  
The observed pH increase in stored pig slurry at all three temperatures was not in correlation 
with the level of ammonium which varied considerably. This could be due to its release as am-
monia and the related decrease in total nitrogen by the end of the experiment except for tem-
perature 4oC. The covers were not airtight and were removed at each sampling. Dry matter 
content decreased according to expectations, so did other parameters, which may be related to 
production and release of some volatile compounds during the storage. The processes that take 
place in slurry are, however, very complex and the extent of our examinations did not allow us 
to draw any definite conclusions in this respect.  

4. Conclusion and outlook 

There are significant microbiological risks related to animal wastes spread onto land subsequently 
used for crop production or livestock grazing. Animal slurries are of particular concern, as the 
temperature in these substrates during their storage and some ways of  common processing does 
not ensure complete devitalisation of potential bacterial and viral pathogens and eggs of parasites,  
as indicated by our observation of devitalisation of S. typhimurium and A. suum eggs at 4o, 20o 
and 42oC during 115 days of storage. In advanced countries relevant legislative regulations re-
quire acceptable procedures for the disposal, processing and application of animal manures. 
However, there are still aspects that may raise some risk for safety of human food chain and re-
quire further investigations. The best way is to put stress on preventive actions and measures that 
may eliminate any known or suspected danger resulting from pathogens present in animal  ma-
nures applied to the soil that is used for animal grazing or growing of crops for human consump-
tion. 
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TA-P_18 Phosphorus recovery prior to land application 
of biosolids using the “Quick wash” process 
developed by USDA 

Szogi, A.A.; Vanotti, M.B. 

USDA-ARS, Coastal Plains Research Center, 2611 W. Lucas St, Florence, SC 29501. USA. 

ariel.azogi@ars.usda.gov 

1. Objectives 

A new process, called “Quick Wash”, for extraction and recovery of phosphorus from animal ma-
nure solids was developed by USDA-ARS scientists [1, 2]. Additional research has shown the tech-
nology is equally effective to recover phosphorus from biosolids prior to application to soil. Our 
objective is to describe the case study of adaptation of this process for the recycling of municipal 
sludge and biosolids and show an example of its byproducts (low phosphorus biosolids and re-
covered phosphorus materials). Further observations are provided to show its potential environ-
mental benefits for urban and rural communities. 

2. Case study description 

2.1 The “Quick Wash” process 

The Quick Wash process is an alternative treatment process to improve the quick wash (N) and 
phosphorus (P) balance in animal wastes. It was developed for rapid wet extraction of P from raw 
solid manure and recovery of manure P in solid concentrated form [1, 2]. This process consists of 
selectively extracting P from solid animal waste using mineral or organic acid solutions, and re-
covery of P from the extract by adding lime and an organic polymer forming a calcium-containing 
P precipitate. The Quick Wash process has two solid byproducts: 1) a washed solid residue with 
an N:P ratio optimal for use in crop production; and 2) a concentrated solid P material that can be 
used as an effective P fertilizer. The final liquid effluent can be applied to nearby cropland or recy-
cled into the treatment system [2]. Figure 1 shows the schematic of the process invented by a team 
of scientists at the ARS- Coastal Plains, Soil, Water & Plant Research Center, and (U.S. Patent 
8,673,046 [1]. An exclusive license has been granted by USDA to a small business -- Renewable 
Nutrients LLC, Pinehurst, NC (www.renewablenutrients.com) -- for commercial use of the Quick 
Wash process. The Team worked closely with Renewable Nutrients to develop approaches for 
commercializing this new technology for municipal biosolids and the poultry markets. To take ad-
vantage of the nutrient credits in the Chesapeake Bay Watershed, a mobile pilot plant was con-
structed and first tested at the Borough of Ephrata Wastewater Treatment Plant (Ephrata, PA) 
(Figure 2).  
 

 
Figure 1:  Schematic of the Quick WashTM process. 

Acid 

Animal or 
sanitary  
waste 

Solids 
separation 

Solids 
separation 

Lime Polymer 

ACIDIFICATION 

Effluent 

PHOSPHORUS 
PRECIPITATION 

P-rich 
solution 

Engineered biosolids 
for land application 

with targeted N:P ratio 

Extracted 
phosphorus 

http://www.renewablenutrients.com/


TA Quality fertilizers from residues  Poster 

 

214 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2:  Exterior and interior of mobile pilot plant deployed at the Borough of Ephrata Wastewater Treatment Plant. 

 

2.2 Phosphorus extraction and recovery 

The Wastewater Treatment Plant #1 at Ephrata, PA, produces annually 370 dry tons of biosolids 
(Class B with an average total P content of 3.9%), most of which are landfilled. The sludge tested 
for P recovery had a composition of 1/3 activated sludge (secondary digest) and 2/3 waste acti-
vated sludge treated with ferrous chloride prior to dewatering.  
 
This first step of the Quick Wash, consists of mixing mineral or organic acid with the municipal 
sludge to selectively extract P at a pH lower than 5.0. In the laboratory, the optimum citric and 
sulphuric acid doses were determined to be 7.87 g L-1 (or 40 mM), and 8.17 g L-1 (or 80 mM), 
respectively, by titrating the sludge with the acids. After mixing the acid with the sludge, a liquid 
extract is formed. With the citric acid treatment the pH of the extract was 4.1 and 83% of the total 
P was extracted while the sulphuric extract had a pH of 1.73 while extracting 87% of the total P. 
After sludge dewatering (centrifuged at 3000 rpm for 10 minutes), the acid treated biosolids had 
an N:P elemental ratio of more than 4.0 (Table 1). 
 
Table 1: Mass of biosolids per volume of sludge, total N and P content, and N/P ratio (dry weight) after acid extraction. 

Acid treatment Solids TN TP N/P 

 kg m-3 % %  

Untreated 19.3 4.68 4.08 1.2:1 

Citric 40 mM 15.4 5.43 1.21 4.5:1 

Sulphuric 80 mM 14.7 5.54 1.13 4.9:1 

     
Once biosolids are separated, P is recovered from the extracting solution by adding hydrated lime 
[Ca (OH)2] to reach a pH of 10. Thereafter, a small amount of anionic polymer (polyacrylamide) 
was added to enhance P precipitation (Table 2). With respect to total P in untreated sludge, a 
mass balance indicated that P recovered in the precipitate after lime application was 75% for citric 
acid and 65% for sulphuric acid. The recovered P materials are a good source of P with contents 
of more than 10% P2O5 (Table 2). These recovered P materials can contain more than 90% of 
their P in plant available form and are a recycled P source for use as crop fertilizer [3]. 
 

Table 2: Phosphorus recovered after precipitation with lime and anionic polymer addition. 

Acid  Lime use Polymer use Precipitate a TN TP P2O5
b 

 kg m-3 g m-3 kg m-3 % % % 

Citric 40 mM 5.0 15 6.0 0.66 8.10 18.5 

Sulphuric 80 mM 6.7 15 15.9 0.84 4.41 10.1 

     a Mass of precipitate per volume of extracting solution;  b %P2O5 = %P × 2.29. 
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3. Observations 

Excess soil P beyond the assimilative capacity of soils is currently a major factor limiting applica-
tion of biosolids to land near municipal wastewater treatment plants. For this reason, municipalities 
incur hefty fees for transportation and landfilling biosolids that otherwise could be used as soil 
amendments to maintain soil quality and enhance crop production. Nevertheless, recovering P 
from biosolids using the Quick Wash process can provide environmental benefits for both rural 
and urban communities. The Quick Wash process selectively recovers P from sludge while leav-
ing most of the N in the washed solid residue (Fig. 3). Consequently, the washed solid residue has 
a more balanced nutrient composition for crop production and is safe for land application. Be-
cause the Quick Wash process is conducted at ambient temperature, it minimizes loss of organic 
carbon (C) and N from washed solid residues. Thus, the land application of washed solid residues 
contribute C and N to maintain soil quality while reducing the environmental risks of excess soil P. 
The P recovery aspect of this process is an attractive approach because of increasing global de-
mand and cost of mined phosphates and declining world P reserves. The final P recovered by-
product is a material rich in calcium phosphate that could be transferred in concentrated form to P-
deficient croplands and used as fertilizer. 
 

 

Figure 3: Washed biosolids with low P content and recovered phosphate produced with the Quick WashTM process. 

 
Additional tests are needed to further adapt the Quick Wash to municipal sludge treatment. In 
particular, the quality and quantity of the recovered phosphates can be greatly improved by reduc-
ing iron and aluminum impurities. Iron and aluminum salts are usually used in municipal 
wastewater treatment plants to scavenge P from sludge side streams. Therefore, the Quick Wash 
process can help to reduce the cost of addition of iron and aluminum compounds for municipal 
wastewater treatment while recovering a high quality calcium phosphate. 

Conclusion and outlook 

Nutrient pollution, caused by too much P in the environment, is one of America’s most wide-
spread, costly and challenging environmental problems, impacting many sectors of the U.S. econ-
omy that depend on clean water. These environmental problems can be mitigated with the Quick 
Wash technology because P is selectively extracted from animal wastes and municipal biosolids 
prior to land application. The inclusion of this process in a waste management system offers farm-
ers and municipalities a new and welcomed opportunity to minimize P losses into the environment 
and sustain soil quality while recovering and recycling P as a valuable product. A strategy to re-
duce costs of this new technology is to install it on a sufficient number of municipalities to facilitate 
engineering improvement and development of the market for its byproducts. Eventually, economic 
incentives such as share cost programs, tipping fees and environmental credits may be needed to 
stimulate the adoption of this P recovery technology.  
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TA-P_19 Improvement of soil nitrogen’s mineralization 
modeling with a better consideration of farm 
yard manure and crop residues inputs history 
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2 ARVALIS-Institut du végétal 
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1. Objectives 

In France, soil N mineralization is currently [1] calculated by implementing a mineralization rate to 
an active N organic stock of arable layer. In most French tools for managing nitrogen fertilization 
based on the nitrogen balance sheet method, the size of active stock is considered equal to 35 % 
of the total arable layer stock. This part is then adjusted by a coefficient (Fsys) according to crop 
residues and exogenous organic products restitutions practices. But this method of calculation is 
not accurate enough in all situations. A study was carried out in 2014 to improve it. 

2. Methodology 

The model currently used in France (AMG [2]) to simulate organic carbon stock dynamic in the soil 
arable layer contains two compartments: a stable one (compared to human life duration) and an 
active one which supports all the carbon inputs and outputs. 
 
The model put forward by COMIFER* to estimate N mineralization in balance sheet method for 
crops is based on the same principle. Its objective is to calculate annual N supplying from soil 
using organic N stock in the arable layer (measured by soil analysis). 
For both models, the assessment of the active compartment of total stock (35% for organic N 
which is implemented by a mineralization rate) is discussed. 
 
When yearly nitrogen and carbon inputs from crop residues and exogenous organic products are 
equal to yearly outputs with arable layer stocked organic nitrogen mineralization, the humic bal-
ance is equilibrated and active stock reaches a level which is proportional to inputs. So a method 
of estimation of soil N mineralization was implemented, taking into account a calculation of active 
N organic stock of arable layer using organic restitutions history which was parameterized on long 
term field experiments. The method was evaluated on 7 trials comparing mineral and organic ferti-
lization. 

3. Results and discussion 

3.1 Soil N supplying measurements 

The study was based on 7 long term trials (youngest one was 10 years old) on 5 locations (cf. 
map). Experiments studied the effects of repetitive manure and/or slurry supplies, and were car-
ried out by chambre régionale d’agriculture de Bretagne (western France – 2 trials) and ARVALIS-
Institut du végétal (5 trials). 

 
Figure 1 : trial locations 
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Each experiment protocol had one treatment with inorganic fertilizer only and others with farmyard 
manures or slurries only. To avoid their short term fertilizer effects, farmyard manures and slurries 
applications were stopped at least 18 month before the beginning of N mineralization measure-
ments.  
 
In each trial during 2006-2007 period, soil N supplying from organic mineralization was calculated 
with LIXIM [3]. This model was parameterized using monthly N mineral measurements in bare soil 
(at the depth of 90 cm and during 6 to 12 months). 
 
Carbon inputs from crop shoot and root residues were estimated with the ratio (like harvest index) 
used in AMG model, implemented to forage maize, wheat and oil seed rape yields.  
Farmyard manure and slurry quantities and chemical content have been measured for each appli-
cation. Mean annual carbon input (manures and residues) has been calculated on a duration cor-
responding to 10 years before organic N stock measurement in the arable layer. 
 
Active organic N stock has been calculated (Eq.1) with 1) mineralized N quantity (M)  calculated 
with LIXIM model and 2) with its mineralization rate (m) from the COMIFER method which take 
into account  two parameters: clay and CaCO3 soil content: 
 =  / ∗                                                                            Eq. 1 
 
Sm = Active organic N stock (t.ha

-1
) 

M = Mineralized N quantity 
m = Mineralization rate of the active organic N stock (kg.ha

-1
.JN

-1
.t 

-1
of total soil organic N) 

JNp = Number of “normalized time” days corresponding to the mineralization calculation period  
 
 
3.2 Active N stock estimation taking into account crop residues and farmyard manure and 

slurry applications 

Taking into account the available data, we decided to make the calculation during 10 years of 
carbon inputs. This duration corresponds to the youngest trial available and is consistent with the 
capacity of farmers to know their chronicle of yield and farmyard manures applications. Because 
this duration is not long enough to estimate the whole N active stock, older chronicle (> 10 years) 
is taken into account with total N stock of the arable layer measured in 2006-2007. In this older 
history, we could not distinguish carbon input sources from residues or manures. In more recent 
history (< 10 years), this differentiation could be made. 
 
3.3 Using of older (>10 years) and younger (≤ 10 years) chronicles of carbon inputs from 

residues 
Treatments with only inorganic fertilization during the last 10 years were used to estimate the pa-
rameterization factors of carbon inputs from residues for both trial durations. The obtained equa-
tion links the active N stock (Sm) of these methods with the mean annual carbon inputs from resi-
dues during 10 years and the total organic N stock of the arable layer (depth = 25 cm) measured 
in 2006-2007. This relation explains 72% of the active organic N stock observed variability. 
 � �  =   +  � +                                                              Eq. 2 

Sm(r) =Active organic N stock taking into account recent and long term chronicles of C inputs from 
crop residues (t.ha

-1
) 

X = Total organic N stock in 0-25 cm soil layer (t.ha-1) 
Yr = Mean annual carbon inputs from residues during 10 years (t.ha-1.year-1) 
a, b, c = Fitted parameters 
 
3.4 Using of short term chronicle of C inputs from manures/slurries 
In each trial, we calculated the difference of active organic N stock (Sm) between methods with 
only inorganic fertilizer applications and with manures/slurries applications.  
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,  =  ’ ,  +  ’                                                                 Eq. 3 
 

Sm(m,s)= Active N stock increase due to manures/slurries application (t.ha-1) 
Y(m,s) = Mean annual C inputs from manures/slurries applications during the last 10 years  
(t.ha-1.year-1) 
a’, b’ = Fitted parameters 
 

 
Figure 2: Relationship between C inputs from manures/slurries and difference of active organic N stock between methods 

with inorganic fertilizer applications and with manures/slurries applications 
 

i. Active organic N stock calculation 
 

Total active N stock is calculated adding Sm(r) and Sm(m,s): 
  =   +  ,                                                                    Eq. 4 

3.5 Soil N supplying 

The mineralization rate of active N stock is implemented to Sm in order to calculate N supplying 
from its mineralization. 

 
Figure 3: N supplying from mineralization calculated with both methods (COMIFER one and new one) compared to the 

measured N mineralization in trials.  

 
We tested both methods (COMIFER one and new one) on the dataset of the 7 available trials. 
COMIFER method uses a 0.35 factor to obtain active stock from total stock, and adjust this active 
stock (+/20 % range) according to C inputs history from crop residues and farmyard ma-
nures/slurries applications. The COMIFER method overestimates the active N stock (figure 3) in 
soils with high stable organic matter content (fields succeeding old acid moor or old wetland). In 
these cases, the active N stock is closer to the active N stock of soils with smaller organic matter 
content. In other cases where high organic matter content is really due to higher active N stock, 
the COMIFER method underestimates N supplying. In cases where active N stock represents less 
than 35% of total organic N stock, N supplying is slightly overestimated by this method (figure 3). 
The new method calculates an active N stock due to old C inputs history with less influence of the 
total N stock (20 %), and adds the effect of recent C inputs chronicle from crop residues and ma-
nures/slurries. 
Mineralized N supplying estimation is improved (figure 3). It is confirmed by the classical statistical 
criteria (table 1). 
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Table 1: Statistical criteria for the evaluation of the methods (mineralized N supplying measured vs calculated with both 
methods) 

 New method COMIFER method 

Fitted parameters 

a 0.92 0.75 

b 8.95 30.67 

Statistical criteria 

bias -4.7 -5.1 

RMSE 19.7 32.9 

r² 0.90 0.56 

4. Conclusion  

The new method seems to significantly improve the estimation of soil N supplying along a large 
range of mineralized N quantities. 
Nevertheless, we did not have enough data to precisely determinate the factor values for each 
parameters influencing active organic N stock (old and recent chronicles of C inputs from crop 
residues and farmyard manures/slurries applications). 
More data from other long term trials or field surveys are needed to improve and validate this new 
calculation method. 
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1. Objectives 

The aim of the study was to examine the quality of drinking water from sources used on dairy 
farms situated in an area potentially contaminated by animal farms. We  focused on chemical 
indicators of contamination, presence of selected and on bacteriological examination that included 
counts of total coliform bacteria, E. coli, and bacteria cultivated at 22oC and 37oC.These parame-
ters indicate the safety of drinking water for humans and animals and its suitability for operations 
on dairy farms.  
All activities in primary milk production essentially affect the safety of milk and milk products 
(cleaning and disinfection, rinsing). Drinking water becomes a part of products and thus its quality 
and safety must be monitored. Water is important also for personal hygiene and hygiene of the 
working environment. 
Individual components of the environment, air, water, soil and organisms affect each other and 
contaminants shift from one place to another and accumulate in certain locations. Considerable 
attention is paid to vulnerable regions that were in the past or are still endangered by human activ-
ities. 
The quality of ground water is frequently reduced by intensive agriculture and the use of nitrogen 
fertilizers and pesticides. In order to ensure a sufficient quantity of safe drinking water we must 
prevent penetration of nitrates originating from agriculture into water sources and eliminate all 
interventions and operations that could affect negatively the quality of water supplies (Howd & 
Fan, 2008). 
Intake of contaminated water by cattle can cause diarrhoea, loss of appetite and hepatotoxic dis-
orders with fatal consequences. Insufficient intake of water decreases productivity and has ad-
verse health consequences. High-yield cows drink daily approx. 75 l of water. Water in drinkers 
should adequate quality and not be contained contaminants related  to feed residues or excre-
ments. The drinking system should be frequently cleaned (Code, 2004). 
 

2. Methodology 

Investigations were carried out on 5 farms, three were supplied with water from own wells (farms 
2, 3 and 4) and two (farms 1 and 5) were connected to mass public supply. Water samples were 
collected over a period of one year.  
The methods used for analysis of water corresponded to the Governmental Order of SR No. 
496/2010 Coll. on requirements for drinking water and control of quality of drinking water, compat-
ible with EU Drinking water directive (WHO, 2008).  
Physical and chemical examination focused on parameters of contamination of water with faeces 
of humans or people (pH, ammonia, nitrates, nitrites, and chlorides), residual chlorine and chemi-
cal oxygen demand (COD) which reflects the risk of formation of byproducts related to disinfection 
of water with active chlorine. First qualitative examination was performed, followed by quantitative 
colorimetric examination in case of positive qualitative result.  
Levels of selected heavy metals (Hg, Cd, Pb, As, Cr, Ni, Cu, Al, Fe, Mn, B) were determined by 
Atomic Absorption Spectroscopy (AAS). 
Bacteriological examination included determination of colony forming units (CFU) of coliform bac-
teria (CB), an indicator of pollution, E. coli (EC) reflecting the risk of contamination with faeces, 
and bacteria cultivated at 22oC and 37oC (BC22 and BC37) indicating general pollution and poten-
tial pollution with the content of digestive tract of humans and warm blooded animals. We used 
cultivation methods based on inoculation of samples onto relevant nutrient agars and cultivation 
for prescribed time at optimum temperatures. 
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3. Results and discussion 

The lack of high quality drinking water is one of the most important problems to which humans 
have to face in this century. Due to anthropogenic activities we commonly find territories where 
the drinking water sources are contaminated to such degree that the water from them is neither 
suitable for drinking and watering of animals nor for food processing and other purposes related to 
our everyday life (Sasáková, 2009).  
Polluted water can affect adversely the animals that have to consume it (abortion of calves, keto-
sis or acetonemia of cattle, chronic diarrhoea, liver damage, spreading of infections) (Bitton, 
1999). 
Ground water is the type of water located in the rock environment. It is a well available and quanti-
tatively, qualitatively and economically most suitable source of drinking water (Younger, 2007).  
It has constant temperature and usually does not require for special treatment, only removal of 
some minerals or ensuring the health safety, for example by chlorination. However, the number of 
substances that may contaminate ground water increases which poses a risk of their transfer into 
the food chain (Mackler & Merkle, 2000).  

3.1 Chemical examination of water 

Chemical examination of drinking water on dairy farms showed that pH level was within the rec-
ommended range in water from all sources. All ammonium ions (NH4

+) were detected only in 
samples collected from source 2 and reached the highest concentration in spring which could be 
related to melting of snow or extensive rainfall. Nitrites (NO2

-) were present in this source in sam-
ples collected in autumn. Nitrates (NO3

-) were found in all sources at every sampling in spring and 
only in traces in the remaining seasons. Chlorides (Cl-) were detected particularly in winter in 
samples from sources 2 and 3 and in other sources only in trace levels. 
The limit values for nitrates and chlorides (50 mg.l-1 and 100 mg.l-1, resp.) were exceeded in sam-
ples from sources 3 and 4 (wells).  
The limit for CODMn (3 mg.l-1) was exceeded  in source 4 in winter. This parameter reflecting  the 
presence of chemically oxidisable organic matter is of health importance because it is related to 
potential production of disinfection byproducts and the risk of cancer. Drinking water for mass 
supply is monitored for the presence of 4 such byproducts and the sum of them, but such exami-
nation is not carried out  for individual sources.  
Water intended for mass supply is disinfected, mostly with active chlorine, to a level that produces 
no risk to consumers. Our examinations of free chlorine levels showed presence of low residual 
levels of free chlorine in water on farms 1 and 5 and on farm 2 in summer and autumn. 

3.2 Bacteriological examination of water 

Coliform bacteria (CB) as an indicator of potential faecal contamination were present only in indi-
vidual sources (wells) (Table 1.). They should be absent in any 100 ml water sample.  In all wells 
coliform bacteria were present in 100 ml of water at all seasons. No coliforms were present in any 
100 ml water sample from farms 1 and 5. E coli were present only in samples of water from farms 
3 and 4 and the highest counts were determined in autumn.  
Limit for BC22 were exceeded (>300 CFU) only in source 3 in spring and in source 4 in summer  
Bacteriological contamination of wells could be related to unsuitable  location of wells and their 
insufficient protection. This is indicated by the potential influence of melting of snow in spring, 
heavy precipitations and agricultural activities, particularly application of manure. Animal grazing  
and run-off from farms could also contribute to contamination of poorly protected wells (Council 
Directive 91/676/EEC).  

3.3 Determination of heavy metals 

Water from mass supply sources presents no problem in this respect as the water intended for 
mass supply is appropriately treated and monitored. Monitoring for increased levels of heavy met-
als in individual wells enables to identify potential sources and risks to animals and humans and 
try to take some measures for improvement. Our examination of water from wells on farms 2, 3 
and 4 for 11 heavy metals (Hg, Cd, Pb, As, Cr, Ni, Cu, Al, Fe, Mn, B) showed that their levels did 
not exceed the limits set by relevant legislation.  
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Table 1: Results of microbiological examination of drinking water on investigated farms 

Farm 
 
 
 
 
 

Season 
 
 
 
 
 

EC CB BC22 BC37 

Limit 

0 CFU/100 ml 0 CFU/100 ml 200 CFU/ 1 ml 200 CFU/ 1 ml 

1 
 

winter 0 0 0 0 
spring 0 0 0 0 

summer 0 0 140 0 
autumn 0 0 0 0 

2 
 

winter 0 8 0 0 
spring 0 220 170 160 

summer 0 60 148 80 
autumn 0 48 80 50 

3 
 

winter 1 26 104 30 
spring 4 240 > 300 270 

summer 6 138 124 140 
autumn 13 35 90 103 

4 
 

winter 8 80 120 90 
spring 6 260 180 165 

summer 66 288 > 300 290 
autumn 130 240 0 150 

5 
 

winter 0 0 1 0 
spring 0 0 0 0 

summer 0 0 0 0 
autumn 0 0 0 0 

4. Conclusion and outlook 

Monitoring of drinking water focuses on parameters that indicate some risk to its consumers and 
allow one to take adequate measures. Examination of water from wells on farms 2, 3 and 4 
showed increased levels of some chemical parameters related to faecal contamination that was 
further confirmed by the presence of total coliforms and even E. coli and suggested the necessity 
of such measures, particularly increased protection of the immediate area of wells and elimination 
of activities that may contribute to risks. Disinfection of water can help to protect consumers from 
microbiological risks but does not provide long-term solution. Complex evaluation of water and 
checking on geological situation (location and potential contamination of the relevant aquifer) in 
the entire location can provide further insight into the problems.  
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Objectives 

The crop residues of vegetables are important for nutrient and organic matter cycling. However, 
these residues often may lead to nitrogen leaching risks. This study investigates the feasibility of 
removing crop residues, followed by composting or ensiling as a means to reduce N leaching 
losses.  

Methodology 

Crop residues of cabbage were mechanically harvested. Leek residues were obtained from pre-
paring harvested leek plants for market. For composting, residues of white cabbage or leek were 
mixed with wood chips and bark, grain and maize straw. Residues of leek were also mixed with 
straw and alternative brown materials, i.e., heath chopper or used tomato or strawberry substrate. 
For silage, crop residues of white cabbage, celery, cauliflower or leek were mixed with chopped 
maize straw. 

Results 

Collection of both cabbage residues and maize straw was not very effective as the collected mate-
rial had a high soil particle load. This resulted in a suboptimal composting process and a low or-
ganic matter content in the composted end products. A high quality compost was obtained when 
using leek crop residues combined with the alternative brown materials with a high degree of puri-
ty. However, compared to the used growth substrates, heath chopper seemed to induce a better 
structural condition to the compost pile guaranteeing a sufficient oxygen supply. The establish-
ment of a compost pile based on wood chips and crop residues implied a net variable cost of 55 to 
77 euro per ton crop residues, which primarily reflected the cost of wood chips used as a structur-
al material. 
Silage quality was optimal for the mixtures with leek and celery, and less optimal for the other 
mixtures. This was related to higher NH4

+-N concentrations and lower compressibility of the mix-
tures with cauliflower and white cabbage. Ensilaged leek residues showed potential to be used as 
fodder. The net variable costs for ensilage of leek residues amounted to 9.9 euro per ton crop 
residues. 

Conclusion 

Ensilaging conserves the nutrients and organic matter for reuse on the field after the winter or for 
other applications. As ensilaged residues remain highly biodegradable, they will possibly cause a 
temporary N-immobilization when applied as a soil improver. Composting results in stabilization of 
the organic matter before application on the field and lowers the risk of nutrient losses after appli-
cation. Composting allows to add residues during the process in function of their availability.  
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1. Objectives 

Mineral phosphorus (P) reserves are finite, increasing demand for novel methods to utilize P rich 
by-products. Sewage sludges are among the least utilized P sources as well as pig manure pro-
duced in centralized large units. Hydrothermal carbonization (HTC) and pyrolysis may be used to 
produce safe fertilizer products from these materials. We evaluated P solubility and bioavailability 
of sewage sludges (SS) and pig manure (PM) after thermal treatments. 

2. Methodology 

Anaerobically digested sewage sludges (SS) represented waste water treatment plants that use 
either high (SSH) or low (SSL) doses of iron for P precipitation. Sludges were obtained from Hel-
sinki, Finland (SSH) and from Helsingborg, Sweden (SSL). Pig manure (PM) was obtained after 
separation of solid and liquid fraction and thereafter was further treated with chemical flocculant to 
remove remaining solid fraction from the liquid phase and dried at 70 °C. Sewage sludges were 
hydrothermally carbonized at 200 °C for 20 hours, and PM was pyrolysed at a temperature of 410 
°C for one hour. Target temperature was reached with temperature increase of 2 °C per minute. 
Elemental composition of the materials was analyzed with ICP-OES after aqua regia digestion. 
 
Solubility of P was tested by using a modified Hedley fractionation scheme [1]. Hedley fractiona-
tion consists of sequential extractions with water (twice), 0.5 M NaHCO3, 0.1 M NaOH and 1 M 
HCl with the extraction ratio of 1:60. Extraction times were 16 h (4 h with the first water extraction). 
Following extraction, the samples were centrifuged (3000 g, 15 min) and inorganic P (Pi) (super-
natants filtered through a 0.2 µm nucleopore membrane (Whatman, Maidstone, UK)) and total P 
(unfiltered supernatant digested at 120°C with sulfuric acid and peroxodisulfate) concentration in 
the supernatant was analyzed according to Murphy and Riley [2]. Organic P (Po) was taken as the 
difference between total and Pi concentration. 
 
Phosphorus bioavailability was tested in a growth experiment by using barley (Hordeum vulgare 
var. Kunnari) as a test plant. Barley was grown under a glass roof in a P deficient sandy soil (6.5 
kg). Soil was limed with Ca(OH)2 (20.8 g pot-1) two weeks before seeding to reach a target pH of 
6.5. Before fertilization and seeding, 0.5 l of soil was removed for covering the seeds, after which 
P sources were mixed with the soil according to total P concentration. SSH and SSL were added 
to soil as air-dried and sieved (6 mm). Addition of P as sewage sludges with or without HTC 
treatment was 150 mg P kg-1 soil and as PM with or without pyrolysis 40 mg P kg-1 soil. Super-
phosphate (SP) was used as a reference P source at rates of 10, 50 and 150 mg kg-1 soil. The 
control treatment did not receive any P. Bioavailability of P in SS and PM was compared to that of 
SP. All other nutrients (N, K, Mg, S, Fe, Mn, Zn, Cu, B and Mo) were added as inorganic salts in 
order to prevent their deficiency. Treatments were replicated four times. Total of 25 seeds per pot 
was added and thinned to 20 shoots after emerging. Additional dosage of N was given at the stem 
elonganation stage. Barley was harvested after ripening 2 cm above the soil surface, dried at 65 
°C and grain yield was weighed. 

3. Results and discussion 

3.1 Phosphorus and iron content 

Concentrations of P in air-dried SSH and SSL were 33.3 g kg-1 and 27.4 g kg-1, respectively. Hy-
drothermal carbonization increased P concentration to 43.4 g kg-1 and 37.8 g kg-1, respectively, 
due to the concentrating effect. Pyrolysis of PM concentrated also P from initial 23.5 g kg-1 in raw 
material to 50.7 g kg-1 in the char fraction. 
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In Helsinki P is removed from waste water by using Fe for P precipitation. Because of this, Fe 
concentration was 120.9 g kg-1 in sludges, whereas it was only 29.1 g kg-1 in sludge originating 
from Helsingborg, where P is removed biologically. Molar ratios of Fe and P in sludges were 2.0 
and 0.6 respectively, while this ratio for PM was 0.05. Thermal treatment did not change these 
ratios. 

3.2 Phosphorus solubility 

Inorganic P (Pi): Phosphorus was mainly in inorganic form in SSH, SSL and PM with 95.8%, 
92.3% and 95.5%, respectively. HTC-treatment increased Pi share further in SS up to 98-99%, 
whereas pyrolysing of PM decreased it down to 79%. 
Share of water-soluble Pi decreased from 15.3% to 0.1% as the molar ratio of Fe/P increased 
from 0.6 (SSL) to 2.0 (SSH). Most of the Pi was extracted by 0.1 M NaOH, constituting 65% of the 
total P in SSH and 47% in SSL (Fig. 1). This fraction is considered to represent Fe bound P. La-
bile Pi content (water + 0.5 M NaHCO3 –extractable) in SSH and SSL was 2 and 24%, respective-
ly (Fig. 1). Acid soluble Pi content was 29 and 22% in SSH and SSL, respectively. 
Water-soluble Pi share in PM was 36%, less than normally found in our studies (data not shown). 
Also the high share of acid soluble Pi (46%) was more than commonly found in PM, probably due 
to the use of flocculants during manure separation. 
HTC-treatment of SS depressed the share of water, 0.5 M NaHCO3 and 0.1 M NaOH –extractable 
Pi, but increased the acid soluble P fraction (Fig. 1).  
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Figure 1: Solubility of P according to Hedley fractionation scheme in sewage sludges with low (SSL) and high (SSH) Fe to 

P molar ratios and in pig manure (PM) before and after HTC or pyrolysing (PY).  
 
 
Different types of thermal treatments seemed to have a different effect on P solubility. Concentra-
tion of 0.5 NaHCO3-soluble Pi decreased in SS after HTC, but increased in PM after pyrolysing. 
This does not seem be dependent on raw material, as pyrolysing of SS increased 0.5 M NaHCO3 
–extractable Pi as well (unpublished results) Also concentration of 0.1 M NaOH -soluble Pi either 
remained at the same level in SSL or decreased in SSH, but increased in PM (Fig. 1). However, 
all treatments increased the HCl-soluble fraction, which indicates low, or at least slow, plant avail-
ability of phosphorus. 
 
Organic P (Po): Pyrolysing of PM increased 0.5 M NaHCO3 –extractable Po concentration from 
0.2 to 5.1 g kg-1 and 0.1 M NaOH -extractable Po from 0.4 to 3.4 g kg-1. Although the HTC-
treatment depressed the share of Po in SS, the total share of Po is minor compared to that of Pi. 
However, these results indicate that treating organic material either with HTC or pyrolysis, will 
have a different effect on the composition of end-products. 
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3.3 Bioavailable phosphorus content 

Without P fertilization (control) phosphorus deficiency depressed barley growth drastically due to 
the low content of plant available P in the experimental soil; barley yield was only 3 g while with 
the highest SP application rate it was 71 g (Fig. 2). Barley yields after SS and PM applications 
were less than at the highest application rate of SP (Table 1), ensuring that bioavailability of P in 
these P sources can be estimated from the yield response curve obtained with SP. 
Bioavailable P content in SSL was 68% but only 10% in SSH (Table 1), demonstrating a drastic 
decrease in P bioavailability after using P precipitation chemicals. For both SS bioavailability of P 
was at a higher level than labile P contents according to Hedley fractionation scheme, showing 
that barley was able to utilize less soluble P fractions as well. Bioavailable P content in PM was 
only 30% (Table 1). This is in contradiction to our previous experiments where PM based P was 
more available than SP (unpublished results). In this study, flocculants used for separating the 
solid and liquid phase of PM probably reduced P availability as well. 
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Figure 2:  Barley yield in a pot experiment after addition of increasing amounts of superphosphate (SP) phosphorus. 
 
Thermal treatment decreased the bioavailable P content in both SS and PM, but more drastically 
in SS, where bioavailability was depressed down to 6% and 1% in SSL and SSH, respectively 
(Table 1). This was due to the formation of less soluble compounds, as shown by the increased 
share of acid soluble P. Whether these P sources turn into a more bioavailable form in a longer 
time period is unknown, and growth experiments with a longer time frame are underway to elabo-
rate this question. Share of acid soluble P content in meat and bone meal was up to 90% of the 
total P, but it turned gradually into a plant available form during a three-year period, instantly plant 
available P content being 19% [3]. Pyrolysing of PM depressed the bioavailability of P to 17%, 
which is less than the labile P content (27%) according to Hedley fractionation scheme. This un-
expected result needs to be confirmed. 

Table 1: Barley yield and bioavailable P share as compared to superphosphate in sewage sludges (SSH and SSL) and in  
pig manure (PM) before and after HTC-treatment (SSH, SSL) or pyrolysis (PM). 

Sample 
       Barley yield 

        (g pot-1) 

   Phosphorus 

       bioavailability, % 

 Before                     After Before After 

SSH          21.1   4.9 10 1 

SSL          65.5 14.5 68 6 

PM          18.0 11.6 30 17 

 

4. Conclusion and outlook 

Both the solubility of P and its bioavailability were depressed by the P precipitation chemicals. 
Because the bioavailability of P was higher than predicted from the solubility alone. Long-term 
studies are needed to evaluate P bioavailability of the sewage sludges before and after thermal 
treatments. 
In order to improve recycling of SS based P, use of P precipitation chemicals at the waste water 
treatment plants needs to be evaluated. Depressing the content of iron in sewage sludge dramati-
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cally increases P bioavailability. On the other hand, use of precipitation chemicals or thermal 
treatment of SS or PM may reduce P leaching risk after high application rates of these materials. 
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1. Objectives 

An efficient and as complete recycling of plant nutrients as possible back to arable land is a corner 
stone of a sustainable society and will characterize future agriculture. Despite many efforts im-
proving recirculation of wastes during recent decades, some major tasks still need to be solved. In 
this paper, we want to point out some misconceptions about recycling of organic wastes that need 
to be corrected, stress neglected boundary conditions that must guide our thinking about recy-
cling, and point towards possible solutions. Our position is that nutrient extraction from wastes 
rather than redistribution of organic residues on arable land enables efficient nutrient cycling in 
society. This means a conceptual shift from traditional waste recycling to only nutrient recycling. 
Wastes are used as raw materials for fertilizer production which would enable an equitable redis-
tribution of nutrients back to soil. The aim of this paper is to motivate our position and to provide 
an example.  

2. Conditions determining recycling  of organic urban wastes   

One can identify three major conditions having a large impact on recycling of organic residues 
from towns/cities to arable land. These are: 
 

 Gathering of organic residues and accumulation of nutrients in densely populated areas  
 Generally high water and low nutrient contents in wastes  
 Risk for contamination with non-wanted compounds 

 
It is projected that urban populations will increase from 3.4 billion in 2009 to 6.3 billion individuals 
in 2050[1]. Consequently, food consumption will mainly occur in densely populated areas. This 
means that plant nutrients present in food are accumulated in urban settlements. As most food 
originates from remote agricultural areas and arable fields adjacent to cities only provide a minor 
portion, equitable redistribution of wastes to cropland would mean long-distance transport. Since 
water contents in wastes typically range from 55% in mature composts, 70-80% in dewatered 
sewage sludge and up to 90% in biogas residues, recycling of organic residues means long-term 
transportation of large waste volumes per amount plant nutrient (Table 1).  
As a result, organic residues are mainly recycled within the vicinity of cities and are not only ap-
plied to agricultural fields but also to green areas and as feedstock for bioenergy production, 
mushroom production etc., thus, substituting fertilizers and other resources. Although re-use of 
organic residues is a big progress compared to disposal, a main challenge of recycling  still needs 
to be addressed, i.e., mining of soils for nutrients in remote areas and enriching nutrients in and 
around centers of food consumption. Finally, recycling of organic residues from towns/cities can 
be a risk due to high concentrations of unwanted metals, organic chemicals, pharmaceuticals and 
pathogens, than in agricultural wastes. In fact, sewage sludge is a sink for all type of compounds 
used in society ending up in waste water. 
 
Table 1: Overview of phosphorus contents in organic waste products and mineral P fertilizer 

 

Product P content 

/ % in wet weight 

Amount product per amount nutrient  

/ kg per kg P-1 

Waste water 0.001 100 000 

Human urine 0.05 2 000 

Biogas residues 0.075 1 333 

Composts 0.15 667 

Sewage sludge 1 100 

Ash from sewage sludge 9 11 

Mono-ammonium phosphate 22 4.5 

mailto:holger.kirchmann@slu.se
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3. Results and discussion 

3.1 Misconceptions about recycling of organic town/city wastes  

A central idea for recirculation of organic town/city wastes back to soil still is that organic residues 
are a valuable and useful soil amendment/fertilizer that should be used in crop or other biomass 
production. Thus, efforts to produce as ‘clean’ wastes as possible avoiding contamination with 
hazardous product has been prioritized. Our thinking that organic wastes are valuable products is 
based on the two particular perceptions, which are partly incorrect: 
 

 Organic wastes are an important source of organic matter enhancing soil carbon levels 
and soil structure; 

 The nutrient composition in organic wastes is adapted to the demand of crops and wastes 
act as fertilizer.    

 
How large is the potential input of organic matter through sewage sludge to arable land?  
Assuming an application of 700 kg sewage sludge dry matter to soil equivalent to 22 kg P ha-1 yr-1 
(maximum amount according to Swedish legislation) with a carbon content of 30%, means an 
addition of 210 kg C or 420 kg of organic matter ha-1. However, assuming an equitable redistribu-
tion of sewage sludge, i.e., relating the total amount of sewage sludge produced in a country in 
relation to the total arable land, the amounts of organic matter added are insignificant. For exam-
ple, Sweden produces 220 000 Mg sewage sludge dry matter and the total area of arable land is 
2 500 000 ha, which results in less than 30 kg C or 60 kg organic matter ha-1 when sewage sludge 
is uniformly redistributed. For comparison, crop residues such as roots and stubble amount to 
1500-2000 kg C ha-1 yr-1. Even considering that humification of sewage sludge is 2-3 times higher 
than of crop residues[2], the perception that sewage sludge is a significant organic matter source is 
not supported by data.   
 
Do organic wastes have an optimal composition as fertilizer? 
Examining the nutrient composition in sewage sludge, composts or biogas residues shows that 
ratios of common nutrients, nitrogen (N), phosphorus (P), potassium (K) and sulfur (S), seldom 
are in agreement with the composition of crops. For example, the N-P-K-S composition in sewage 
sludge is 1-1-0.1-0.3, whereas the relative nutrient composition in crops is 1-0.1-0.5-0.1 showing 
that too much P and S and too little K is provided by sludge. Similarly, composts of household 
wastes (relative N-P-K-S contents of 1-0.2-2.2-0.5) have too low nitrogen contents in relation to 
other nutrients[3].  
In addition, nutrients in organic wastes may not be released in synchrony with crop demand. For 
instance, several long-term field experiments in Sweden have shown that crop utilization of N 
applied with sewage sludge is low indicating that nitrogen in sewage sludge is not sufficiently re-
leased during crop growth[4]. The same is true for compost[6] having no positive yield effect even 
when applied at rates of 6000 kg dry matter ha-1 yr-1 over several years.  

3.2 Long-term field experiments with sewage sludge   

Metal contents in Swedish sewage sludge have steadily decreased since the 1990th (Fig. 1). Con-
centrations decreased by 85%, showing that environmental policies to control metal emissions in 
Swedish society have been effective. As a result, the soil microbial biomass in long-term field 
studies, which previously was stressed and reduced in size in relation to the carbon content in soil, 
recovered during recent years (Fig. 2).  
Despite the improvement of the quality of sewage sludge, ongoing Swedish long-term field exper-
iments show that crop utilization of N and P applied in sewage sludge is low. This can be ex-
plained by the chemical composition of sewage sludge. Nitrogen is mainly bound to stable organic 
compounds and is therefore slowly released over time. Phosphorus is mainly present in Fe- or Al-
precipitated forms, which are only slowly dissolved. In other words, only a small portion of nutri-
ents in sewage sludge is water soluble and therefore plant available. From a farmer’s view, sew-
age sludge is an inefficient fertilizer.  
Metal accumulation in soil due to long-term application of sewage sludge to soils did not signifi-
cantly affect trace metal contents of cereal crops, neither of essential nor of polluting metals[4]. 
However, sewage sludge acidified soils as a result of oxidation of organic S to sulfate and organic 
N to nitrate.  
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Figure 1:  Declining concentrations of six metals in sewage sludge over time[4]. Mean Swedish data for silver were not 
available. (○ = empty circles refer sludge from Uppsala; • = black circles to sludge from Gothenburg; Δ = empty 
triangles refer sludge to Stockholm; ▼ = black down pointing triangles refer sludge from Malmö/Lund; ■ = black 
squares refer to mean data of Swedish sewage sludge). 

 
Figure 2: Change of the soil microbial biomass in the Ultuna long-term soil organic matter experiment[4,5]. 
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3.3 Is nutrient extraction from wastes the way forward?   

In this part, we discuss a possible solution for a more efficient P-cycling in society. The demo-
graphic trend makes towns and cities to be hot spots for accumulation of nutrients. The accumula-
tion of wastes in mega-cities does not enable an efficient recycling of organic wastes anymore and 
the trend is to combust more and more of the sewage sludge produced, not only in mega-cities 
but also in towns. We consider ash to be the main waste product from increasing urbanization and 
processing of ash for nutrient extraction to be an important step to close nutrient cycling in society 
(Fig. 3). Ashes from combusted sewage sludge have relatively high phosphorus contents (Table 
1) and a new process to extract phosphorus from these ashes was developed[7]. 

When developing the process to extract phosphorus from sewage sludge ash, the aim was to 
produce fully water-soluble (i.e. plant available), non-metal contaminated (i.e. environmentally 
adapted) and concentrated inorganic phosphorus fertilizer (i.e. enabling equitable redistribution to 
arable land). Furthermore, the idea has been to minimize new waste streams when processing 
ash. In-going chemicals required for ash processing should become part of final products. Internal 
bleed water should be re-used and out-going water can be released without problems.  

Introduction of this process on a wide scale implies among others that a large amount of phos-
phate rock can be conserved by using phosphorus from ash instead. Such development may 
significantly contribute to a sustainable use of the world’s phosphorus resources and safe and 
secure food production.  
 

 

 

 

 

 

Figure 3: Closing P cycling in society. 

4. Conclusion and outlook 

Our position is that efficient cycling of plant nutrients in society requires  
 

 equitable redistribution of nutrients on arable land;  
 application of nutrients in plant available form;  
 use of ‘safe and clean’ products.  
  

These conditions can be achieved through nutrient extraction rather than redistribution of organic 
wastes on arable land [7]. We suggest that sustainable nutrient management is possible in future 
through inorganic fertilizers derived from organic wastes. 
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1. Objectives 

In vegetable cropping systems, soil quality is seriously threatened by intensive tillage and fertiliza-
tion practices and by limited crop rotations. Compost application and reduced tillage may help to 
sustain soil quality. Moreover, these systems are particularly prone to N losses due to inherent low 
N efficiency of vegetable crops related to superficial rooting, large amounts of crop residues and 
excessive N fertilization to boost crop productivity and quality (Armbruster et al., 2013). Recom-
mendation of N fertilization should account for effects of soil management practices on N availabil-
ity. We investigated to which extent compost application and a non-inversion tillage practice sus-
tains soil quality and alters nitrogen (N) dynamics in a multi-year field trial with vegetables as main 
crops in the rotation. Our research hypothesis was that compost application and reduced tillage 
enhance soil quality in the short term affecting N availability in the soil and N use efficiency of the 
mineral N dressing.  

2. Methodology 

A two-factorial experiment was investigated from September 2008 until February 2012, a period 
that covered three full growing seasons. The field was located N 50°57´1.91´´, E 3°15´7.79´´, 25 m 
asl, on a sandy loam soil (63% sand, 30% silt and 7% clay). Farm compost, prepared at our insti-
tute (ILVO) based on vegetal residues (e.g. bark, straw, wood chips, grass clippings, leek resi-
dues, …)(Table 1) was applied each autumn, starting in 2008, at three different rates, namely 0, 
15 and 45 Mg ha-1 (henceforth named C0, C15 and C45). The soil was tilled either conventionally 
(CT) by mouldboard ploughing or by reduced non-inversion tillage (RT) with a chisel plough (Acti-
sol). Soil tillage depth was approximately 0.3 m for both soil tillage practices. Combining two tillage 
methods and three compost doses resulted in six different soil management regimes which were 
replicated four times and arranged according to a split-plot design with tillage as the main plot 
factor and farm compost application as the subplot factor. Individual subplots were 6 m by 18 m. 
The rotation started with winter rye (Secale cereale) as cover crop after the first compost applica-
tion in 2008. Broccoli (Brassica oleracea, var. Italica Group) was grown as main crop in 2009 and 
followed by white mustard (Sinapis alba) as autumn cover crop. In 2010, carrots (Daucus carota) 
were grown. Before the main crop leek (Allium porrum) white mustard was used as spring cover 
crop in 2011. Top fertilization of the leek crop was added as a third factor, i.e. a sub-subplot factor. 
Calcium ammonium nitrate (27% N) was applied in three different doses, 0, 30 and 60 kg N ha-1, 
randomized over sub-subplots of 6 by 6 m. 
Soil quality was assessed at the start and at the end of the experiment based on chemical and 
biological characteristics. Undisturbed soil cores (100 cm3) were taken with an auger (Eijkelkamp 
Agrisearch Equipment) for determination of bulk density (BD) at approximately 0.05 m, 0.2 m and 
0.45 m below the soil surface (ISO 11272) for the 0-0.1, 0.1-0.3 and 0.3-0.6 m layer, respectively. 
Total organic carbon (TOC) concentration was measured in oven-dried (70 °C) soil samples by 
dry combustion at 1050 °C with a Skalar Primacs SLC TOC-analyzer according to ISO 10694. pH 
was measured potentiometrically in a 1 M KCl solution (1:5 v/v) according to ISO 10390. Changes 
in chemical soil properties over the three-year period were calculated (e.g., ∆TOC). Phospholipid 
fatty acids (PLFAs) were extracted and determined using techniques fully described in Moeskops 
et al. (2010). The soil layers 0-0.3, 0.3-0.6 and 0.6-0.9 m were sampled separately for analysis of 
the mineral N content, yearly at three sampling occasions, i.e. before the start (s1), during (s2) 
and at the end of the cultivation period (s3)(Table 2). Sampling was done per subplot, except for 
broccoli at s2 where samples were taken per main plot and for leek at s3 where samples were 
taken per sub-subplot. Soil mineral N content was extracted (1:5 w/v) in a 1 M KCl solution ac-
cording to ISO 14256-2 and measured with a Foss Fiastar 5000 continuous flow analyzer. Soil 
moisture content was determined as weight loss at 105 °C. For the calculation of the mineral N 
stock (Nmin) in the different layers, average BD values of 0-0.3 and 0.3-0.6 m soil layer were 
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used, determined per subplot at s2 in 2011. BD was neither affected by soil tillage nor by compost 
application. BD of the 0.6-0.9 m layer was assumed to be identical to the BD of the 0.3-0.6 m soil 
layer. Crop total biomass and N uptake were determined at s2 and s3 for broccoli and leek, 
whereas for carrots, only gross tuber yield was determined at s3. To determine broccoli and leek 
dry matter content, crop subsamples of whole plants were dried in a ventilated oven at 70°C dur-
ing at least 48h. The N content was determined on ground dried plant material according to the 
Kjeldahl method (ISO 5983-2) for broccoli and the Dumas method (ISO 16634-1) for leek. The N 
use efficiency (NUE) of the top mineral N dressing for leek was determined by subtracting the N 
uptakes2-s3 on the non-fertilized sub-subplots from the N uptakes2-s3 on the fertilized sub-subplots 
and dividing this by the dose. 

Table 1: Composition of the farm compost applied in the years 2008-2010 DM: dry matter; OM: organic matter; 

  EC: electrical conductivity 

 DM OM EP Ph-H2O N-NH4 N-NO3 N P K 

 % % on 
DM 

µS cm-1 - mg L-1 % on 
DM 

g kg-1 g kg-1 
DM 

g kg-1 
DM 

2008 23.1 69.7 901 9.4 7.5 93.5 2.0 3.3 16.6 

2009 38.3 43.4 615 8.2 < 5.0 24.0 1.2 1.5 7.4 

2010 65.6 51.4 1308 8.4 < 5.0 46.5 1.7 3.2 10.7 

 
 

Table 2: Calendar data sampling occasions s1, s2 and s3 

s1 19.03.2009 14.04.2010 14.06.2011 
s2 15.06.2009 28.06.2010 24.08.2011 
s3 29.07.2009 27.09.2010 08.11/2011 

 

3. Results and discussion 

3.1 Soil quality parameters 

A significant interaction between the tillage and layer factor was found for TOC (p < 0.001), indi-
cating a stratification of soil organic matter due to a reduced tillage practice. For the 0-0.1 m soil 
layer, TOC tended to be higher under RT compared to CT. RT did not reduce TOC0.1–0.3 m. Under 
RT, TOC0–0.1 m was significantly higher than TOC0.1–0.3 m (p < 0.001) whereas in the case of CT, the 
TOC of both upper layers did not differ significantly (Table 3). No significant effect from the soil 
tillage factor on pH-KCl was found. 
 
 
Table 3: Total organic carbon content (TOC); significant differences between soil layers are indicated with different lowe 

case letters and p-values (2-way ANOVA: compost x layer); soil layers 0-0.1 m, 0.1-0.3 m and 0.3-0.6 m; CT: 
conventional tillage (ploughing), RT: reduced (non-inversion) tillage. 

  0-0.1 m 0.1-0.3 m 0.3-0.6 m ANOVA Scheffe 

TOC CT 0.88 b 0.90 b 0.61 a 0.001 0.001 

% RT 1.05 b 0.93 b 0.61 a 0.001 0.001 

 
 
TOC0-0.1 m was significantly higher for C45 than for C0 (p < 0.01)(Figure 1). A tendency for higher 
TOC0.1-0.3 m with increasing compost doses was observed. ∆TOC0-0.1 m was significantly different 
between C0 and C45 (p < 0.01). No change in TOC0.1-0.3 m was observed for C45, but there was a 
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significant decline in TOC in the 0-0.1 and 0.1-0.3 m soil layers on C0 plots (p < 0.05 and p < 
0.001). A significant increase in TOC in the 0.3-0.6 m soil layer was observed in compost amend-
ed plots (p < 0.01). From the results, it appeared that the highest compost dose more than com-
pensated for organic matter losses by mineralization in the arable layer. pH-KCl0–0.1 m was signifi-
cantly higher on compost amended plots than on non-amended ones (p < 0.01). The decrease in 
pH was considerably limited by compost application, irrespective of the dose applied (Figure 2).  
Application of compost and non-inversion tillage clearly resulted in more soil microbiota in the 0-
0.1 m top layer (Table 4). For most of the functional groups in the soil food web, both RT and 
compost application (C45) were beneficial. However, fungi were only favored by RT and gram-
negative (G-) bacteria only by compost application (C45).  
 

 
Figure 1: Total organic C content (TOC) at the end of the three-year experimental period and change in TOC (∆TOC) 

during that period in the 0-0.1, 0.1-0.3 and 0.3-0.6 m soil layers for the different compost doses 0, 15 and 45 Mg 
ha-1 year-1 (C0, C15 and C45, respectively). Significant differences are indicated by different lowercase letters. 

 
 
 

 
Figure 2: pH-KCl at the end of the three-year experimental period and change in pH-KCl (∆pH-KCl) during that period in 

the 0-0.1, 0.1-0.3 and 0.3-0.6 m soil layers for the different compost doses 0, 15 and 45 Mg ha-1 year-1 (C0, C15 
and C45, respectively). Significant differences are indicated by different lowercase letters. 
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Table 4.: Final soil status with regard to soil biota in the 0-0.1 m soil layer (total microbial biomass (Total), gram-positive 
(G+) and gram-negative (G-) bacteria, actinomycetes, fungal PLFA marker 18μ2ω6 and arbuscular mycorrhizal 
fungi (AMF); significant differences between tillage methods or compost doses are indicated by different lower-
case letters and p-values (2-way split-plot ANOVA tillage x compost); CT: conventional tillage (ploughing), RT: 
reduced (non-inversion) tillage; C0, C15, C45: 0, 15 and 45 Mg farm compost ha-1. 

nmol g-1 CT RT ANOVA C0 C15 C45 ANOVA Scheffe 

Total 14.1 a 20.3 b 0.05 15.5 a 16.5 a 19.6 b 0.001 0.05 

G+ bacteria 1.60 a 3.51 b 0.05 2.69 a 2.92 a 3.56 b 0.01 0.05 

G- bacteria 1.59 2.01  1.65 a 1.70 a 2.05 b 0.01 0.01 

Actinomycetes 1.12 a 1.54 b 0.05 1.21 a 1.25 a 1.54 b 0.001 0.05 

Fungi 18μ2ω 6 0.34 a 0.77 b 0.01 0.53 0.53 0.61   

AMF 0.66 a 1.11 b 0.05 0.72 a 0.84 a 1.10 b 0.001 0.05 

 
 

3.2 N dynamics 

Only in the second year (2010) the tillage and compost factor significantly affected Nmin0-0.3 m 
(Table 5). At s1, Nmin0-0.3 m was significantly higher for C45 compared to C0 (two compost applica-
tions) but was not affected by the difference in tillage practice in year 1. Nmin0-0.3 m at s2 was sig-
nificantly higher in case of CT compared to RT and significantly higher for C45 compared to C0. In 
2010, at s1, Nmin0-0.9 m was significantly higher for C45 (103 kg ha-1) than for C0 (84 kg ha-1)(p < 
0.05). At none of the others sampling occasions in the three-year experimental period, significant 
differences in Nmin0-0.9 m appeared. 
 
Table 5: Mineral N stock in the 0-0.3 m soil layer (Nmin0-0.3 m) in the carrots growing season 2010; significant differences 

between tillage methods or compost doses are indicated by different lowercase letters and p-values (2-way split.. 
plot ANOVA tillage x compost); CT: conventional tillage (ploughing), RT: reduced (non-inversion) tillage; C0, C15, 
C45: 0, 15 and 45 Mg farm compost ha-1; s1, s2 and s3: first, second and third sampling occasion 

kg ha-1 CT RT ANOVA C0 C15 C45 ANOVA Scheffe 

s1 34 31  29  a 31   ab 38  b 0.01 0.01 

s2 67  b 58  a 0.001 57  a 62   ab 68  b 0.05 0.05 

s3 13 19  12 21 15   

 
 

As differences in plant N availability hardly occurred, differences in crop N uptake were not ob-
served in the three-year experimental period except in 2009 where total N uptake by the brocco-
li crop was significantly higher under RT (212 kg ha-1) compared to CT (196 kg ha-1)(p < 0.01). 
At s2 in 2011, an interaction between the tillage and layer factor indicated a difference in distri-
bution of mineral N in the soil profile between tillage systems. Under RT, Nmin0-0.3 m was signifi-
cantly higher than Nmin0.3-0.6 m, whereas under CT, Nmin0-0.3 m did not differ from Nmin0.3-0.6 m 
(Table 6). Nmin0-0.3 m:Nmin0-0.9 m was significantly higher under RT (52.3%) compared to CT 
(45.1%)(p < 0.05). 
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Table 6: Mineral N stock (Nmin) in the soil profile in the leek growing season 2011; significant differences between soil 
layers are indicated by different lowercase letters and p-values (3-way split-plot ANOVA tillage x compost x 
layer); soil layers 0-0.3, 0.3-0.6 and 0.6-0.9 m and soil profile 0-0.9 m; s1, s2 and s3: first, second and third 
sampling occasion 

kg ha-1  0-0.3m 0.3-0.6m 0.6-0.9m ANOVA Scheffe 0-0.9m 

s1  22 16 21   58 

s2 CT 97 b 93  b 27  a 0.001 0.001 218 

RT 115  c 77  b 26  a 0.001 0.001 217 

s3  21  a 33  b 27  b 0.001 0,05 80 

 

 
NUE from top mineral N dressing was neither affected by compost application nor by tillage prac-
tice and did not differ between both doses of top mineral N dressing. On average, NUE was only 
34% and a large variation was observed (standard deviation +/- 86%). NUE assessment was 
complicated by a rather high and highly variable Nmin at s2. Residual mineral N at the 60 kg N ha-

1 dose (114 kg Nmin ha-1) was significantly higher compared to residual mineral N at the zero and 
30 kg N ha-1 dose (80 and 76 kg Nmin ha-1, resp.) at an equal total N uptake for all doses of top 
mineral N dressing, which indicates that N utilization of the top mineral N dressing was low or non-
existent.  

4. Conclusion and outlook 

Farm compost application and non-inversion tillage counteracted soil degradation, which was 
otherwise inevitable in this intensive vegetable cropping system in the three-year study period. 
Adopting these soil improving practices hardly affected plant N availability in the short term and 
therefore fertilization schemes must not be adapted. The risk of N losses by leaching was hardly 
affected by farm compost application. A higher share of the mineral N stock in the upper soil lay-
ers under a reduced tillage practice might reduce the risk of N losses by leaching compared to a 
conventional tillage practice. 
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landscape plant establishment and  
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1 Dept. Crop & Soil Science, Oregon State University, Corvallis, OR, 97331 USA;  
2 Dept. Horticulture, Oregon State University 

Dan.Sullivan@oregonstate.edu 

1. Objectives 

Compost use is advocated as a component of sustainable landscape management in urban are-
as. Compost is often added to other soil components to provide a target level of organic matter in 
"topsoil" in urban projects.  This study was conducted to (i) assess the potential benefit of compost 
application for a variety of landscape plant species, (ii) to evaluate the need for tillage following 
compost application, and (iii) to assess the longevity of compost effects on soil pH, nutrients, 
compaction, and soil carbon (C). To simulate soil compaction associated with typical urban con-
struction activities, soil was mechanically compacted at the start of this trial. We hypothesized that 
preplant compost application would assist in plant establishment in compacted soil. 
 
Composts were derived from urban sources: 1) municipal biosolids (from wastewater treatment) 
mixed with conifer sawdust, or 2) municipal yard debris (tree, shrub and grass trimmings from 
urban landscape maintenance). Although municipal composting has been common locally since 
the 1990s, quantitative understanding of long-term compost effects on urban landscapes is limited 
[1-4].  
 
2. Methodology 
Composts met environmental protection requirements for use in landscaping or gardening, and 
had typical chemical characteristics, reflecting differences in compost feedstocks (Table 1). The 
biosolids compost was made from a 3:1 v/v mix of conifer sawdust: dewatered municipal biosolids 
from the City of Newberg, OR. The yard debris compost was the product of a commercial com-
posting facility (Rexius Forest Products, Eugene, OR). It was screened to remove sticks and large 
chunks of organic matter, and sold as a "Garden Compost" product. The biosolids compost had 
higher NH4-N, P, and trace element concentration, and lower K than the yard debris compost. 
(Table 1). Soluble salts, as indicated by electrical conductivity were <2 dS/m, indicating suitability 
for a wide range of plants. Compost stability (resistance to decomposition) was high, as indicated 
by the respiration (CO2 evolution) test. Both composts had typical C:N (near 20) for composts 
derived from woody feedstocks. 
 

Table 1: Analysis of composts derived from municipal biosolids or municipal yard debris. Composts were applied to field 
plots at a depth of 7.5 cm (760 m3/ha). 

Compost source 
Bulk 

density 
C:
N 

Total 
C 

Total 
N 

NH4-
N 

Total 
P 

Total 
K 

pH 
(1:5) 

EC 
(1:5) 

Stability 
(CO2 

evolved) 
 

 kg DM/m3  ------ ------ kg/m3 ------ ------  dS/m mg C/g 
OM/d 

Biosolids compost 280 23 118 5.0 0.6 2.7 0.4 7.7 1.6 1.0 

Yard debris com-
post 390 19 101 5.5 0.02 1.0 2.8 7.0 0.9 2.9 

Compost analysis by Soil Control Lab, Watsonville, CA, USA using standard methods (U.S. Composting Council):   
Bulk density = kg compost dry matter (DM) per cubic meter 
Compost pH and electrical conductivity (EC) determined via 1:5 (compost:water; g DM/mL) method.  
Stability = CO2 evolution via 3 day incubation at 25 oC, expressed as mg C evolved per g organic matter (OM) per day. 

 
The field trial was conducted at the OSU North Willamette Experiment Station (Aurora, OR, USA).  
Climate is Mediterranean, with a wet winter (Nov-Mar), and summer drought in July and August. 
Eight perennial plant species were installed prior to the winter rainy season (Sept 2008). No sum-
mer irrigation was applied during any year. To simulate soil compaction often present at urban 
sites, an agricultural soil (Willamette silt loam) was prepared by compacting with a vibrator-roller 
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(typically used for parking lot construction) to a bulk density of 1.5 g/cm3 (5 to 10 cm depth), as 
measured with a bulk density probe.  Soil compaction was performed 5 days after 10 cm of over-
head sprinkler irrigation. The vibrator-roller traversed the field 5X. After soil compaction, it was 
difficult or impossible to dig planting holes manually. 
 
Experimental design was a 3 x 2 factorial with three compost treatments (biosolids compost, yard 
debris compost, no-compost control) and two compost placements (no tillage or rototilling after 
compost application), replicated 4X, for a total of 48 field plots. Field plots contained 3 transplants 
of each of 4 plant species (12 plants per plot). We installed 4 cultivars considered standard land-
scape plants for our area (Nandina domestica 'Compacta', Vinca major 'Bowles', Viburnum davidii, 
Berberis thunbergii 'Crimson Pygmy'), and 4 cultivars considered more drought-tolerant: Rosma-
rinus officinalis 'Blue Spires', Cistus 'Bicolor Pink', Ceanothus gloriosus, Caryopteris x clandonen-
sis ‘First Choice’. Each field plot (3 x3 m) was surrounded by a 1.5-m border area that was seeded 
to turf-type tall fescue. 
 
Prior to transplanting, compost (7.5-cm depth) was applied, followed by rototilling 5 to 10 cm depth 
(for tillage treatment only). Planting holes were then drilled with a 15-cm diameter screw-type 
power auger. Nursery transplants from 4-L pots were placed into the drilled holes, and then se-
cured by placing a thin (<5 cm) layer of soil around transplant root cylinders. The soil used to refill 
planting holes contained incidental amounts of compost from the soil surface. Transplanting was 
performed by contract laborers who were instructed to work at a typical pace for commercial land-
scape operations. After transplanting, all plots were mulched with a 5-cm of Douglas-fir conifer 
bark, a standard practice for weed control in landscape planting beds.  

Four of the eight plant species were harvested for dry weight determination at 13 months after 
installation. Plants were cut at the soil surface, and underlying soil was not disturbed.  New trans-
plants were installed to replace the harvested plants in March of 2010. Planting holes for the new 
(2010) transplants were offset at least 30 cm away from previous plant locations. The compost 
and mulch present on the soil surface was kept out of the new planting holes.  
 
Each October, prior to heavy fall rains, mineral soil (0-20 cm) samples were collected using a 2-
cm diameter soil probe.  After scraping away the surface organic mulch, soil samples were col-
lected from the area within each plot that was not disturbed by replanting in 2010. Soil testing was 
performed using standard procedures at Brookside Laboratories Inc. (New Bremen, OH, USA). 
Carbon was determined by a combustion analyzer, and organic matter was determined by loss-
on-ignition (weight loss in a muffle furnace). Soil compaction determined using a recording pene-
trometer during the rainy season, after the soil profile reached field capacity. 

3. Results and discussion 

3.1 Plant response to compost 

Regardless of treatment, over 90% of plants survived the first growing season.  Compost in-
creased plant growth for all plant species, including those species considered drought tolerant. 
Tillage did not affect plant survival or growth. Biosolids compost increased aboveground plant dry 
weight by 60 to 130% (average 84%) across the four plant species harvested at 13 months after 

 
Figure 1:  Field trial installation, Sept 2008.  Soil compaction with vibrating roller (a), tillage treatment (b), plant 
installation with power auger in no-till treatment (c), all plots planted and mulched with Douglas-fir bark (d). 
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installation (Oct 2009). Yard debris compost increased plant dry weight by 26 to 93%  
(average = 54%). Plants that grew the most in response to compost application had high leaf N, 
suggesting that they were responding to the N supplied by compost. A few plant species suffered 
greater summer injury with compost, because they had a second flush of vegetative growth in 
June, and continued growth into July, when days were hot and surface soil moisture was deplet-
ed. 
 
When compost was not incorporated by tillage, it was visible on the soil surface for several years 
after application. A few plant species suffered partial dessication in the dry summer because of 
extensive rooting at the soil surface. But, even those plants recovered, and overall, plant growth 
was similar with or without preplant tillage.  
 
Plant growth in this trial was not strongly affected by preplant soil compaction. A "border plot" (ad-
jacent to experimental area, not part of experiment) that had been treated similarly (same plants 
installed at same time, but soil left uncompacted) had very similar plant growth response to com-
post.  

 

Figure 2: Resistance measured by recording penetrometer in wet soil at 16 months after preplant soil compaction (Dec 
   2009). Most of the residual compaction created by the vibrator-roller machine (preplant) was observed below 
   20 cm. Resistance was not affected by compost application. 

3.2 Soil response to compost 

Compost application did not alter surface soil compaction at 16 months after trial installation as 
measured by penetrometer (Figure 2), or by bulk density cores. Soil bulk density (0 to 15 cm) was 
the same with or without compost application (1.38 g/cm3), but it was reduced by tillage from 1.38 
to 1.30 g/cm3. Penetrometer resistance readings reached 2000 kPa at 25 cm depth for all treat-
ments. Preplant soil compaction increased soil resistance below 25 cm depth to values greater 
than recommended for optimal plant root growth. However, roots were confined to the top 20 to 30 
cm soil for all plant species, based on visual observations made when the experiment was termi-
nated in 2014 (plants removed with an excavator). We conclude that nutrients supplied by com-
post were the primary drivers of plant growth response (not compaction). When soil sampling in 
2012, we noticed that soil was softer (easier to probe) and had evidence of worm activity in the 
compost-treated plots. The worms likely crawled from the adjacent grassy plot borders to our field 
plots.  
 
Soil pH, nutrients and organic matter (C) were equivalent for both compost placements (surface or 
tilled-in), suggesting downward migration of surface-placed compost constituents.  Biosolids com-
post supplied more plant-available nitrogen (N) than yard debris compost, as evidenced by higher 
soil nitrate-N (Figure 3). First-year N supplied by biosolids compost was excessive (2009), but it 
was much closer to plant needs in the second growing season (2010). Biosolids compost acidified 
soil, while yard debris compost increased soil pH slightly (Figure 3). Yard debris compost in-
creased exchangeable cations: K +100%, Ca +20%, and Mg +33%, in the final soil sampling in 
2012. With biosolids compost, exchangeable cations remained within 10% of values for the no-
compost control.  
 
Organic matter supplied by compost persisted throughout the four year measurement period. 
Fluctuation in measurements across years was probably the result of inconsistency in sample 
collection or laboratory analysis techniques. Organic matter (Loss-On-Ignition; LOI) or soil  
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C (combustion) analyses showed the same trend: yard debris compost > biosolids compost > 
control. Organic matter averaged 10 to 16% greater than control with biosolids compost, and 29 to 
41% greater with yard debris compost. The main constituent of biosolids compost (by weight) was 
conifer sawdust, which was apparently decomposed more rapidly than the mixture of organic ma-
terials present in yard debris compost. .The average increase in soil C (0-20 cm depth) was 5% of 
compost-C applied for biosolids compost and 18% for yard debris compost (Table 2), assuming a 
soil bulk density of 1.3 g/cm3. 

 
Figure 3: Soil nitrate-N and soil pH (0-20 cm depth).  Samples collected in October of each year (end of dry season). 

 
Table 2: Effect of preplant compost application on soil carbon (determined by combustion analysis) and soil organic 
matter (determined by Loss-On-Ignition; LOI). Compost applied Sept 2008. Soil (0-20 cm) sampled in Oct. each year.  

2009 2010 2011 2012 Average Percent of control 

  
Carbon %  

Biosolids compost 1.8 1.5 1.7 1.8 1.7 116 

Yard debris compost 1.6 1.6 2.3 2.7 2.1 141 

No compost 1.5 1.4 1.4 1.6 1.5 
 

  
LOI Organic Matter % 

 
Biosolids compost 

 
4.9 3.5 3.4 3.9 110 

Yard debris compost 
 

5.1 4.1 4.7 4.7 129 

No compost 
 

4.7 3.1 3.1 3.6 
 

4. Conclusion and outlook 

Preplant compost application increased plant growth and visual appearance of a wide variety of 
perennial landscape plants. The positive plant growth response to compost was similar for com-
post left on the soil surface or compost incorporated via rototilling.  Compost application did not 
alleviate soil compaction.  Plant growth response to compost in this trial was primarily related to N 
supply (and perhaps other nutrients). Biosolids compost acidified soil, this characteristic improved 
growth of an acid-loving plant species.  Carbon sequestered in soil (5 to 18% of compost-C) was 
at the low end of C sequestration values reported in the literature. 
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1. Objectives 

Considering a zero waste production objective, the recycling of organic residues (with or without 
previous biological treatment) on cropped soils is becoming crucial for the valorization of carbon 
and nutrients. An indicator of residual organic carbon (IROC) [1] already exists based on fiber 
fractionation, and has been used to predict the evolution of soil organic matter after repeated ap-
plications of various organic residues [2]. However, it is not applicable to all organic residues [3]. 
Besides, it has been shown that the chemical nature of extracted organic fractions change during 
treatment like composting which explained the modification of biodegradability of the concerned 
organic fractions [4]. Therefore, this study presents the ability of a new methodology [6] to predict 
the IROC indicator. The main objective is to show that this method is able to (i) describe a wide 
diversity of organic wastes in terms of stability and accessibility, (ii) include both successive chem-
ical extraction and characterization of the nature of extracted organic fractions in the prediction of 
behavior after application on soil and (ii) assess the efficiency and the effectiveness of organic 
waste treatment before its land spreading. 

2. Methodology 

Several organic residues were characterized with a new methodology to assess both their acces-
sibility (fractionation) and complexity (fluorescence spectroscopy). They were also incubated with 
agricultural soil in order to assess their residual carbon and their mineralization rates. Thanks to 
statistical analysis, correlations between characterization and incubation parameters were investi-
gated. 
 
 Samples Samples set:42 samples were characterized in this study: 18 digestates (obtained 

after mesophilic anaerobic digestion of sludge, manure, agriculture, and municipal organic 
waste), 7 composts (digestates, sludge), 3 urban wastewater treatment sludge, 4 municipal or-
ganic wastes, 2 agricultural biowastes, 2 manures, 2 soils and 1 growing mix 

 Chemical fractionation: A recently published method aiming to characterize the organic matter 
evolution during anaerobic digestion of municipal sludge [5] was extended to a wider range of 
biologically treated organic residues. This methodology is based on chemical extractions that 
indicate the chemical accessibility of organic residues. Initially, these extractions were made 
for sludge, mainly composed of proteins. But, the application of this protocol to lignocellulose-
like compounds was not possible because of the high amount of carbohydrates not extracted. 
To overcome this issue, the Van Soest fractionation and this extraction methodology were 
merged to characterize all the organic residues type. The new extraction protocol [6] was 
based on [5] with one main modification which is the addition of the acid extraction from Van 
Soest protocol (Van Soest, 1963) in order to extract the carbohydrates (i.e. cellulose and cel-
lulose). The sequential extractions (with 30 mL of each extractant) were performed on 0.5 g of 
dried and ground (1mm) sample. The obtained fractions are: (1) Soluble extractables from 
Particular Organic Matter (SPOM) (milli-Q water solution containing 10 mM of CaCl2, 15 min × 
4, 30°C, 300 rpm) (2) Readily Extractable Organic Matter (REOM) (NaOH 10 mM, 15 min × 4, 
30°C, 300 rpm) (3) Slowly Extractable Organic Matter (SEOM) (NaOH 0.1 M, 4 h × 4, 30°C, 
300 rpm), (4) Poorly Extractable Organic Matter (PEOM) (25 mL H2SO4, 72%, 3 h × 2, 30°C, 
300 rpm) and (5) Non-Extractable Organic Matter (NEOM). Results are expressed in COD 
(gO2.gTS-1).  
These chemical extractions allowed to assess the chemical accessibility of the organic 
wastes, and to solubilize the organic matter in order to analyze its complexity by 3D fluores-
cence spectroscopy, as shown in Figure 1. This modified characterization methodology was 
relevant enough to classify a large panel of organic wastes according to their nature, their 
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complexity and their proportions of the successive less and less accessible fractions [6]. This 
result showed the relevance of such a tool to characterize and classify the organic residues 
according to their accessibility and their complexity. 

 
Figure 1:  Methodology for accessibility and complexity characterization of organic matter from organic wastes 
 

 3D fluorescence spectroscopy: Similar to the procedure developed in [5], 3D fluorescence 
spectroscopy was applied on the extracted fractions, from which organic matter complexity 
could be quantified.The fluorescence spectrometer used was a Perkin Elmer LS55. Excitation 
wavelengths varied from 200 to 600 nm with increments of 10 nm. Based on [5], spectra were 
decomposed in seven zones corresponding to biochemical families-like fluorescence. The pro-
portion of fluorescence of a zone “i” P �  was calculated from the fluorescence zone volumes 
Vf(i) according to the Equations 1 and 2: 
 

 
 
 
 
 
 
 
 
 
 
 
 Soil incubation test: :10 g of dried and ground organic waste was incubated with 100 g of 

cropped soil during 90 days under moisture and temperature controlled conditions. Carbon 
mineralization was monitored using a NaOH (1N) solution for CO2 trap. Cumulated mineralized 
carbon was obtained as a percentage of initial TOC (cf. Figure 2). Thanks to the Gompertz 
equation (Equation 3), identification of cumulated curves parameters was possible, such as µ 
the mineralization rate (in % of mineralized C/day), � the lag phase time (days) and Cbio the 
maximum mineralized C (gC.gC-1). 

 

 
 
Figure 2:  Example of mineralization curves obtained for several samples (red: sludge, green triangles: digested sludge, 

black: composted sludge) 
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with: 
 V �  (U.A. mg.COD.L-1) : the raw volume of the zone i, CODsa p  (mg.L-1) :  the COD concentration of the sample,  S �  (nm²) :   the area of a zone i, 
Pf(i) (%) :    the fluorescence proportion of a zone i. 
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�� � ��  � = � � × − µ×� � × �−� +�  
      Eq. 3 

3. Results and discussion 

3.1 Aerobic biodegradability and kinetics prediction 

In order to investigate the correlations between the characterization and cropped soil incubation 
data, a Partial Least Square (PLS) regression was applied on using 33 explicative variables com-
posed of the 5 fractions SPOM, REOM, SEOM, PEOM, NEOM (percentage of extracted organic 
matter) and fluorescence spectroscopy data (using fluorescence percentage of each zone of each 
fraction). A first calibration model was set-up for 20 observations and 8 samples were used as 
validation1. 
As shown by the Figure 3, the PLS model correlated well the potential carbon mineralization with 
the characterization of organic matter and its carbon accessibility in the different fractions. Conse-
quently, two models were set up for both Y-variables (i.e., Cbio and µ). Three and four components 
were needed for respectively Cbio and µ. The regression coefficients were 0.88 and 0.92 for re-
spectively Cbio and µ. Both models fitted well the experimental data. The Root Mean Square Errors 
(RMSE) were respectively 4.97 gC.gC-1 and 0.14 gC.gC-1.d-1 for Cbio and µ. The Root Mean 
Square Errors of Prediction (RMSEP) were 11.5 gC.gC-1 and 0.42 gC.gC-1.d-1 respectively for Cbio 
and µ. 
 

  

Figure 3:  Observed versus predicted µ and Cbio obtained with the PLS models  
 
Based on the correlation circles of scores and loading obtained for both models, Table 1 highlights 
the main impact of the most important X-variables on the Y-variables prediction. The scores and 
loadings of the PLS models highlighted that the first component represented the complexity axis 
and the second component represented the accessibility axis. For both models, the positive im-
pact on the carbon mineralization is provided by the most accessible fraction SPOM and the sim-
plest fluorescence zones represented by the protein-like in SPOM and REOM.  
 
Table 1:  Positive and negative impacts of the X-variables on Y-variables prediction 
 X-variables 

Positive weight  
X-variables 

Negative weight  

Cbio SPOM,  
Fluorescence zone from protein-like molecules 

of SPOM and REOM 

NEOM,  
Fluorescence zones from complex molecules (humic-like 

and fulvic-like, lignocellulose-like) of SPOM and REOM 

µ SPOM, SEOM,  
Fluorescence zone from protein-like molecules 

of SPOM, REOM and SEOM 

NEOM, PEOM, 

Fluorescence zones from complex molecules (humic-like 

and fulvic-like, lignocellulose-like) of SPOM, REOM and 

SEOM 

 
In contrast, the less accessible fraction NEOM has a negative impact on the organic carbon min-
eralization.  Besides, the most complex fluorescence zones of the 3D spectra of SPOM and RE-
OM represented by humic-like and fulvic-like acids and lignocellulose-like molecules have also a 
high negative impact on carbon mineralization. These results are consistent: the most accessible 
and simplest molecules provide an increase of the biodegradability whereas the least accessible 
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and complex molecules provide a decrease of it. Moreover, concerning the kinetics prediction, the 
most accessible fractions SPOM and SEOM provide an increase of the rate whereas the least 
accessible fractions PEOM and NEOM provide a decrease of it.  
This new methodology based on chemical extractions and 3D fluorescence spectroscopy high-
lights at the same time the complexity, the accessibility of organic matter and the humification 
process occurring during soil aerobic incubation.  

3.2 Applications for such as diagnosis tool and dynamic modelling of organic waste treat-
ment 

Organic carbon stability and potential efficiency at increasing soil organic matter is usually esti-
mated with the indicator of residual organic carbon (IROC) calculated as a function of soluble, 
cellulose- and lignin-like fractions provided by the Van Soest fractionation and a 3 days carbon 
mineralization test [1]. However, as mentioned by [1], this indicator was calibrated on samples 
which contain mainly fiber and carbohydrate, and is not suitable for protein-like samples such as 
digested sludge, sludge or manures as shown by [2] and [4].  Moreover, as previously mentioned, 
the humified fraction is missing in the Van Soest fractionation, in contrast to this new fractionation 
procedure. Indeed, thanks to the SEOM fraction and the 3D fluorescence spectroscopy, it is pos-
sible to identify and to include humification in the organic wastes characterization. Besides, as 
PLS models have shown, the SEOM fraction is a key variable of the mineralization kinetics predic-
tion. Humification is a key process of the organic carbon stabilization that should explain more 
efficient capacity at increasing soil organic carbon stocks after spreading. 
Contrary to the IROC indicator [1], this new methodology is able to better take into account the 
chemical nature of the extracted fractions and their evolution during treatment in the prediction of 
the potential efficiency at increasing soil organic matter after residue application. Further works 
are ongoing to complete the database of PLS models, and thus predicting the potential contribu-
tion to the soil organic carbon stocks. 

4. Conclusion and outlook 

These results present a first step towards improved quality control of organic residues (depending 
on the treatment processes and the quality of the incoming organic waste). Besides, this charac-
terization methodology will be applied to a wider range of organic residues in order to enlarge the 
applicability domain of the usual IROC in soil [1] and to precise not only the size of the most influ-
ent fraction but also its composition. Moreover, the new fractionation method developed can be 
used as input variables of dynamic biological treatment models in order to optimize the whole 
treatment line according to both objectives, energetic and agronomic valorization of organic 
wastes. Only 5 days are needed to make this chemical characterization. However, the use of 3D 
fluorescence spectroscopy is a limitation to use it in practical terms. But the next step would be to 
normalized this protocol and propose it to analytical laboratories. 
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1. Introduction 

For global warming prevention, carbon sequestration in the soil is effective with using biochar into 
the farmland. Carbon contained in the biochar carbonized with various biomass materials such as 
wood, bamboo, agricultural materials and food garbage can be stored in the soil for long period. 
Simultaneously, as the soil property is improved with using the biochar in the farmland, the vege-
table growth promotion is also expected. The improvement of the soil property, water holding abil-
ity, water permeability and air permeability, comes partly from the addition of the biochar granule 
and powder in the soil, because there are a lot of micro voids and pores in and on the biochr glan-
ule and powder which bring the soil softness and the well-aerated environment of the soil. Symbi-
osis microorganisms, such as root nodule bacteria and mycorrhiza, in the soil also proliferate with 
addition of the biochar to the soil. It is also known that the soil aggregation is developed with mi-
croorganisms in the soil.  
In this study, the microorganisms’ proliferation is studied in farmland soil where the biochar and /or 
compost were used. Finally, the effect of the biochar addition in the farmland soilon the spinach 
growth was studied. 

2. Materials and Method 

2.1 Preparation of biochar 

Figure 1 shows flow chart of preparation process of the biochar from food waste as a raw material 
from about 50 supermarkets. Part of food waste was pressed in order to decrease the moisture 
content under 65 wt%. The biochar was prepared from the food waste which was carbonized with 
outside-heating type furnace in 550oC - 600oC for several hours as shown in Figure 2. Finally, the 
biochar was pulverized into the grain size of under 3 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Flow chart of preparation of food waste biochar. 
 
 

 
 

 

 

 

 

 

 

Figure 2:  Bach-typed carbonizing furnace 
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2.2 Characterization of biochar 

The ash content (%) of the food waste biochar was obtained by measuring the ash amount after 
burning at 815oC in the air [1]. The volatile matter (%) of was obtained by measuring the mass 
decrease after heating at 900oC for 7 min [1] in the air without oxygen. The fixed carbon (%) was 
estimated by deducting the ash content, the volatile matter and the water content from the total 
biochar wight [1].  

The specific surface area of the biochar was measured with the BET method. 

a. ATP concentration 

As an index to the microorganisms amount in the soil, the adenosine tri-phosphate (ATP) concen-
tration extracted from mitochondria in the cytoplasm of microorganisms was measured. The ATP 
concentration was measured with the Luminometer UPD-4000 (Meidensha Corp.,). When ATP, to 
which d-luciferin has been added, changes to adenosine monophosphate in the presence of lucif-
erase and Mg2+, light at a wavelength of 560 nm is emitted. Distilled water (20 ml) was added to 2 
g of the sample and stirred with a tube mixer at 2500 rpm for 1 min. Then 250 l of this suspen-
sion was withdrawn with a micropipette and an ATP measuring kit (Meidensha Corp., Lucifer AS) 
was added to it. 

b. Vegetable growth 

The biochar powder and the cow manure compost were added at the rate of 20 t/ha and 10 t/ha, 
respectively, to the red-clayey soil farmland. In comparison, the farmland compartments with the 
compost and without additives were used. The weight distribution of the leaves and roots of the 
spinach (Spinacia oleracea) was measured. 

3. Results and discussion 

3.1 Characterization of biochar 

Table 1 shows ingredients of the pulverized biochar samples A, B and C, which were picked up in 
the different part of the biochar, because inhomogeneity is high in the food waste as a raw materi-
al. Some variability is recognized in measured data of the water content, the ash content and vola-
tile matter. The ash content is higher than those of the biochar made from wood and bamboo. The 
average fixed carbon 68.0 wt% is finally estimated.   
Table 2 shows some characteristics of the biochar. The specific surface area of 205 m2/g, the bulk 
density of 0.2 g/ml and the pH value of 8.1. 
The data in Tables 2 and 3 show that the carbonization of the food waste progresses to a suffi-
cient extent. 
 
 

 
 
 

 
 
  

Ingredient  Amount (%)  

 Sample A Sample B Sample C 

Water content 3.5 2.7 2.6 

Ash content 3.6 4.2 4.0 

Volatile matter 29.5 24.4 21.5 

Fixed carbon 63.4 68.7 71.9 

Characteristics 

Specific surface area 205  m2/g 

Bulk density 0.2 g/ml 

pH 8.1 

Grain size under 3 mm 

Table 1: Ingredient amount % in the some biochar samples.  

Table 2: Some characteristics of ther biochar. 
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3.2 Soil microorganisms 

Figure 3 shows time dependence of ATP concentration of the farmland soil. The ATP concentra-
tion increased drastically after using both the biochar and the compost, and about the half value of 
which was observed in the soil with the compost and without the biochar, and then the ATP con-
centration of both of the soils gradually decreased. There no change of the ATP concentration 
was observed in both of the soils with the biochar and without additives. It was suggested that this 
increase of the ATP concentration in the soil with both the biochar and the compost came from the 
accelerated proliferation of the microorganisms on the surface of the biochar. Tanaka et al. [2] and 
Yoshizawa et al. [3, 4] found that the proliferation of composting microorganisms was enhanced 
on and in bamboo charcoal as a medium to which rice bran had been added as a nutrient. 
 

 

 

 

 

 

 

 

3.3 Vegetable growth  

Figure 4 shows photographs of the appearance of spinach grown in the farmland. It was observed 
that the plants grew largely in the soil with both the charcoal and the compost rather than that in 
the soil with the compost. Small plants were cropped in the soil without additives, the charcoal and 
the compost. 
Quantitative comparisons of the leaf and root fractions of spinach growth are shown in Figures 5 
and 6, respectively. In the weight distribution of the leaf part, the spinach leaf grown in the soil with 
both the charcoal and the compose yielded 10% in weight ratio on 30 – 40 g and 40 – 50 g frac-
tions, respectively, where is no existence of the spinach leaf grown in the soil with the compost 
and without additives. In the weight distribution of the root part, 2% and 13% of the spinach root 
were in 1.5 – 2 g and 1 – 1.5 g fractions, respectively. With the compost, 22% of the root was in 
0.5 – 1 g fraction. There only exists the root without additives in the 0 – 0.5 g fraction.  
It was suggested that the stimulation of the spinach growth in the soil used with both the charcoal 
and the compost came from the improvement of the physical and biological property of the soil [3]. 
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Figure 3:  Time dependence of ATP concentration of the soil. 

             ●：with charcoal and compost, ▲：with compost, ▼：with charcoal and ■：no additives.  

Figure 4: Effect of biochar and compost on spinach growth. (a) with biochar and compost, (b) with compost and (c) 

……….  .no additives. 
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4. Conclusion and outlook 

The ATP concentration increased in the soil added with both the food garbage biochar and the 
cow manure compost. This suggests that the proliferation of the microorganisms was accelerated 
on the surface of the biochar. 
Growth stimulation of the spinach in the farmland used with both the biochar and the compost was 
observed. 
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Figure 6:  Weight distribution of the root part per plant.  
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Figure 5:  Weight distribution of the leaf part per plant.  

         ■：with biochar and compost,   

              ▧ ：with compost and   : no additives. 



Oral   TB Sustainable soils 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

251 

 

 

TB-O_05 Simulation of carbon and nitrogen  
mineralization after application of  
ammonium sulphate, pig slurry and  
maize stalks to agricultural soil 

Cavalli, D.1; Bechini, L.1; Marino, P.1 
1 Università degli Studi di Milano, Department of Agricultural and Environmental Sciences – Production, Landscape, 
Agroenergy, 20133 Milano, Italy. 

pietro.marino@unimi.it 

1. Objectives 

This research aimed at improving the simulation of nitrogen (N) turnover when maize stalks (ST), 
ammonium sulphate (AS), and pig slurry (PS) are applied to the soil. In order to better quantify the 
fluxes of applied N, we conducted an incubation study involving 15N labelled materials; results of 
the incubation experiments were then used to calibrate three different dynamic simulation models. 

2. Methodology 

2.1. Incubation experiment 

A loam soil (pHW 7.9; Organic C 1.98%; Total N 0.17%) was added with labelled (15N) or unla-
belled materials (Table 1) with the following treatments: 1) unfertilised soil (CON); 2) ST15N + 
ASUN + PSUN; 3) STUN + AS15N + PSUN and 4) STUN + ASUN + PS15N. Labelled ST were 
obtained from plants grown in sand and fertilized with labelled urea (≈10% AT% 15N). Labelled 
PS was a mix of faeces and urines collected from pigs feed with grain from the labelled maize 
plants.  
 
Table 1: Characteristics of the materials used in the incubation experiment.   

Material 
15

N 
labelled 

DM 
% 

Org. C 
% 

Tot. N 
% 

NH4-N/ 
Tot. N 

AT% 
15

N 
Tot. N 

ST 
No 94.00 40.55 0.76 n.d. 0.369 

Yes 94.00 30.16 0.67 n.d. 4.745 

AS 
No 0.00 0.00 0.21 1.00 0.367 

Yes 0.00 0.00 0.21 1.00 11.236 

PS 
No 2.87 1.13 0.18 0.57 0.385 

Yes 4.26 1.80 0.26 0.56 2.477 

DM-dry matter; n.d.-not determined. 
 

 
Twelve sets of experimental units have been prepared allowing 12 destructive measurements at 
the end of 12 incubation intervals. Each set consisted of 16 experimental units (four materials x 
four replications) arranged in a completely randomized design. Experimental units consisted of 
pre-incubated soil (equal to 100 g dry wt) amended with water (CON) or the three fertilizers (ap-
plied at a rate of 19, 35 and 48 mg N kg-1 soil for ST, AS and PS, respectively). Incubation was 
carried out in the dark at 25°C, and soil humidity was kept constant by periodical additions of dis-
tilled water to compensate for evaporation losses. During 180 days, we measured CO2 emissions, 
microbial biomass C, N and 15N, and soil NH4-N, NH4-

15N, NO3-N and NO3-
15N content. Soil min-

eral N and 15N content (SMN and SM15N) were calculated as the sum of NH4-N and NO3-N (SMN) 
or NH4-

15N and NO3-
15N (SM15N). 

2.2 Simulation models 

The three models –2 modifications of ICBM 2B/N (Kätterer and Andrén, 2001) and CN-SIM (Pe-
tersen et al., 2005)– represent soil organic matter turnover through the interactions among native, 
added and microbial soil organic pools with a different degree of detail (Figure 1). In MOD2 and 
CN-SIM, ST and PS carbon is partitioned into a resistant (fCAOM1) and a labile fraction (1-fCAOM1); 
this happens also for N with the parameter fNAOM1. MOD-1 uses only one pool to represent the 
addition of organic materials. Decomposition of organic pools is simulated with first order kinetics, 
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and N availability regulates C decomposition. Models were calibrated using measured C, N and 
15N. Optimal parameters values were found using the downhill simplex (Nelder and Mead, 1965), 
minimising the relative root mean square error (RRMSE) between simulated and measured varia-
bles. In order to better ensure the achievement of the true optimum, this procedure was repeated 
using many (500) simplexes. 
 
1) 

 

2) 

 
3) 

 

4) 

 

 
Figure 1: Relational diagrams of the three model used in the study. 1) MOD1, derived from Kätterer and Andrén, 2001; 
…………2) MOD2, derived from Kätterer and Andrén, 2001; 3) CN-SIM (redrawn from Petersen et al., 2005); 4) scheme 
…………of N immobilisation, mineralization and nitrification, common to all models. Rectangles are state variables 
…………(organic pools), valves are rate variables, and continuous lines are flows of N. Flows of C and 15N follows those 
…………of N. AOM: Added Organic Matter (AOM1, resistant; AOM2, labile); SMB: Soil Microbial Biomass (SMB1, 
…………‘Autochthonous’; SMB2, ‘Zymogenous’); NOMμ Native Organic Matter; SMRμ Soil Microbial Residues; IOMμ 
……...….Inert Organic Matter. 

3. Results and discussion 

3.1. Carbon and nitrogen dynamics 

In all amended treatments, CO2 emission rates ranged from 6% to 1% of applied C at Day 1 and 
Day 15, respectively. In the subsequent weeks, respiration rates decreased and reached values 
close to those measured in CON. After two weeks, an average of 25% of applied C was mineral-
ised in all amended treatments.  Accumulated respired C at the end of incubation was on average 
half of the added C with ST+PS. Microbial biomass C increased until Day 11, when it represented 
from 7 to 20% of applied C, depending on the treatment; thereafter, microbial biomass C de-
creased, and reached, at the end of the incubation, values close to those measured at the begin-
ning of the experiment (about 1.8% of soil C). In all fertilised treatments, net N immobilisation oc-
curred immediately after materials addition. At Day 11, on average, microbial biomass N account-
ed for 24% of applied N. In the last days of incubation SMN increased, indicating that mineraliza-
tion prevailed over N immobilisation; at Day 188, about 43% of applied N was recovered in SMN, 
while 12% was recovered in microbial biomass N (on average for the three fertilised treatments). 
Results of 15N showed that the availability of applied N was in the order ST<PS<AS. At the end of 
incubation, 32%, 69% and 82% of applied 15N was recovered in the SM15N+microbial biomass 15N 
in the labelled ST, PS and AS treatments, respectively. 
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3.2 Model simulation 

Parameter calibration: The optimised values of the calibrated model parameters describing 
added materials are reported in Table 2. During calibration, some parameters reached the im-
posed boundaries, suggesting that simulation improvements could be achieved adopting larger 
calibration ranges; however, wider ranges would result in unrealistic parameter values, degrading 
model simulation to a simple data interpolation. This also highlighted difficulties of these models to 
represent the studied system. Results of MOD1 showed that ST decomposed faster than PS (kA-
OM); this was probably an artifact because, in this experiment, ST contributed more than PS to 
CO2 emissions and thus, the optimization algorithm tried to match CO2 measurements by adjust-
ing kAOM of ST rather than kAOM of PS. In the two other models, there was a good agreement 
between the decomposition constants of the labile (kAOM2) and resistant (kAOM1) pools of ST 
and PS, with both the labile and recalcitrant pools of PS decomposing faster than ST. Parameter 
calibration resulted in a similar representation of ST in MOD2 and CN-SIM. The fraction of ST 
carbon allocated to the recalcitrant pool AOM1 (fCAOM1) ranged from 0.55 to 0.58, while the 
partitioning coefficient of N (fNAOM1) ranged from 0.51 to 0.69, with a good agreement between 
labelled and unlabeled ST. Differently from ST, the recalcitrant fraction of PS carbon (fCAOM1) 
was about three times higher for PS15 than PSUN, both in the MOD2 and CN-SIM models. 

 
Table 2: Calibrated values of model parameters used for the partitioning of C and N added to the soil with ST and PS in 

 AOM pools and decomposition constants of the AOM pools. 

Parameter Description Units Material 
Optimised value 

MOD1 MOD2 CN-SIM 

fCAOM1 

Fraction of input C  

allocated to AOM1  

pool 

mg C mg-1 C 

ST
UN

 ― 0.55 0.56 

ST15 ― 0.58 0.56 

PS
UN

 ― 0.24 0.28 

PS15 ― 0.75 0.68 

fNAOM1 

Fraction of input N  

allocated to AOM1  

pool 

mg N mg-1 N 

ST
UN

 ― 0.51 0.61 

ST15 ― 0.69 0.57 

PS
UN

 ― 0.64 0.80 

PS15 ― 0.90 0.80 

kAOM 
Decomposition constant  

of AOM pool 
day-1 

ST
UN

 and ST15 0.0522 ― ― 

PS
UN

 and PS15 0.0027 ― ― 

kAOM1 
Decomposition constant  

of AOM1 pool 
day-1 

ST
UN

 and ST15 ― 0.0035 0.0036 

PS
UN

 and PS15 ― 0.0057 0.0299 

kAOM2 
Decomposition constant  

of AOM2 pool 
day-1 

ST
UN

 and ST15 ― 0.17 0.16 

PS
UN

 and PS15 ― 0.89 0.70 

 
Simulation errors: All the three models were able to simulate rather well CO2 emissions and the 
dynamics of NH4-N and NO3-N, with average RRMSEs of 13%, 25% and 23% for the three varia-
bles, respectively (Table 3). On the contrary, simulation of the other variables was often unsatis-
factory, with average RRMSEs of 68% (microbial biomass C), 117% (microbial biomass N), 65% 
(microbial biomass 15N) and 47% (NO3-

15N). This fact could be partially ascribed to a higher exper-
imental variability associated with microbial biomass C and N measurements and to the lack of 
some processes not implemented in the models that make it difficult to simulate those dynamics. 
With the exception of few cases, higher errors were obtained with MOD1 compared to MOD2 and 
CN-SIM, and with MOD2 compared to CN-SIM. These results clearly highlighted the inaccuracy of 
MOD1 for the simulation of short-term C and N dynamics in amended soils. Improvements in the 
simulation with CN-SIM compared to MOD2 can be due to a more detailed representation of the 
soil organic matter turnover in the former model.  
As an example, Figure 2 reports the simulation results of the STUN-ASUN-PS15 treatment. 
All models were able to reproduce higher respiration rates in the first weeks of incubation and 
slower rates thereafter, due to the exhaustion of the labile and part of the resistant ST and PS 
pools. However, calibration of MOD2 resulted in an underestimation of CO2 emission after Day 11. 
Concurrently with C decomposition, MOD1 strongly overestimated N immobilisation until Day 40 
and thereafter overestimated N mineralization, while the other two models were able to reproduce 
an initial phase of net N immobilisation and a subsequent phase of very slow net mineralization. 
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Table 3: Relative root mean squared errors between simulated and observed variables obtained for the three  
  models after parameter calibration. All variables are net of CON and are expressed as percentage of  
  applied C or N. 

Variable 

Treatment 

ST15-ASUN-PSUN STUN-AS15-PSUN STUN-ASUN-PS15 

MOD1 MOD2 CN-SIM MOD1 MOD2 CN-SIM MOD1 MOD2 CN-SIM 

CO2-C 0.16 0.15 0.07 0.12 0.15 0.1 0.11 0.25 0.08 

Microbial biomass C 0.93 0.38 0.19 0.63 0.23 0.36 1.66 0.93 0.85 

NH4-N 0.47 0.24 0.25 0.27 0.16 0.17 0.27 0.19 0.20 

NO3-N 0.23 0.23 0.23 0.27 0.21 0.15 0.30 0.25 0.21 

Microbial biomass N  0.81 0.98 0.9 1.96 1.48 0.95 1.75 0.91 0.8 

NO3-
15N  1.04 0.69 0.64 0.47 0.34 0.32 0.27 0.23 0.23 

Microbial biomass 15N  1.78 0.71 0.64 0.44 0.37 0.46 0.53 0.44 0.49 
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Figure 2: Net accumulated CO2-C and SMN measured and simulated in the STUN-ASUN-PS15 treatment. 

4. Conclusion and outlook 

These results confirm the importance of performing model calibration using both C and N meas-
urements. In fact, simulation errors obtained in this work may have been much lower if we consid-
ered only C or N dynamics. However, optimizing models using both C and N measurements ena-
bles their use for a wider number of purposes. We suggest that further model modifications, such 
as variable substrate use efficiency and variable C to N ratios of microbial biomass, may give a 
better agreement between measured and simulated dynamics.  
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TB-O_06 Determining the mechanisms of nitrous oxide 
emission under contrasting soil disturbance 
levels and organic amendments  

Grave, R.A. 2; Mezzari, M.P. 1; da Silva, M.L.B. 1; Cassol, P.C. 3; Nicoloso, R.S.1 
1 Embrapa Swine and Poultry, C.Postal 21 Concórdia-SC, Brazil 
2 IFC-Concórdia  
3 UDESC-Lages 

rodrigo.nicoloso@embrapa.br 

1. Objectives 

Soil tillage and fertilization practices can affect soil properties (e.g., pH, temperature, water satura-
tion, nitrate and labile organic carbon contents) and consequently the abundance of nitrifying and 
denitrifying bacteria communities that are known to regulate N2O efflux from soils [1-3]. The objec-
tive of this study was to determine mechanisms regulating soil N2O emissions from a Nitisol under 
contrasting soil disturbance levels and N sources. This was achieved by correlating bacteria 
communities harboring specific catabolic nitrifying-ammonium monooxygenase (amoA), and deni-
trifying nitrate- (narG), nitrite- (nirS), nitric oxide- (qnorB) and nitrous oxide reductases (nosZ) 
genes with soil abiotic factors and N2O emissions.  

2. Methodology 

Short-term N2O emissions from a Rhodic Nitisol (0-10 cm soil layer characteristics: clay, silt and 
sand content of 250, 460, and 290 g kg-1, pH-H2O(1:1) 5.3, soil organic C content of 3.03 g kg-1) 
under contrasting soil disturbance [undisturbed (US) and disturbed soil (DS)] and different N 
sources [140 kg N ha-1 as urea, raw swine slurry (RS), anaerobically digested swine slurry (ADS), 
composted swine slurry (CS) and in the absence of N (control)] were evaluated [4]. Organic ferti-
lizers were obtained from a fattening swine farm (Table 1). The experiment was carried out for 64 
days. Soil N2O emissions were assessed using static chambers according to standard protocols 
[5]. Gas samples were analyzed by photoacoustic infrared spectroscopy (INNOVA 1412, 
Lumasense Technologies, Denmark)[6]. Soil samples were collected (0-0.1 m depth) and N2O 
emissions correlated with abiotic factors [temperature, water-filled pore space (WFPS), dissolved 
organic carbon (DOC), ammonium (NH4

+-N) and nitrate (NO3
--N) contents] and specific catabolic 

genes involved in nitrification and denitrification bioprocesses. Real-time quantitative PCR (qPCR) 
was used to quantify bacteria communities harboring nitrifying-ammonium monooxygenase 
(amoA), and denitrifying nitrate- (narG), nitrite- (nirS), nitric oxide- (qnorB) and nitrous oxide reduc-
tases (nosZ) genes [7]. 
 
Table 1: Application rate and characteristics of the organic fertilizers used in this study. 

Material 
Characteristics Appli-

cation 
rate 

TOC 
input 

N input 

DM VS TOC TN Org-N NH4-N NO3-N C/N TN Org-N NH4-N NO3-N 

 % ----------------------- kg m-3 -----------------------  m3 ha-1 ---------------- kg ha-1 ---------------- 
RS1 7.4 45.9 29.0 4.4 1.7 2.7 ND 6.6 31.7 919 140 54 86 ND 
ADS1 6.5 38.4 17.7 5.2 2.6 2.6 ND 3.4 27.1 480 140 70 70 ND 
  ------------------------ g kg-1 -----------------------  Mg ha-1      
CS2 29.1 ND 317.0 16.6 15.1 1.2 0.3 19.1 29.0 2,675 140 127 10 3 

RS: raw swine slurry; ADS: anaerobically digested swine slurry; CS: composted swine slurry; WS: wheat straw.1Results are 
expressed on a fresh matter basis; 2Results are expressed on a dry matter basis; ND: not determined; DM: dry matter; VS: 
volatile solids; TOC: total organic carbon; TN: total nitrogen; Org-N: organic nitrogen; NH4-N: ammonium-nitrogen; NO3-N: 
nitrate-nitrogen; C/N: total organic carbon/total nitrogen ratio. 

3. Results and discussion 

Negligible interaction between soil disturbance (Fig. 1a) and fertilization (Fig. 1b-c) on soil N2O-N 
efflux were observed. N2O-N emissions from soil varied from 1.5 to 320.0 g ha-1 day-1 and were 
markedly affected by soil WFPS (Fig. 1a). Lower N2O-N emissions (< 100 g ha-1 day-1) were regis-
tered during the first 19 days of the experiment during low rainfall periods and WFPS < 0.6 cm3 
cm-3. Conversely, higher N2O-N emissions coincided with WFPS > 0.6 cm3 cm-3. Daily N2O-N 
emissions from US were consistently higher than DS during most of the evaluation period. Among 
the fertilization treatments, higher N2O-N emissions were registered in the first 30 days after RS 
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amendment. Insignificant variations in N2O-N emissions from ADS, UR, CS and CTR treatments 
were observed during the experimental time frame. 
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Figure 1: Soil water-filled pore space (A) and daily N2O-N emissions according to soil disturbance (A) and fertilization 

treatments (B,C). DS: disturbed soil; US: undisturbed soil; CTR: negative control without N; UR: urea; RS: raw 

swine slurry; ADS: anaerobically digested swine slurry; CS: composted swine slurry. Bars denotes Fisher’s 
test LSD (p<0.05). 

 
N2O emissions were remarkably affected by soil disturbance (US and DS)(Fig 1a). Possible inter-
actions between soil abiotic and microbial communities that regulates N2O-N emissions were in-
vestigated. The results were presented and discussed based on Pearson’s correlation analyses 
(Table 2). For during most of the evaluated experimental period WFPS in the US was much higher 
than in the DS (Fig. 1a). N2O emissions seemed to be mostly regulated by soil WFPS (r=0.753, 
p<0.001) in the US. This is in agreement with previous studies that reported an exponential in-
crease of N2O emissions for soils with WFPS > 0.6 cm3 cm-3 [1,9]. Contrariwise, soil NO3

--N and 
DOC contents (r=0.667, p<0.01 and -0.572, p<0.01) as well as DOC/NO3

--N ratio (r=-0.459, 
p<0.05) showed better correlations with N2O emissions from DS. Soil temperature and NH4

+-N 
content had no significant correlations with N2O emissions regardless of the treatments tested.  
Nitrification was reported as the main process contributing to N2O emissions at WFPS < 0.6 cm3 
cm-3 while denitrifying activity seems to be the dominant process regulating N2O emissions when 
soil WFPS = 0.7 cm3 cm-3 [1]. Pearson’s correlation analyses revealed that denitrification was the 
main processes contribution to soil N2O emissions in this study (Table 2). Significant correlations 
between narG (narG/16S rDNA) which is a gene encoding for NO3

- reductase, and soil N2O emis-
sions were noticed for both US (r=0.528, p<0.05) and DS (r=0.505, p<0.05) treatments. The in-
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creasing abundance of nosZ (nosZ/16S rDNA) that encodes for N2O reductase had negative cor-
relation with soil N2O emissions in the US. Thus, it is plausible to assume that the higher N2O 
emission from the US was associated with incomplete denitrification processes under high soil 
WFPS and NO3

--N contents [3]. 
No correlation was observed between the fertilization treatments (CTR, UR and ADS) and soil 
abiotic or biotic factors. However, soil amended with RS showed N2O emissions was significantly 
correlated with either soil WFPS (r=0.776, p<0.05) as well as narG/16S rDNA concentrations 
(r=0.789, p<0.05). RS application increased soil NH4

+-N content which was promptly reduced to 
NO3

--N (data not shown). Additionally, RS also provided a high labile C input that can enhance 
denitrification rates and soil N2O emission [3]. Therefore, it is plausible to assume that incomplete 
denitrification played an important role on regulation of soil N2O emissions from RS. In contrast, 
soil N2O emissions from the CS treatment showed significant correlation with both amoA/16S 
rDNA (r=0.751, p<0.05) and narG/16S rDNA (r=0.870. p<0.01) genes. The amoA gene encodes 
for the reduction of NH4

+-N during both autotrophic and heterotrophic nitrification, suggesting that 
either of these processes may have been occurring concomitantly and contributing for N2O emis-
sions. Whereas not previously demonstrated as a significant N2O source in agricultural soils, het-
erotrophic nitrification (organic N oxidation) seems to be the main pathway for N2O emission from 
forest soils with low pH and high organic matter content [1, 8,10]. Thus, the recalcitrant profile of 
the CS with high org-N content could have enhanced soil heterotrophic nitrification and N2O emis-
sion when soil WFPS ranged from 0.6 to 0.7 cm3 cm-3 in the US. The contribution of both hetero-
trophic nitrification and denitrification processes augmented N2O emission from the CS amended 
soil, contrarily to what would be expected due to the low mineral N input by CS. 
 
Table 2:  Correlations between N2O-N emissions, soil abiotic factors and the abundance of nitrifying and denitrifying 

catabolic genes according to Pearson´s coefficient.  

Parameter 
Soil disturbance1  Fertilization2 

US DS  CTR UR RS ADS CS 

Soil temperature -0.362 -0.055  -0.229 -0.227 -0.159 -0.341 -0.171 
WFPS  0.753a  0.302   0.553  0.452  0.776c  0.552  0.637 
NH4

+-N  0.372  0.017   0.250 -0.137  0.255 -0.186  0.130 
NO3

--N  0.438  0.667b   0.420  0.371  0.567  0.398  0.409 
DOC  0.253 -0.572b   0.280  0.276 -0.197 -0.634 -0.065 
DOC / NO3

--N -0.103 -0.459c  -0.081 -0.178 -0.366 -0.103 -0.035 
amoA/16S rDNA ratio  0.113 -0.059   0.341 -0.273 -0.104  0.336  0.751c 
narG/16S rDNA ratio  0.528c  0.505c   0.143  0.671  0.789c  0.328  0.870b 
nirS/16S rDNA ratio -0.018 -0.132   0.258  0.049 -0.263 -0.170  0.420 
qnorB/16S rDNA ratio  0.242 -0.057   0.371  0.082  0.511 -0.390  0.626 
nosZ/16S rDNA ratio -0.604b -0.303   0.277 -0.640 -0.363 -0.438 -0.333 
amoA/nosZ ratio  0.311  0.058   0.391  0.102 -0.009  0.507  0.770c 
narG/nosZ ratio  0.730a  0.465c   0.609  0.823c  0.760c  0.518  0.816c 
nirS/nosZ ratio  0.160  0.174   0.334  0.568  0.031 -0.021  0.803c 
qnorB/nosZ ratio  0.619b  0.246   0.563  0.677  0.510  0.146  0.942a 

a: p<0.001; b: p<0.01; c: p<0.05; CTR: control without fertilization; UR: urea; RS: raw swine slurry; ADS: anaerobically 
digested swine slurry; CS: composted swine slurry; (1)n=20; (2)n=8. 
 
Principal component analysis (PCA) revealed that two ordination axes were able to explain up 
to 62% of the variability factors affecting soil N2O emissions (Fig. 2). The PC1 explained 38.4% of 
the observed variability showing higher correlation with soil N2O emissions (r=0.347), NO3--N 
(r=0.342), WFPS (r=0.346), and the ratio of amoA/nosZ (r=0.390), narG/nosZ (r=0.384), and 
qnorB/nosZ (r=0.431). The ratio of amoA/nosZ, narG/nosZ or qnorb/nosZ seems to better indicate 
soil N2O emissions than the NO3--N and WFPS as abiotic factors. Is worth noting that N2O emis-
sions are not exclusively dependant on nitrification/ denitrification metabolism only but also with 
the intrinsic interactions with soil NO3--N and WFPS. The PC2 explained 23.5% of the variability 
and was correlated with DOC (r=0.369), NO3--N (r=-0.348), DOC/NO3--N ratio (r=0.521), 
nirS/nosZ ratio (r=0.336), WFPS (r=0.319) and temperature (r=-0.453). The PC2 was more influ-
enced by changes in environmental conditions and soil abiotic factors regulating soil N2O emis-
sions. PCA analysis revealed that from day 7 to 21, the increasing abundance of nitrifying and 
denitrifying bacteria communities under high NO3--N and WFPS favored soil N2O emissions. From 
day 21 to 35, soil N2O emissions were restrained by lower soil NO3--N and WFPS. Following 35 
days, the increasing DOC/NO3--N ratios under high WFPS favored complete denitrification to N2, 
thus diminishing N2O emissions. 
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Figure 2: Principal component analysis (PCA) for N2O-N emissions, soil abiotic factors (NH4

+-N, NO3
--N, DOC, DOC/ 

NO3
--N, WFPS, and temperature) and nitrifying and denitrifying catabolic genes ratios (amoA/nosZ, 

narG/nosZ, nirS/nosZ, and qnorB/nosZ) according to soil disturbance and fertilization treatments. CTR: control 

without fertilization; UR: urea; RS: raw swine slurry; ADS: anaerobically digested swine slurry; CS: composted 

swine slurry. 

4. Conclusion and outlook 

Soil N2O emissions are regulated by complex interactions between soil abiotic factors and abun-
dance of nitrifying and denitrifying bacteria communities. Denitrification was the main bioprocess 
regulating soil N2O emissions in both DS and US. The low soil WFPS encountered in the DS im-
paired N2O emissions as compared to US. The application of a recalcitrant org-N source (CS) 
contributed to the proliferation of heterotrophic nitrifying bacteria communities and N2O emissions 
in relation to other fertilizers with higher proportions of NH4

+-N. 
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1. Objectives 

The objective of this study was to evaluate during 14 years the effect of three doses of sewage 
sludge (160, 320, and 480 kg total N ha–1) combined with lime (2.5 t CaCO3 ha–1) or without lime 
on the total Zn concentration in the soil compared to control treatments (no fertilisation and miner-
al fertilisation) in a silvopastoral system established with Pinus radiata D. Don in an acid soil of 
Galicia (NW Spain). 

2. Methodology 

The experiment was conducted in Pol (Lugo, Galicia, northwestern Spain, European Atlantic Bio-
geographic Region) at an altitude of 748 m above sea level. The experiment was established in 
1997 and used a five-year old Pinus radiata D. Don planted in 1993 with a density of 1667 trees 
ha−1. The experimental design was a randomized complete block with three replicates. In autumn 
of 1997, the soil was cleared and ploughed, and the experimental plots were established. Each 
plot had a square of 5×5 trees and occupied 96 m2, and plots were sown in autumn of 1997 with a 
mixture of 25 kg ha−1 of Lolium perenne var. Brigantia, 10 kg ha−1 of Dactylis glomerata var. Arta-
bro and 4 kg ha−1 of Trifolium repens cv. Huia after ploughing. All cell plots were initially fertilised 
with 120 kg P2O5 ha−1 and 200 kg K2O ha−1 in autumn 1997 to initially improve pasture establish-
ment. The established nine treatments were no fertilisation (NF) and three sewage sludge doses 
based on N application (S1: 160 kg total N ha−1; S2: 320 kg total N ha−1; and S3: 480 kg total N 
ha−1), with or without liming applied in 1997 before sowing (2.5 t CaCO3 ha−1). A no fertilisation 
(NF) treatment was also established as a control in the limed and unlimed plots. A control mineral 
treatment (MIN) in the unlimed plots was also included because the combination of lime and the 
MIN treatment is not usually applied in the area. The MIN treatment consisted of the application of 
500 kg ha-1 of 8% N – 24% P2O5 – 16% K2O ha−1 in accordance with conventional practice for 
fertilising pastures from 1998 to 2003. Sewage sludge was applied in 1998, 1999 and 2000. To 
evaluate the residual effect of these treatments, mineral fertiliser was added in 2001, 2002 and 
2003 in the plots previously fertilised with sewage sludge, initially because in the higher doses the 
sludge was not easily incorporated (some unincorporated sewage sludge rests were visually visi-
ble) and later to improve pasture production. 
 
The anaerobically digested sludge came from a municipal waste treatment plant in Lugo. Follow-
ing the U.S. Environmental Protection Agency (EPA) recommendations, the doses were based on 
the percentage of total N (35.5 g kg-1) and the dry matter content (24%) of the sewage sludge. The 
EPA established that approximately 25% of the total applied N is mineralised during the first year 
when sewage sludge is anaerobically digested [1]. The EU Directive 86/278/CEE [2] and the 
Spanish regulation R.D. 1310/1990 [3] regarding heavy metal concentrations in the application of 
sewage sludge to soil were also considered. The Zn concentrations in the sewage sludge used in 
the fertilisation in 1998, 1999 and 2000 were 821, 446 and 1320 mg kg-1, respectively. These 
values were lower than the limit established by the legislation (2500 mg kg-1) when the sewage 
sludge is used as fertiliser in acid soils. Therefore, the quality of sewage sludge used as fertiliser 
in this study could be considered good.  
 
A composite soil sample per plot was randomly taken at a depth of 25 cm every December from 
1998 to 2012 as described in R.D. 1310/1990 [3]. In the laboratory, the soil samples were air-
dried, passed through a 2 mm sieve and ground with an agate mortar. The total Zn concentration 
in the soil was analysed with the VARIAN 220FS spectrophotometer using atomic absorption [4] 
after a nitric acid digestion made in a CEM MDS-2000 microwave [5]. 
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Data were analysed with repeated measures ANOVA (proc glm procedure), and Mauchly’s criteri-
on was used to test for sphericity. If sphericity assumption was met then univariate approach out-
put was used, otherwise multivaritae output (Wilks’ Lambda test was taken into account). The 
statistical model used was Yij=  + Ai + Tj + TAji + εij, where Yij is the dependent variable,  is the 
mean of the variable, Ai is the year i, Tj is the treatment j, TAji is the year-treatment interaction 
(year*treatment) and εij is the error. The LSD test was used for subsequent pairwise comparisons 
(p < 0.05; a = 0.05) if the ANOVA was significant. The statistical software package SAS (2001) 
was used for all analyses [6]. 

3. Results and discussion 

The concentration of total Zn in the soil of this study (12.45-32.44 mg kg-1) (Figure 1) can be con-
sidered low compared with the intervals found by several authors, such as Barber [7] (10-300 mg 
kg-1) and Kabata-Pendias and Pendias [8] (10-105 mg kg-1). Moreover, all values were very low 
compared to the Spanish regulation limits (150 mg kg-1) (R.D.1310/1990) [3]. This may be ex-
plained by the fact that this study was located in an area without nearby pollution sources, the low 
soil pH increasing Zn availability, the high amount of precipitation in the area and that the soil had 
initial low levels of this element (17.2 mg Zn kg-1). 
 
In this study, it was observed a significant effect of the treatment (p<0.001), the year (p<0.001) 
and the interaction year*treatment (p<0.05) on the concentration of total Zn in the soil. In 1999, the 
concentration of this cation increased compared with 1998 probably due to the fertilisation with 
sewage sludge because Zn is the most abundant heavy metal in sewage sludge [9]. From 2000, 
the concentration of total Zn in the soil gradually decreased, until 2008, when we found the lowest 
concentration of this element in the soil. The reduction of levels of total Zn in the soil over time 
could be explained by the increase of cation extractions performed by Pinus radiata D. Don and 
pasture but also by the Zn leaching through the sandy soil profile. Similar results were also ob-
served in a silvopastoral system established with Fraxinus excelsior L. in a sandy soil as the soil of 
our study [10] in which it was shown the important roles that clay minerals have in the immobilisa-
tion of heavy metals through their highly specific surface [11]. However, from 2009 to 2012, in 
general, the concentration of total Zn in the soil increased again compared with 2008, being the 
concentration of this cation in 2012 similar to that found in 1999 after the fertilisation. This result 
indicates a high residual effect of the sewage sludge and the need for long-term studies in soils 
fertilised with sewage sludge to avoid an environmental risk. The increase of total Zn concentra-
tion in the soil in the last years of the study could be due to the application of mineral fertiliser in all 
plots previously fertilised with sewage sludge which may have favoured the incorporation of 
patches of sewage sludge in the soil observed in 2001 [12] and, therefore, the Zn release to the 
soil. Many other studies have also shown an increase in Zn concentration in soil as a result of 
sewage sludge applications [10] [13]. Moreover, in the last years of the experiment, the treetop 
was less dense due to the fall of needles to the soil which probably allowed the input of more light 
to the understory thus favouring the incorporation of sewage sludge to the soil due to the increase 
in soil temperature and therefore microbial activity.  
 

 
Figure 1: Mean concentration of total Zn in the soil (mg kg−1) from 1998 to 2012. Different letters indicate significant differ 

ences between years. 
 
On the other hand, Figure 2 shows the mean concentration of total Zn in the soil under each 
treatment in 1998, 2002, 2009 and 2012. The results found in the other years studied were similar 

bcd

a

b
bcd

cde

ef

cde

f

def
cd

bc

a

0

4

8

12

16

20

24

28

32

36

1998 1999 2000 2001 2002 2006 2007 2008 2009 2010 2011 2012

m
g 

kg
-1

Years

Total Zinc



Oral   TB Sustainable soils 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

261 

 

 

to obtained in these years and therefore they are not shown. In 1998 and 2002, it was observed a 
positive effect of lime on the total Zn concentration in the soil when medium doses of sewage 
sludge were applied (S2). This result could be attributed to the increase in the exchangeable Ca 
[14], which tends to increase the incorporation and the mineralisation of the sewage sludge to the 
soil, causing the release of nutrients such as zinc. The positive effect of lime on the incorporation 
of heavy metals to the soil from fertilisation with sewage sludge was also observed in other sil-
vopastoral systems established in the area with Pinus radiata D. Don [14]. However, in the last 
years of the study, the total Zn concentration was not modified by the input of lime to the soil 
probably due to lime inputs is characterised because its effect gradually diminishes in the years 
following its application. 
 
Regarding to the effect of the doses of sewage sludge on the concentration of total Zn in the soil, 
in the limed plots, the medium doses of sewage sludge (S2) increased more the concentration of 
this cation in the soil than the low doses (S1) and the no fertilisation treatment (NF) in 1998 and 
2002. In 2009, the levels of total Zn were higher when the sewage sludge was applied inde-
pendently of the doses (S1, S2 and S3) compared with the no fertilisation treatment (NF). In 2012 
the high doses of sewage sludge (S3) increased more the concentration of total Zn in the soil than 
the low doses (S1) and the NF treatment. In unlimed plots, it was also observed a higher concen-
tration of total zinc in the soil when the high doses of sewage (S3) were applied compared with S1 
and NF in 2002 and 2009 and compared with S1, S2 and NF in 2012. The improvement of the 
levels of total Zn in the soil associated to the highest doses of sewage sludge could be explained 
by the fact that the amount of Zn applied to the soil during 1998, 1999 and 2000 with the high 
(38.4 kg Zn ha-1) doses of sewage sludge was higher than with the low (12.8 kg Zn ha-1) and me-
dium (25.6 kg Zn ha-1) doses. Finally, in general the lowest concentration of total Zn in the soil of 
this study was associated to the control treatments (No Lime NF and MIN) compared with the 
treatments in which the high doses of sewage sludge (S3) were combined with lime or without 
lime probably because the control treatments did not imply an input of Zn to the soil. Several au-
thors as Egiarte et al. [15] in northwestern Spain or Bettiol and Ghini [16] in Brazilian tropical soils 
have also found in their studies that the increase of the total Zn concentration in the soil was di-
rectly proportional to sewage sludge doses applied. 
 

 

 
Figure 2: Mean concentration of total Zn in the soil (mg kg−1) under each treatment in 1998, 2002, 2009 and 2012. NF: no 

fertiliser; S1: low sewage sludge dose (160 kg total N ha−1); S2: medium sewage sludge dose (320 kg total N 
ha−1); S3: high sewage sludge dose (480 kg total N ha−1) and MIN: mineral fertiliser. Different letters indicate sig-
nificant differences between fertiliser treatments. 

  

bc
c

a

abc

bc

bc
bc

ab

bc

0
5

10
15
20
25
30
35
40

NF S1 S2 S3 MIN

m
g 

kg
-1

Treatments

Total Zinc (1998) Lime

No lime

bc
bc

a

ab
bc

ab

bc

a

c

0
5

10
15
20
25
30
35
40

NF S1 S2 S3 MIN

m
g 

kg
-1

Treatments

Total Zinc (2002) Lime

No lime

c

abc

ab

ab
c

ab

bc

a

c

0
5

10
15
20
25
30
35
40

NF S1 S2 S3 MIN

m
g 

kg
-1

Treatments

Total Zinc (2009) Lime

No lime

c
bc

ab

abcd bc

bc

a

d

0
5

10
15
20
25
30
35
40

NF S1 S2 S3 MIN

m
g 

kg
-1

Treatments

Total Zinc (2012) Lime

No lime



TB Sustainable soils  Oral 

 

262 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

4. Conclusion and outlook 

The results obtained showed a large residual effect of the fertilisation with sewage sludge on the 
total Zn concentration in the soil, mainly when the high doses of sewage sludge were applied. 
Therefore, in acid soils such as those in this study it is necessary to evaluate during long periods 
the effect of sewage sludge on the Zn concentration in the soil to avoid an environmental risk. 
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1. Objectives 

Soil incubation is the most commonly used laboratory method for determining the labile fraction of 
C in various materials [1]. However, this method is time consuming and expensive. Therefore, the 
main objective of this study was to test whether Fourier transform infrared photoacoustic spec-
troscopy (FTIR-PAS) can be used for predicting the mineralisable fraction of C in various organic 
waste products and identifying functional groups associated with it. 

2. Methodology 

The sample set consisted of 385 composted and non-composted organic waste products (OWP), 
more specifically: 65% urban or industrial waste (municipal solid waste composts, sewage sludge, 
agro-industrial wastes and biowastes), 21% animal manure and slurries (cattle, chicken, pig and 
horse manure) and 14% anaerobically digested wastes, plant materials and organic amendments. 
All samples were oven dried at 40˚C and finely ground (<1mm).  
 
 Soil incubations: The mineralisable C fraction of OWP was determined by 91-day incubations 

of soil-OWP mixtures in hermetically sealed jars under controlled conditions of temperature (28 
˚C) and water content (75-100% of the soil water holding capacity). CO2-C evolved was 
trapped in alkali traps (10 mL 0.5 M NaOH), which were replaced after 1, 3, 7, 14, 21, 28, 49, 
70 and 91 days, and titrated by colorimetry. The total mineralised C was expressed as the frac-
tion of total organic C (TOC) respired after 3 (Cm3d), 7 (Cm7d), 28 (Cm28d) and 91 days 
(Cm91d). 

 FTIR-PAS – Prediction of C mineralisation: The FTIR-PAS spectra of the OWP were recorded 
in the mid-infrared region (4000-600 cm-1) at a resolution of 4 cm-1 by co-adding 64 scans. 
Spectra were smoothed using the Savitzky-Golay algorithm on four points each side (a total 
window of nine smoothing points) and a zero order polynomial. Furthermore, the smoothed 
spectra were normalised by the mean. Partial least square regression (PLSR) analysis was 
then used to correlate the obtained OWP spectra with the measured mineralised fraction of C 
and develop calibration models predicting this fraction. 

3. Results and discussion 

3.1 Prediction of mineralisable C fraction 

The PLSR analysis led to calibration models predicting an acceptable fraction of the variance in 
the mineralisable C fraction. The coefficient of determination (R2) for this calibration sample set 
was 0.78, 0.78, 0.75 and 0.70 for the prediction of the total mineralisable C after 3, 7, 28 and 91 
days respectively (Figure 1). The root mean square error (RMSE) was 2.15 (Cm3d), 3.92 (Cm7d), 
5.94 (Cm28d) and 8.07 (Cm91d). Afterwards, a test set including randomly selected samples from 
all OWP types was adopted in order to validate the robustness of this model and its predictive 
power on unknown samples. Using the previously developed calibration model on the test set 
resulted in a prediction of the mineralisable fraction of C which was still good. More specifically, 
the coefficient of determination for total C mineralised after 3, 7, 28 and 91 days was 0.77, 0.75, 
0.70 and 0.72, respectively, and the RMSE was 2.31 (Cm3d), 4.15 (Cm7d), 6.78 (Cm28d) and 
7.71 (Cm91d). These results show that the model was performing similarly or better with the mod-
el developed on the same sample set using near infrared spectroscopy (NIRS) by Peltre et al. [2]. 
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Figure 1:  Correlation between reference (measured) and predicted percentage of total organic carbon (%TOC) that was  

mineralised after 3 (Cm3d), 7 (Cm7d), 28 (Cm28d) and 91 (Cm91d) days of incubation [cross validation results: 
red dots, dashed regression line, external validation results: blue dots, solid regression line) (R2: r-square value, 
RMSE: root mean square value, CV: cross-validation (calibration) data set, EV: external validation (test) data set, 
RPD: ratio of performance to deviation, F: number of factors used in calibration]   

3.2 Interpretation of regression coefficients 

The regression (or beta) coefficients of the models predicting the total carbon fraction that mineral-
ised after 3, 7, 28 and 91 days (i.e. the spectral regions used for this prediction) were similar with 
small differences between the coefficients. The interpretation of these coefficients allowed the 
identification of spectral regions that had a positive or negative association with the mineralisable 
fraction of C. A positive association (Figure 2) was observed with the spectral regions centered at 
3700, 3300, 2950, 1740, 1660, 1438, 1400, 1160 and 876 cm-1. The region between 3700 and 
3000 cm-1 is characterised by overlapping vibrations of various compounds and moisture, so the 
interpretation of coefficients from this region is difficult. The positive regression coefficients at 
2950, 2850 and 1400 cm-1 correspond to the C-H vibration in aliphatic compounds which are 
characterised as easily degradable compounds [3]. The coefficient at 1740, 1660 and 1160 cm-1, 
are assigned to the C=O stretching vibration in ketones, C=O stretching vibration in carboxylates 
and C-O stretching vibration in polysaccharides respectively. All these compounds are known as 
easily degradable and therefore the positive regression coefficients for C mineralisation in these 
spectral regions were not surprising. The coefficients at 2520, 1435 and 875 cm-1 are correspond-



TB Sustainable soils  Poster 

 

266 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

ing to the CO3
2- vibration in carbonates [4]. Many of the spectra of the OWP revealed high absorp-

tion intensity in these regions while at the same time they had the highest mineralisation values 
but not the highest total organic C content (data not shown). Therefore the positive coefficients in 
these spectral regions could result from covariance between the high absorption intensity at these 
regions and the high mineralisation values; however, alternatively they could also indicate that 
some of the CO2 originated from the carbonates and released upon addition to soil which is typi-
cally more acidic than the waste materials. A negative association of the mineralisable C fraction 
with the spectral regions centered at 2300, 1509, 1325, 1270, 1220, 950 and 825 cm-1 was ob-
served (Figure 2). The negative regression coefficient at 2300 cm-1 can be assigned to the –COH 
stretching vibration in polysaccharides and more specific in crystalline form of cellulose [5]. Cellu-
lose is more resistant to enzymatic hydrolysis in the crystalline form and therefore its presence in 
the negative associated coefficients could be expected. The regression coefficient at 1510 cm-1 is 
assigned to the C=C stretching vibration in lignin [3]. Lignin is a recalcitrant compound that also 
inhibits the hydrolysis of cellulose. The regression coefficients at 1325 and 825 cm-1 correspond to 
the C-N and C-H vibrations in aromatic compounds, which form recalcitrant compounds, while the 
coefficients at 1270 and 1220 cm-1 are assigned to the C-N vibration in amide [3]. 
 

 
Figure 2:  Regression coefficients used in the prediction of the mineralisable C fraction after 91 days. 

4. Conclusions  

The application of FTIR-PAS provided a fast and reliable technique for accurate prediction of the 
mineralisable fraction of C. In comparison with traditional FTIR, photoacoustic spectroscopy of-
fered the advantage of directly measuring the absorbed IR radiation, which is advantageous when 
measuring dark and opaque samples such as these OWP. The coefficient of correlation between 
predicted and measured values of the mineralisable fraction of C ranged between 0.70 and 0.78, 
while the RMSE ranged between 2.31 and 7.71. This was similar to or better than earlier NIR pre-
dictions [2], but with the advantage that the spectral regions associated with labile carbon can be 
interpreted in terms of the chemical components responsible for the lability. The interpretation of 
these spectral regions revealed a positive correlation to aliphatic compounds, carboxylic acids, 
carboxylates and polysaccharides, and a negative correlation to more stable compounds such as 
lignin, crystalline cellulose and aromatic compounds. This produced a good evaluation of the ro-
bustness of the calibration model, which makes FTIR-PAS a powerful characterisation tool.  
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1. Objectives 

In this work, the use of a fresh organic amendment (sewage sludge) was compared to a stabilized 
organic material (compost from animal manures) during a wheat-maize cropping sequence with 
two main objectives: 
 To study the effects on the soil physico-chemical, chemical and biological properties and on 

the yield of the two crops considered. 

 To evaluate the influence of the different treatments on gaseous emissions of CO2, N2O and 
CH4. 

2. Methodology 

The field experiment was conducted during one year, with two cropping cycles, at an agricultural 
area located at Orihuela (Alicante, 38°07'38.4"N 0°48'57.2"W). The climate in this area is semi-
arid continental Mediterranean with an average cumulative annual precipitation of 300 mm and a 
mean annual temperature of 18 ºC. The soil at the site was a clay textured soil, moderately alka-
line (pH = 8.3), with low salinity (0.40 dS/m) and low contents of oxidizable organic C (1.25%) and 
total Kjeldahl N (0.18%). The experimental field was divided into 6 experimental plots (4.5 m x 9.5 
m), arranged in a randomized complete block design with two replicates per treatment. The treat-
ments considered in this study were: control soil without amendment (control), soil amended with 
aerobic sewage sludge (SS) and soil amended with animal waste (goat and rabbit manure) de-
rived compost (CS). CS was prepared using as raw materials a mixture 50:50 (v:v) of rabbit and 
goat manure, wheat straw and grass clippings in the proportion 85:8:7(on a fresh weight basis), 
respectively. SS and CS had pH values slightly alkaline (pH = 7.5 and 7.8, respectively); different 
dry matter contents (21% and 43%, respectively), similar electrical conductivity values (2.42 dS/m 
and 2.74 dS/m), notable organic matter contents, higher in SS (66.5% and 62.1%) and high total 
N contents, especially SS (6.03% and 3.10%). The treatments were established in January 2014, 
prior sowing, at a single application rate of 210 kg N/ha. No extra fertilisation during the crops was 
applied. The treatments wer applied manually and immediately incorporated to a soil depth of 
20cm by light rototilling. The first crop (wheat, Triticum aestivum cv. Galera) was sown one week 
after the incorporation of the organic amendments. Five months later (at the end of May 2014), 
wheat was harvested and after one month (in July 2014), the following crop (maize, Zea mays cv. 
Pioneer P1758Y) was sown and harvested in December 2014. The effects of the treatments on 
soil physico-chemical, chemical and biological properties were evaluated throughout the experi-
ment by collecting topsoil samples (0–25 cm) from all plots on four occasions: immediately after 
the incorporation of the organic amendments (M1) and at the end of the wheat cycle (M2), at the 
beginning of the maize cycle (M3) and after harvesting the maize crop (M4). The analytical meth-
ods used were the following:  
 
 Method 1: The pH in the soil and organic amendments (SS and CS) samples was measured 

on 1:2.5 and 1:10 water soluble extracts (w/v), respectively. Electrical conductivity (EC) was 
determined on 1:5 and 1:10 water extracts of soil and organic amendment, respectively.  

 Method 2: The oxidizable organic C (Corg) in soil samples was determined by the Walkley and 
Black modified method described by Bustamante et al. (2007); organic matter in SS and CS 
was assessed by determining the loss-on ignition at 430 °C for 24 h. 

 Method 3: The total N in the soil samples was determined by the Kjeldahl method, while in SS 
and CS was determined by automatic microanalysis. 

 Method 4: The soil respiration was determined by titration with 0.1 M HCl after trapping total 
CO2 in 0.1 M NaOH, according to the method described by Bustamante et al. [1]. Briefly, 10 g 
aliquots of the collected soil samples were incubated in the dark for 5 days at 25 ºC in closed 
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500 ml glass vessels, trapping the CO2 evolved with 10 ml of 0.1 M NaOH, after adding BaCl2, 
in small tubes placed inside the incubation vessels. Empty vessels were used as blanks.  

Fluxes of CO2, N2O and CH4 were measured throughout the experiment with manually operated 
circular static chambers (diameter 0.36 m and height 0.18 m), using three chambers per plot for 
gas sampling. Gas samples (20 ml) were taken by syringe at 0 and 60 minutes after the closure of 
the chamber to measure the increase or the decrease of concentration inside the chamber, and 
stored in chromatography vials. The linearity of gas diffusion into the headspace over this closure 
period (60 min) had previously been estimated and each flux could be calculated from a single 
determination at the end of closure by considering the chamber volume and soil surface [2]. Con-
centrations of GHGs in the gas samples were determined by gas chromatography, using an HP-
6890 gas chromatograph (GC) equipped with a headspace autoanalyzer (HT3), both from Agilent 
Technologies. Also, the yields of each crop studied were determined after harvesting. All the anal-
yses were made in triplicate and the data obtained were analyzed using a two-way analysis of 
variance (ANOVA) for repeated measures; to compare the differences obtained, the Tukey-b test 
was used (P < 0.05). 

3. Results and discussion 

3.1 Effect of the treatments on soil parameters 

The incorporation of the organic amendments produced slight differences in the soil pH values 
and only during the first crop period (Table 1), probably due to the initial values of the organic 
materials used, closed to neutrality, and especially due to the buffering effect of this type of soil [1]. 
The electrical conductivity (EC) values were not clearly affected by the treatments, only showing a 
significant increase during the wheat period crop with the incorporation of SS, probably due to 
these organic amendments had not high values of EC (lower than 3 dS/m).    

Table 1:  Effect of the different treatments on soil physico-chemical, chemical and biological parameters during each crop 
period. 

Treatment pH EC (dS/m) Corg (%) TKN (%) 
Soil respiration 

(mg CO2-C/kg day) 

Wheat crop 

Control 8.32ab 0.45a 1.61a 0.19a 23.5a 

Sewage Sludge 8.24a 0.51b 1.75b 0.20b 30.9b 

Compost 8.34b 0.45a 1.83c 0.22c 29.6b 

Maize crop 

Control 8.31a 0.58b 1.57a 0.18a 34.0b 

Sewage Sludge 8.31a 0.48a 1.63a 0.18a 27.5a 

Compost 8.35a 0.42a 1.75b 0.19b 26.3a 

EC-electrical conductivity; Corg-oxidizable organic C; TKN- total Kjeldahl N.  

Average values in a column followed by the same letter are not significantly different at P < 0.05 (Tukey-b test). 
 
Regarding the concentrations of oxidizable organic C (Corg) and total Kjeldahl N (TKN), clear and 
significant differences were observed between the concentrations of these parameters related to 
soil fertility with the different treatments, especially during the development of wheat. The incorpo-
ration of the organic materials increased the contents of Corg compared to the soil without 
amendment (Control), but this increase only remained until the end of the wheat-maize cropping 
sequence in the soil amended with CS.  
For the TKN, the effect was similar, observing the highest concentrations with the treatment CS, 
also maintaining only this treatment the effect at the end of the two-crop period. Khorramdel et al. 
[3] also observed during maize cropping a higher C sequestration (4,1 t/ha) in low input manage-
ment systems using compost and manures in a dose of 30 t/ha and hand weeding, compared to 
other systems of medium or high management input, in which the dose of amendment is reduced 
and the presence of inorganic fertilizers and field practices (tillage, etc.) is increased (0.01 t/ha in 
the high input management system). 
The application into soils of the organic amendments also enhanced the activity of the soil micro-
biota, increasing the rates of the soil respiration, especially during the first crop period. This reacti-
vation of the activity of the soil microorganisms was also reported in other studies using fresh and 
stabilized organic materials as soil amendments [4].  
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3.2 Emissions of CO2, N2O and CH4 

The addition of SS and CS to the soils produced a clear effect on the cumulative fluxes of N2O, 
CH4 and CO2 during the wheat-maize sequence (Figs.1a, b, c, d, e, f and g). These emissions 
were, in general, higher for all the gases during the first crop, increasing immediately after the 
incorporation of the organic materials. During the development of wheat, the soils amended with 
SS showed the highest cumulative emissions for all the gases studied.  

 

  

 

  
Figure 1:  Cumulative emissions in the soil during the wheat crop of N2O–N (a), CH4–C (b) and CO2–C (c) and during the 

maize crop of N2O–N (d), CH4–C (e) and CO2–C (f). CS: animal waste derived-compost; SS: sewage sludge. 

 

The incorporation of SS produced a notable increase of the N2O-N emissions during the wheat 
period, compared to the effect observed in the soil amended with CS, being similar to that of the 
control soil (Fig. 1a). The addition of organic materials implies a supply of labile organic C, which 
accelerates the activity of soil microbes, thus increasing nitrification and denitrification rates [5]. All 
the soils displayed a similar trend during the maize period, although the soil amended with SS 
showed the highest N2O-N emissions.  
Increases in CO2-C cumulative emissions were observed after approximately two weeks from the 
incorporation of the organic amendments in all the soils and especially in those amended with SS 
(Fig. 1c), reflecting the higher mineralization rate of this material compared to compost. Soil CO2-
C emissions are the result of a combination of heterotrophic and autotrophic respiration, and both 
could have been stimulated by the addition of organic materials [6]. The magnitude of these emis-
sions was related to the decomposition rates (associated to the amount of labile C) of the materi-
als used [7]. However, during the maize period, CO2 emissions were similar in all the treatments 
(Fig. 1f), showing increases only as a consequence of common events (e.g. tillage) in all the soils.  
Regarding CH4-C emissions, only the soils amended with SS showed increasing trends during the 
wheat period. In contrast, the control soils and the soils amended with CS acted as soil CH4-C 
sinks (Fig. 1b). The initial moisture content of the sludge might have favored the emergence of an 
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anaerobic environment, and the higher amount of inorganic N might have promoted the positive 
emissions from the soils amended with SS [7]. 

3.3 Effect of the treatments on crop yields 

There was not a significant treatment effect on the biomass parameters and the yield of wheat 
(Table 2). In this sense, it is worth noticing that a higher height of plant was observed in the 
amended soils with SS (data not shown), which produced wheat lodging in a great part of these 
treatments, probably due to an overfertilisation of available N in this treatment. On the other hand, 
for the maize crop, significant differences were observed, with higher values for the CS and the 
control soil, than for the soil with SS, probably due to the higher N consumption in the SS amend-
ed soils during the first crop. 

Table 2: Effect of the different treatments on the yield and biomass parameters of the wheat and maize crops.  

Treatment Total biomass1 Aerial biomass Yield (t FW/ha) 

 FW (t/ha) DW (t/ha) FW (t/ha) DW (t/ha)  

Wheat crop 

Control 30.5a 21.3a 29.1a 20.6a 13.8a 

Sewage Sludge 30.1a 20.4a 29.1a 19.8a 13.3a 

Compost 28.6a 19.2a 27.3a 18.7a 12.4a 

Maize crop 

Control 51.4b 22.3b 45.1b 20.4b 20.1b 

Sewage Sludge 21.7a 11.0a 20.0a 10.4a 11.7a 

Compost 49.1b 22.2b 44.7b  20.8b 21.5b 

FW-fresh weight; DW-dry weight. 1Total biomass: root + aerial part;  

Average values in a column followed by the same letter are not significantly different at P < 0.05 (Tukey-b test). 

4. Conclusion and outlook 

The incorporation of fresh and stabilized organic amendments to the soils produced a clear in-
crease in the soil organic matter and nitrogen contents, also leading, in the short-term, to an in-
crease of the soil microbial activity, observing only in the second cropping period a clear effect of 
the treatments over crop yields. In addition, the use of SS induced higher emissions of N2O, CH4 
and CO2 than CS (only considering the crop sequence in the GHG balance), this effect being 
more noticeable immediately after the addition of the organic amendments, during the wheat peri-
od.  
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1. Objectives 

One of the effects of repeated soil application of organic waste products (OWP) is the increase in 
soil porosity and therefore the decrease in soil bulk density. This is also expected to result in a 
potential decrease in draught force for soil tillage and therefore to a potential decrease in tractor 
fuel consumption. The objectives of this study were to determine relationships that will facilitate 
estimation of draught force and tractor fuel consumption for soil tillage from more easily measura-
ble soil parameters such as soil texture, carbon content and OWP amendment history.  
 

2. Methodology 

The Crucial experiment is a sandy loam with on average 26.2 % coarse sand, 43.6 % fine sand, 
14.3  % silt and 12.6 % clay. It was initiated in 2003 and has mainly been cropped with spring 
cereals. The treatments are organised in a randomised block design with three blocks and in-
clude: household waste compost (normal rate: CH; accelerated rate: CHA), sewage sludge (nor-
mal rate: S; accelerated rate: SA), cattle manure (accelerated rate: CMA), cattle slurry (CS), ani-
mal deep litter (DL, very straw-rich manure), human urine (HU), NPK fertiliser (NPK) and unferti-
lised (U, no mineral or organic fertiliser applied). The normal rate of OWP or mineral fertiliser was 
based on N-input equivalent to approximately 100 kg available N ha-1 year-1, depending on the 
crop grown. The accelerated rates of application aimed at applying approximately three times the 
normal available N levels [1]. 
 
 Draught force for soil tillage was measured in all the plots of the Crucial experiment on 28 

March 2014. The measurement setup consisted of three spring tines operating at a working 
depth of 12 cm. Each tine was connected to a transducer measuring the horizontal and vertical 
forces [2]. Specific draught (kPa) and specific fuel consumption were derived from draught 
force measurements [3]. 

 The soil was sampled simultaneously with the draught force measurements. Two independent 
samplings were performed to determine (i) texture and total organic carbon content and (ii) 
bulk density and water content (in all treatments except HU, CS and DL). 
 

3. Results and discussion 

3.1 Relationship between bulk density and soil organic carbon 

The soil organic carbon content significantly differed across the treatments (p<0.001), covering a 
wide range of values from the lowest 1.2±0.1 % in the unfertilised (U) to the highest 3.5±0.4 % in 
the accelerated compost (CHA). Soil bulk density (BD) differed significantly across treatments 
(p<0.001), ranging from 1.23±0.09 g cm-3 (CHA) to 1.55±0.02 g cm-3 (U). ). Bulk density could be 
predicted from the SOC content with good accuracy (R2=0.75) according to the equation (Fig. 1):  
 
     BD = 1.690 – 0.1342 * SOC      Eq. 1 
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Figure 1: Relationship between soil organic carbon content (SOC) and soil bulk density for the different treatment of the  

field experiment. Household waste compost at normal (CH) and accelerated (CHA) rates, cattle manure at an ac- 
celerated rate (CMA), NPK mineral fertiliser (NPK), sewage sludge at normal (S) and accelerated (SA) rates [4]. 

 
3.2 Relationship between specific draught and soil characteristics 

The draught force varied across treatments from 2.05 ± 0.40 kN (CHA) to 2.93 ± 0.24 kN (HU), 
which resulted in a specific draught (SDFr) ranging from 87.45 ± 17.28 kPa (CHA) to 125.21 ± 
10.20 kPa (HU), with an average of 111.8 kPa. The ANOVA revealed a significant effect of clay 
content (p<0.01) and bulk density (p<0.001) on SDFr (Table 5). The effect of SOC was significant 
(p<0.05) after accounting for the variance explained by clay and bulk density. The effect of soil 
water content was not significant after subtracting the variance explained by clay, BD and SOC 
content, whereas soil cohesion had a significant effect (p<0.05) and the treatment and block ef-
fects were subsequently non-significant (Table 1). This likely indicates that the change in specific 
draught was controlled in the first place by the amount of SOC accumulated and its effect on bulk 
density rather than its composition. 
 
Table 1: ANOVA table for testing the effect of clay content, bulk density (BD), SOC content, soil water content, soil 

cohesion, treatments and block effect on specific draught for soil tillage [4]. 

 Df Sum of squares Mean squares F value P-value 

Clay 1 1082.1 1082.1 17.6183 0.004049** 

BD 1 2257.4 2257.4 36.7537 0.00051*** 

SOC 1 586.5 586.5 9.5493 0.017562* 

Water content 1 227.5 227.5 3.7039 0.095686 

Cohesion 1 523.2 523.2 8.5182 0.022385* 

Treatment 6 358.5 59.7 0.9727 0.505323 

Block 2 477.2 238.6 3.8847 0.073294 

Residuals 7 429.9 61.4   

Significance levels: *: p<0.05, ** : p<0.01, ***: p<0.001 
 
Multiple linear regressions were performed in order to relate specific draught from easily measur-
able soil parameters (texture and SOC). A stepwise regression procedure revealed that the inclu-
sion of more than one texture class did not improve the regression accuracy and that the combi-
nation of SOC and clay content in the linear regression gave the best results. Specific draught 
was related to the SOC and clay content, explaining 67% of the variance on the full dataset, 59% 
of the variance in cross validation (R2CV) and with a RMSECV of 10.4 and RPD of 1.6 according 
to the equation:  
 

SDFr = 58.85 + 6.76 * Clay – 17.35 * SOC   eq. 2 
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where clay and SOC content are expressed as % (g 100g-1 bulk soil) (Fig. 1). The linearity of this 
relationship was tested for SOC effect by adding the square effect of SOC, which proved to be 
non-significant. It should be noted that this relationship is valid for this field site at this specific time 
of the year but can hardly be extrapolated to other situation. It is presented to explore the relation-
ships between SOC and specific draught. 

 
Figure 2: Multiple linear regression between specific draught and clay and SOC content according to eq. 2. Calibration  

predictions and cross-validated predictions (leave-one-out cross validation) [4]. 
 

3.3 Fuel consumption for soil tillage 
Fuel consumption based on the draught force measured in the field experiment was calculated as 
ranging between 3.4 ± 0.5 L h-1 (CHA) and 4.7 ± 0.1 L h-1 (HU) (Table 7). Fuel consumption was 
also high in the NPK treatment compared with the other fertiliser treatments (4.5 ± 0.4 L h-1). 
When expressed as a percentage difference in fuel consumption compared with the NPK treat-
ment, taken as a standard reference fertilisation, fuel savings ranged from 5 ± 13 % (SA) to 25 ± 
11 % (CHA). The household waste compost applied at the normal rate also led to quite a large 
fuel saving of 14 ± 11 %. Conversely, the application of human urine (HU) led to slightly greater 
fuel consumption than in the NPK treatment (+ 5 ± 3 %). Fuel savings for soil tillage therefore 
appear to be an important environmental benefit of soil application of organic waste that should be 
taken into consideration. This should however be placed in the context of the overall chain of 
waste recycling, taking into account other emissions related to soil application of organic wastes. 
This can only be done by using integrative environmental assessment methods such as life cycle 
assessment. 
 
Table 2: Tractor fuel for the tine tillage operation, and fuel consumption savings or increases as a percentage of the fuel  

  consumption in the NPK treatment. Standard deviations presented in brackets.[4] 

 
Fuel for operation (L h-1) 

Fuel savings (% of difference compared to 
NPK treatment) 

CHA 3.4 (0.5) -25 (11) 

CH 3.8 (0.5) -14 (11) 

DL 4.0 (0.4) -11 (10) 

U 4.1 (0.3) -7 (8) 

CMA 4.1 (0.7) -7 (16) 

S 4.2 (0.5) -5 (12) 

CS 4.2 (0.5) -5.2 (12) 

SA 4.2 (0.6) -5 (13) 

NPK 4.5 (0.4)  

HU 4.7 (0.1) 5 (3) 

Household waste compost at normal (CH) and accelerated (CHA) rates, cattle manure at an accelerated rate (CMA), cattle 
slurry (CS), deep litter (DL), human urine (HU), NPK mineral fertiliser (NPK), sewage sludge at normal (S) and accelerated 
(SA) rates, unfertilized (U) 
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4 Conclusion and outlook 

This study showed that a change in specific draught for soil tillage was significantly explained by 
clay content, bulk density, SOC content and soil cohesion. However, no evidence was found that 
the quality of SOC accumulated for different organic wastes influenced specific draught. Specific 
draught could be related to clay and SOC content, explaining 67 % of the variance. The change in 
specific draught may result in fuel savings of up to 25 % on soil tillage for compost applied at an 
accelerated rate (reaching 3.5 % SOC) and up to 14 % for compost applied at a normal rate 
(reaching 2.3 % SOC). This could represent an important environmental benefit of the soil applica-
tion of organic waste. This benefit should therefore be included in environmental assessments of 
waste recycling chains, such as life cycle assessment, for comparison with the other environmen-
tal emissions related to waste recycling, and provide a more comprehensive environmental bal-
ance of waste recycling through soil application. 
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1. Objectives 

The main objective of this work was to study the role of pruning biomass obtained from date palm 
(Phoenix dactylifera) as an ingredient in several co-composting scenarios. These scenarios were 
designed to obtain more fibrous and recalcitrant composts to be used with specific agronomic 
purposes, linked to soilless uses and to the recovery of the physical properties in degraded soils.  

2. Methodology 

Four ternary composting experiments, in triplicate, were carried out. The mixtures were estab-
lished using 17% of sewage sludge (dry weight basis, d.w.) in all the scenarios, with a combina-
tion of date palm pruning biomass (rachis + leaf) (DPPB) and grass clippings (GC) in the propor-
tions 17:66, 42:41, 67:16 and 83:0 (d.w.) of DPPB and GC, to obtain the mixtures A-B-C-D, re-
spectively. Table 1 present the characteristics of the raw materials used. The mixtures were com-
posted in an enclosed, passively aerated composting vessel (350L), according the system used 
by Bustamante et al. [1]. All the piles were turned 3 times during the composting process (7, 20 
and 30 days) in order to improve both the homogeneity of the material and the biodegradation 
process. After the last turning, the temperature of the piles were stable and near to that of the 
surrounding atmosphere, and therefore the bio-oxidative phase of composting was considered 
finished. Then, the composts were left to mature in the same vessel for a further one month peri-
od, approximately. The moisture of the piles was controlled weekly by adding the necessary 
amount of water to maintain moisture content not below 50%. The piles were sampled in four oc-
casions (at 0, 15, 30 and 60 days, coinciding with the initial phase, the thermophillic phase, the 
end of bio-oxidative phase and maturity. The samples were taken by mixing seven sub-samples 
from seven sites of the pile, from the whole profile (from the top to the bottom of the pile). 
Throughout the composting process, the temperature evolution was monitored and different 
chemical parameters were determined. In the mature composts, several parameters related to 
recalcitrance (Chemical stability degree (SD) according to Lopez et al. [2]) and physical properties 
were also evaluated. 
 
Table 1: Main characteristics of the raw materials. 

Parameter Sewage sludge, SS Date palm pruning 
biomass, DPPB 

Grass clippings, GC 

Water content (%) 80.9 36.4 70.6 

pH 6.38 6.25 7.76 

Electrical conductivity (dS/m) 5.40 6.43 7.84 

Total organic matter (%) 56.6 91.6 73.5 

Total organic carbon (%) 40.5 56.4 48.8 

Total nitrogen (%) 6.35 1.39 3.63 

C/N 6.40 40.7 13.5 

P (%) 2.53 0.41 1.79 

Na (g/kg) 3.70 4.50 12.2 

K (g/kg) 3.45 25.7 62.5 
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3. Results and discussion 

Thermal profiles of the mixtures were negatively affected by DPPB compared to GC biomass 
(figure 1), according to the EXothermic Index (EXI). This index was calculated as the daily sum-
mation of the temperature increment in the pile compared to the ambient temperature in the bioac-
tive period, 30 days; (EXI = -3.66 DPPB (%) + 584, R² = 0.85). The mixtures that reached higher 
temperature values were A and B which also are the ones that contains more GP in the mixture 
and less DPPB. Moreover, these composting mixtures showed temperature values that assured 
the sanitisation, on the contrary than the mixtures C and D. 

 

 
Figure 1: Thermal profile of the mixtures (17% date palm pruning biomass (DPPB)=composter A, 42% DPPB=composter B, 

67% DPPB=composter C, 83% DPPB=composter D). 
 
The evolution of the main physico-chemical and chemical characteristics of the mixtures is sum-
marized in Table 2. The pH values remained close to neutrality throughout the process for all the 
mixtures, as it has been observed by Bustamante et al. [3] in an experiment of co-composting of 
sewage sludge and winery-distillery wastes. On the other hand, the salinity, determined with the 
electrical conductivity (EC) was directly related to GC content in the mixture, this aspect being one 
of the main constraints for compost intended for soilless use purposes. In addition, EC values 
coincided with the degree of mineralisation of the materials, being lower in composter D (5.51 
dS/m), followed by composter C (6.81 dS/m), while mixtures A (9.73 dS/m) and B (8.65 dS/m) 
showed higher values, in parallel with the low dissolved organic matter contents DOM (below 
40%) and higher stabilisation degree (SD) (46 and 49%, respectively) observed.  
 
 

Figure 2: Phosphorus and potassium concentrations in initial and mature composting samples, DPPB: date palm  
 pruning biomass. Average values in columns followed by the same letter are not significantly different at  
 P < 0.05 (Tukey-b test), considering start-up and matured separately. 
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However, the presence of GC presence also increased the NPK contents at the end of the pro-
cess (figure 2), as it can be expected due to mineralisation, and especially Na and K contents 
compared to DPPB. In general, the increasing proportion of DPPB in the initial mixtures implied 
higher values of the total organic matter and C/N ratio, as well as lower contents of total nitrogen 
in the mature composts.  
Comparing the loss of organic matter (OM) among the mixtures, mixture D showed a higher loss 
(66.85 %) than mixtures B (52.64 %), C (45.49 %) and A (44.69 %). Considering each mixture 
through time, the main losses were observed during the first 15 days and decreased with time, 
except for the mixture D, where a larger OM reduction of 34.42 % was observed during the last 
period (30-60 days). The higher loss in composter D can be related to a higher initial OM content 
rather than stabilisation, because the SD value at the end of the process (39.74%) was the lowest 
observed and the content of degradable organic matter (DOM), was still high (51.28 %). The high 
proportion of DPPB in the mixture D together with the high initial C/N ratio, could contribute to slow 
down the composting process, with a final OM content of 75.75 %, which can be considered high. 
However, mixture C also presented high proportion of DPPB and similar initial C/N ratio, but the 
mixture was balanced with grass clippings, more degradable and with higher N contents than 
DPPB, which could accelerate the process. This fact could be observed in the slightly lower final 
OM content (73.72 %) and the higher SD (42.42 %). Mixtures with lower initial C/N ratio showed 
more intense degradation (lower final OM contents of 63.21 % and 68.86 %, respectively for A 
and B mixtures) and allowed higher final SD (49.31 % and 46.85 %, respectively), which were 
close to mature compost (at least, 50 %). In case of mixture D, the lack of a nitrogen source im-
plied a lower degradation, producing a compost with high DOM, even recalcitrant o resistant or-
ganic matter (ROM, Lopez et al. [2]) was quite similar in all the composts (32.12%, 34.18%, 
33.26% and 33.83%, respectively for mixtures A, B, C and D).  
 
 
Table 2: pH, electrical conductivity (EC), total organic matter (TOM) and total N (TN) evolution in the four ternary compost-

ing experiments and stability degree (SD) and proportion of resistant nitrogen (nHN/orgN) for mature composts. 

SS: DPPB:GC 

Ratio (d.w.) 
Sampling (days) pH EC (dS/m) % TOM dw 

% SD 
(DOM/TOM) 

% TN 
dw 

% nHN/orgN C/N 

17:17:66 0 7.08 6.17 75.65  2.56  16.51 

Mixture A 15 7.05 9.33 68.73  3.01  12.71 

 30 6.84 9.52 65.37  3.31  10.88 

 60 6.83 9.73 63.21 49.31 3.51 43.10 10.21 

17:42:41 0 7.13 6.69 82.36  2.34  19.18 

Mixture B 15 7.07 7.86 72.07  3.14  13.09 

 30 6.93 8.34 70.30  3.16  12.69 

 60 6.83 8.65 68.86 46.85 3.01 42.40 13.06 

17:67:16 0 6.98 4.80 83.73  1.39  37.38 

Mixture C 15 7.02 6.76 77.70  2.01  24.82 

 30 6.96 7.24 76.23  2.20  20.17 

 60 6.98 6.81 73.72 42.42 2.51 47.51 16.37 

17:83:0 0 6.60 5.06 90.41  1.35  36.14 

Mixture D 15 6.45 6.16 84.51  2.00  23.66 

 30 6.35 5.96 82.65  2.33  19.69 

 60 6.43 5.51 75.75 39.74 2.46 40.56 17.74 
DOM: dissolved organic matter; SS: sewage sludge, DPPB: date palm pruning biomass (rachis + leaf), GC: grass cli 

pings. 0 days: initial phase; 15 days: thermophilic phase; 30 days: end of bio-oxidative phase, 60 days: maturity. 
 
Regarding nitrogen, this nutrient should be conserved during the process, in order to avoid gas 
emissions and nutrient losses. The variation during composting indicated that in mixtures B and D 
nitrogen losses were about 28%. In case D, even if a high initial C/N was proposed, probably the 
carbon contents were not available enough for microorganisms and due to this, the material was 
not properly transformed and the nitrogen from sewage sludge was lost rather than conserved. On 
the other hand, in mixture C, which also presented a high initial C/N ratio, GC could supply part of 
the available carbon, demanded in the earlier stages, increasing the final nitrogen content in an 11 
%. Mixture A, which showed the lowest DPPB proportion, had a loss of N about 9 %, despite the 
higher content in degradable nitrogen (1.91 %). Nevertheless, in mixtures B, C and D easy de-
gradable nitrogen (the opposite to nhN), is about 60 % of the organic nitrogen, while in mixture C 
is 52 %. Considering this, it can be assessed that far less than 50 % of organic nitrogen is stabi-
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lised, which could contribute to nitrogen losses once applied the compost to soil, but far less than 
non-stabilised organic waste, such as sewage sludge. 
Finally, cation exchange capacity (CEC) was negatively correlated to DPPB presence (figure 3). 
As it was observed in SD, the higher is the proportion of GC in the mixture, the higher CEC value 
(mixtures A and B) was found. Mixture D, which did not contain grass clippings, presented the 
lowest CEC value at the end of the process. 
 

 
 

Figure 3: Cation exchange capacity in the four composting experiments at the initial and mature stages. DPPB: date palm 
pruning biomass (rachis + leaf); TOM: total organic matter. 

4. Conclusion and outlook 

Co-composting strategies can vary strongly the nature and uses of derived compost. In our exper-
iment, the use of DPPB biomass in composting induced significant increases of total organic mat-
ter but this does not corresponds to higher stability degree, which is achieved in the mixtures with 
higher content in grass clippings. However, more NPK fertilizing capacity and salinity were ob-
served in GC enriched compost. In relation to organic amendment capacity, high content in DPPB 
can need larger periods to be adequately transformed and achieve a SD over 50 % to guarantee 
that organic matter applied is going to be mineralized step by step. On the other hand, when 
DPPB is high and complemented with source of available carbon, transformation can be improved 
and nitrogen conserved. 
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1. Objectives 
A plant growth experiment was carried out in a climatic chamber in order to test the following hy-
potheses: (i) pyrolysis of manure feedstock would produce biochar with higher fertilizer value than 
standard wood-derived biochar; (ii) manure-derived biochars would eventually alter the soil chem-
ical and biological properties in a manner modulated by the biochar process conditions (i.e. pyrol-
ysis temperature and feedstock type).   

2. Methodology 
The experiment was carried using a randomized block design with three replicates in a climatic 
growth chamber with a controlled environment (20 °C). Two types of soil (NW Italy) with con-
trasting physico-chemical properties were used: (1) a silt-loam soil (pH: 6.2, O.C.: 1.2%, N: 0.15%, 
Olsen P: 23 mg kg-1, K: 42 mg kg-1) and (2) a sandy soil (pH: 8.3, TOC: 0.52%, N: 0.057%, Olsen 
P: 14 mg kg-1, K: 28 mg kg-1). Treatments included in the experiment were: four different types of 
manure-derived biochars based on the combination of different feedstock (poultry litter and swine 
manure) and different pyrolysis temperatures (400 or 600 °C) (PL400, PL600, SM400, SM600); a 
readily available standard biochar from wood chip (WC) produced at high temperature (1000 °C) 
and a control without amendment (Control). Soils were biochar-amended at 2% w/w (~20 Mg ha-1) 
and soil moisture was adjusted to 60% water filled pore space (WFPS). Seeds of Italian ryegrass 
(Lolium multiflorum L.) were sown (0.3 g pot-1) in plastic pots (13.5 x 13.5 cm) filled with the soil-
biochar mixture (1.5 kg dry soil pot-1). Soil moisture was adjusted every 3 days. No extra fertiliza-
tion was applied after sowing but all treatments had been fertilized with 170 kg ha-1 of NH4NO3 
during a previous experiment [1]. A total of five harvests were completed over the entire growth 
period of 150 days and dry matter (DM) yield was calculated. Roots were extracted at the end of 
the experiment for further analysis. Above ground biomass at each harvest was analyzed for NPK 
concentration in order to estimate their uptake by the plants. Both chemical (TOC, TN, pH, CEC, P 
and cations) and microbial properties (microbial biomass C and soil enzymes: dehydrogenase and 
β-glucosidase) of biochar-amended soils were investigated at the end of the experiment. All data 
were analyzed separately using a one-way ANOVA for each soil type after checking the assump-
tions of normality and homoscedasticity. A post-hoc Tukey test at 5% was used to check signifi-
cant differences among treatments.  

3. Results and discussion 

3.1 Biochar production and characterization 
The technical and economic feasibility of producing biochar from swine and poultry manures has 
been modeled and simulated based on experimental data and is of scientific interest [2,3]. The 
results of these modeling exercises suggest that the moisture content of the feedstock plays a key 
role in determining the economic viability. In the case of swine manure the cost of solids separa-
tion (to 30% solids) followed by drying was found to be prohibitive whereas producing biochar  
from poultry litter (25% moisture) in  an organic rankine cycle combined heat and power plant is 
an option. It has been estimated that with a gate fee of €13 Mg-1 the break-even selling point of 
the biochar is €λ0 Mg-1 [3].  
Results from the biochar characterization showed that C, ash content, pH, surface area and nutri-
ent (both macro and micro) contents of manure-derived biochars increased with increasing pyroly-
sis temperatures while the opposite was the case for the volatile matter content and CEC (Table 
1). The C content, pH and surface areas of manure-based biochars were lower compared to 
standard wood chip biochar while the opposite was observed in relation to their CEC and nutrient 
contents. The higher CEC and nutrient contents of manure- derived biochars could be used to 
improve the crop growth through improved soil CEC plus increased nutrient retention into soil-
biochar matrix [4]. 
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Table 1: Physico-chemical characteristics different biochars utilized in the experiment 
Biochar type C N VM Ash pH P

a
 Ca

b
 Mg

b
 K

b
 CEC Surface area 

 %    g kg-1  cmolc kg-1  m2 g-1 

PL400 52.1 5.85 44.9 25.3 9.5 12.25 28.3 17.3 38.8 30.2 5.4 

PL600 52.8 4.01 24.7 35.4 10.4 15.40 35.9 24.0 58.8 27.5 6.3 

SM400 54.9 2.23 29.9 27.5 10.0 9.70 20.3 15.7 16.2 52.5 5.8 

SM600 57.9 1.79 17.8 34.5 10.4 15.55 28.9 21.3 35.3 18.6 10.6 

WC 89.3 0.27 15.3 7.8 11.0 0.73 13.6 3.2 2.6 14.8 178.3 

PL400, PL600- poultry litter biochars at 400 and 600 °C, SM400, SM600- swine manure biochars at 400 and 600 °C,  
WC- wood chip biochar at 1000 °C. 
VM- volatile matter; CEC- cation exchange capacity; a available P, b total. 

3.2 Crop yield and nutrient uptake 
Results from ryegrass growth demonstrated that the low temperature manure-derived biochars 
significantly increased above-ground biomass yield compared to the control and other biochar 
treatments in both soils (Table 2). All biochars increased root mass compared to the control on 
silt-loam soil and for PL400 and SM400 treatments in the case of sandy soil. Both above and be-
low ground biomass yield showed a significantly positive correlation with the N content of the bio-
chars (n=5, P<0.05, r=0.867 on average) on both soils. The highest shoot DM yield, which in-
crease by 47.5% compared to the control was recorded in PL400 treated silt-loam soil, followed by 
a 34.4% increase for the SM400 treatment. Similarly, an increase of root biomass (DM) of up to 
127.2% compared to the control was observed for PL400 treated silt-loam soil followed by a 
93.8% increase for the SM400 treatment. The increased biomass production on manure-derived 
biochar amended soils were the result of direct nutrient additions from these chars plus an in-
crease in nutrient retention as well as availability on soil-biochar matrix [5].  
 
Table 2: Effects of biochar on above and underground biomass yield of ryegrass and nutrient uptake on two soils 

Treatments Shoot yield Root yield Aboveground uptake 

 / g DM pot-1 / g DM pot-1 N / mg pot-1 P / mg pot-1 K / mg pot-1 

Silt-loam soil 

Control 12.2 c 0.81 e 480.3 b 47.1 b 302.5 d 

PL400 18.0 a 1.84 a 670.7 a 109.6 a 825.6 a 

PL600 14.8 abc 1.39 bc 483.2 b 91.3 a 763.4 ab 

SM400 16.4 ab 1.57 b 647.8 a 99.2 a 600.8 bc 

SM600 13.0 bc 1.31 c 457.9 b 86.8 a 450.2 cd 

WC 11.53 c 1.03 d 454.6 b 38.2 b 372.5 d 

SE 1.12 0.06 47.5 10.5 57.9 

P 0.01 < 0.001 0.017 0.002 < 0.001 

Sandy soil 

Control 5.97 b 0.39 b 198.4 b 23.7 b 206.4 d 

PL400 8.59 a 0.91 a 263.5 a 44.6 a 471.0 a 

PL600 7.26 ab 0.66 ab 247.3 a 33.4 ab 436.6 a 

SM400 8.11 a 0.68 ab 282.4 a 44.3 a 337.3 b 

SM600 7.01 ab 0.56 ab 239.2 ab 32.9 ab 300.9 bc 

WC 5.94 b 0.47 b 193.6 b 21.3 b 248.3 cd 

SE 0.53 0.13 15.4 4.39 24.8 

P 0.019 0.174 0.009 0.01 < 0.001 

SE- standard error of the mean, DM- dry matter. 
Mean values followed by the same letter are not significantly different (P<0.05). 
 
A significant N uptake increase in ryegrass with PL400 and SM400 treatments provided  further 
proof that the N content of these chars are readily available to the plants (Table 2). This validates 
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the proposition that such biochars have a fertilizer value [5]. The N uptake did not differ significant-
ly relative to the control for PL600, SM600 and WC treatments in the silt-loam soil, while it in-
creased significantly for all manure-derived biochar (except SM600) treatments in the poorer 
sandy soils. The highest increase in N uptake, 42.3% compared with Control, was recorded in 
SM400 treated sandy soil followed by a 39.6% increase in PL400 treated silt-loam soil. All ma-
nure-derived biochars greatly enhanced P uptake compared with the control and WC treatments 
in silt-loam soil, which was also the case for PL400 and SM400 treatments in sandy soil. The low 
P uptake in sandy soil compared to silt-loam may be due to the P fixation in calcareous soils as 
the sandy soil used in this study had significant amount of CaCO3 (16% on average) [6]. En-
hanced uptake of biochar P by plants provided further evidence that a large portion of the P is 
available for the crops and these materials can also act as P fertilizer. Similarly K uptake was sig-
nificantly increased in manure-derived biochar treatments in both soils.  

3.3 Soil chemical and biological properties 
Biochar amendment to both soils significantly modified both soil chemical and microbial properties 
(Table 3). All biochars significantly increased TOC compared to Control, as expected. The highest 
increase in TOC, by 112.4% compared to the control, was observed for the standard biochar 
(WC) treated silt-loam soil followed by a 90.0% increase with the SM400 treatment. Such a large 
increase in TOC can be explained by the increased root biomass turnover associated with in-
creased biomass production as result of soil biochar addition [7]. All manure-derived biochars 
significantly increased total N and available P content compared to the control and WC treatments 
in both soils and this is the result of the direct release of these elements into the soil-biochar ma-
trix [8]. Exchangeable K content was rather low, except for PL600 and SM400 treatments, in silt-
loam soil and was not noticeable different from the control, while all manure biochars significantly 
increased K availability in sandy soils. The lower exchangeable K in silt-loam than in sandy soils is 
due to low soil pH (6.5-7.5 recorded pH among treatments). The CEC among biochar treatments 
did not vary significantly in either soil. The organic matter in a biochar feedstock often loses its 
functional groups during pyrolysis but this could be restored again over time as result of biochar 
oxidation in soils. However it may take several years before any effect on soil CEC would be ob-
served [8]. 
 
Table 3: Effects of biochar amendment on chemical and microbial properties of silt-loam and sandy soils at the end of the 

ryegrass growth experiment 

Treatment TOC TN Olsen P Exch. K CEC MBC Dehydrogenase
a
 β-glucosidase

b
 

 / % / % / mg kg
-1

 / mg kg
-1

 / cmolc kg
-1

 / µg g
-1

 / µg INTF g
-1

 h
-1

 / µg PNP g
-1

 h
-1

 

    
Silt-loam soil 

   
Control 1.29 b 0.134 d 20.8 d 10.8 c 16.1 83.9 a 48.6 c 187.7 a 

PL400 2.29 a 0.22 a 95.1 b 37.8 c 16.5 85.1 a 81.1 ab 127.0 b 

PL600 2.28 a 0.213 a 92.4 b 119.4 a 14.6 49.1 b 53.7 bc 149.5 b 

SM400 2.45 a 0.177 b 76.9 c 57.5 b 16.4 20.3 c 92.1 a 92.2 c 

SM600 2.43 a 0.169 bc 106.4 a 22.2 c 15.9 26.3 c 80.9 ab 152.1 b 

WC 2.74 a 0.138 cd 20.7d 24.7 c 16.3 75.2 a 18.4 d 215.0 a 

SEM 0.26 0.01 2.91 6.14 0.90 7.01 8.00 9.21 

P 0.031 < 0.001 < 0.001 < 0.001 0.710 < 0.001 < 0.001 < 0.001 

 

   Sandy soil 
 

  

Control 0.91 c 0.06 c 12.6 e 18.1 cd 6.92 30.4 d 48.4 ab 288.2 a 

PL400 1.67 b 0.15 a 108.1 c 104.6 b 6.89 83.4 a 57.7 a 190.8 b 

PL600 1.89 b 0.14 ab 136.5 a 143.7 a 6.75 62.2 bc 38.7 bc 177.6 b 

SM400 1.97 b 0.092 bc 129.3 b 82.7 b 7.38 51.6 c 44.1 abc 187.3 b 

SM600 1.75 b 0.13 ab 83.7 d 88.1 b 7.78 78.9 ab 27.2 c 315.9 a 

WC 2.93 a 0.081 c 14.2 e 9.4 d 6.49 67.8 abc 4.881 d 287.9 a 

SE 0.183 0.02 2.21 8.44 0.50 5.67 5.99 25.2 
P < 0.001 0.008 < 0.001 < 0.001 0.533 < 0.001 0.001 0.005 

SE- standard error of the mean, TOC- total organic carbon, TN- total nitrogen, MBC- microbial biomass carbon;  
a expressed as produced level of iodonitrotetrazolium formazan –INTF and b as produced level of p-nitrophenol –PNP. 
Means followed by the same letter are not significantly different (P<0.05).  
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The microbial biomass carbon (MBC) values were significantly lower compared with the control for 
PL600, SM400 and SM600 treatments in silt-loam soil, while the values were significantly higher 
for all biochar treatments in sandy soil. The lower MBC values of SM400, SM600 treatments in 
silt-loam soil could be due to reduced microbial consumption of volatile compounds [9]. However, 
this does not hold true in sandy soil for the same treatments. The reason behind this may be due 
to the release of some biochar compounds from biochar produced at 600 °C leading to higher 
K2SO4 extractable C after fumigation as the method used (fumigation-extraction) has its own limi-
tation and drawbacks [10]. Dehydrogenase activity (DA) significantly increased compared with the 
control for PL400, SM400, SM600 treatments in silt-loam soil while the values did not differ signifi-
cantly for manure biochar treatments, except for SM600, in sandy soil. A significantly lower DA 
was found for WC treatment compared to control and other biochar treatments. The DA showed a 
positive correlation with volatile matter content of the chars and is often associated with microbial 
respiration [λ]. The β-glucosidase activity was found to be significantly lower in the manure-
derived biochar treatments than in the control, while the values showed no significantly difference 
for WC treatments in either soil and for the SM600 treatment in sandy soil. The activity of this en-
zyme over all treatments, on average, was 1.5 times less in silt-loam soil than in the sandy soil 
and is often related to the nature of C and VM present in the biochars in addition to native SOC 
[9]. These two enzymes (DA and β-glucosidase) thus provide insights into the degree of re-
sistance of organic matter against microbial degradation in soils amended with biochar. Further 
experimental verification of these enzyme responses plus microbial biomass on soil biochar addi-
tions is necessary.  

4. Conclusion and outlook 

The total dry matter yields of ryegrass (both above and belowground biomass) were related to 
both positive nutrients content of biochars and enhanced soil characteristics. Low temperature 
manure derived biochars (PL400 and SM400) showed a good potential to be utilized as NPK-
fertilizers with a significant value.  This unique property of manure-derived biochar could fulfill the 
additional NPK demand and can be benefitted by the crops. The differences in physico-chemical 
properties between manure-derived and easily available standard wood chip biochars were well 
reflected with observed differences in soil chemical properties as well as enzymatic activities. The 
results from this study could thus be helpful in setting a new biochar guidelines based on biochar 
quality composition. 
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1. Objectives 

The greenhouse and containerised nursery industries utilise artificial root substrates composed of 
organic and inorganic components. Sphagnum peat is usually the main component during the 
formulations of artificial substrates due to its many properties that make it an ideal constituent. 
Environmental concerns (1, 2) and increasing prices have generated interest in the development 
of alternatives to peat.  
Rock mineral wool was investigated, as used as a component of the plant growth media. Using an 
appropriate proportion of rock mineral wool, we wanted to improve the water retention capacity of 
the soil growth media in order to ensure enough macro-pores for draining the excess water away 
whist maintaining an adequate level of oxygen. 
 

2. Methodology 

The presented study includes a conventional growth medium for pot plants and rock mineral wool. 
The rock mineral wool was used as 2x2cm cubes, and 2 and 4cm thick discs (Figure 1).  
 

 
Figure 1: Rock mineral wool; A-2 and 4cm thick discs; B- 2×2cm cubes. 

 
 
The experiment was conducted under controlled conditions within a greenhouse. We studied 6 
different treatments (Table 1) over two separate experiments. Treatments within the experiments 
were divided according to the proportion of rock mineral wool, which was mixed with conventional 
growth media. We used plastic pots (15 × 15.5cm) with volumes of 3.5 litres. The experiments 
were allocated according to the coverage of substrates within the vegetation: 
 

 Method 1: During the first experiment, the water retention capacity of the growth media 
was tested in pots without plants. The water retention capacities of the media were de-
termined weekly using the classical approach based on weighing. The weighing of the 
substrates was always performed before watering. 
 

 Method 2: During the second experiment, we tested the growth responses of the zonal 
pelargonium cultivar 'Tango® Dark Red' to different growth media with rock mineral 
wool. 
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Table 1: Ratio between rock mineral wool and industrial substrate per individual treatments 

 
Treatment 

 
Acronym 

Ratio 

 Rock mineral wool : substrate 

1 4cm KV + 100% S   
4cm rock mineral wool disc at the bottom of the pot + 100% conventional growth 

media 

2 2cm KV + 100% S  
2cm rock mineral wool disc at the bottom of the pot + 100% conventional growth 

media 

3 100% S (control) 0% rock mineral wool + 100% conventional growth media (control treatment) 
4 60% KV + 40% S 60% rock mineral wool + 40% conventional growth media 
5 40% KV + 60% S 40% rock mineral wool + 60% conventional growth media 
6 20% KV + 80% S 20% rock mineral wool + 80% conventional growth media 

 
Watering of individual treatments was performed every week from the 5th of July until the 30th Sep-
tember 2013. Each pot was watered with 500ml of water. In order to determine the differences in 
the amounts of water retained within the various substrates after a prolonged deficit of water, we 
did not water the pots during the last four weeks of the experimental period. The experiment was 
designed as three replications. We prepared 10 pots for each treatment. 
 

3. Results and discussion 

3.1 Analysis of the quantity of retained water in substrates without the plant  

Weekly dynamics of the residual retained water in the substrates is presented in Figure 2.The 
graph shows that the substrate with 60% of the rock mineral wool had the highest ability for retain-
ing water during the whole trial period. Good results were also observed for those substrates with 
40% of the rock mineral wool, whilst the substrates with lower content of rock mineral wool in the 
form of cubes (20%) were less valuable.  
 

 

 
Figure 2: Retained water content (ml) in the tested substrates during the experimental time 
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At the end of the experimental period, the highest amount of retained water was measured in the 
substrate with 60% of rock mineral wool and was significantly higher in comparison with the sub-
strate with 20% of rock mineral wool and the conventional growth media without the rock mineral 
wool (Table 2). The substrate with 60% of rock mineral wool retained 618.6ml of water, which 
represented 12.4% of the total added water. In addition, the quantity of water retained in the sub-
strate with 40% mineral wool was significantly greater statistically in comparison with the substrate 
with 20% of rock mineral wool. 535.5ml of water was retained in the substrate with 40% of rock 
mineral wool, which represented 10.7% of the total added water. Substrate with rock mineral wool 
in the form of discs was not significantly different from the conventional growth media regarding 
water retention capacity, although the values for the amounts of retained water were higher. 
 
Table 2: Retained water in individual substrates at the end of experimental period  

 

Parameter 

Treatments 

4 cm KV +  

100 % S  

2 cm KV + 

100 % S  

100 % S 

(control) 

60 % KV + 

40 % S 

40 % KV + 

60 % S 

20 % KV + 

80 % S 

RWS± sd (ml) 1 426.7±147 bc 429.2±88 bc 372.6±60 c 618.6±43 a 535.5±34 ab 353.7±6 c 

% RWS2 8.5 8.6 7.5 12.4 10.7 7.1 
1RWS = retained water in the soil in millilitres ± sd = standard deviation; 2% RWS = % of retention of water; 3Statistic = 

treatments followed by the same letter are not significantly different (P < 0.05) 

 

3.2 Impact of rock mineral wool on the morphological characteristics of zonal pelargoni-
ums 

The analysis of variance regarding morphological traits indicated that there were significant differ-
ences amongst the studied substrates (Table 3).  
 
Table 3:  Analysis of variances of the more important morphological traits of zonal pelargonium cv. 'Tango® Dark Red'  

 used to differentiate between the studied treatments. Values represent means for traits ± standard deviation. 

Treatment Number 

of 

shoots 

Number of 

inflorescences 

FWS2 

(g) 

FWR3 

(g) 

DWS4 

(g) 

DWR5 

(g) 

4cm KV disc +100 % S  7.9±1.4a1 6.8±1.8 a 79.98±13.19 a 7.68±1.36 a 11.37±1.77 a 1.49±0.29 a 

2cm KV disc +100 % S 7.9±1.1  a 6.8±1.7 a 79.60±12.55 ab 7.95±1.56 a 10.54±2.24 b 1.46±0.41 a 

100 % S (Control) 7.1±1.4  a 6.1±1.7 ab 72.16±10.43 b 7.25±1.99 a 10.05±1.33 b 1.43±0.50 a 

60 % KV+ 40 % S 7.2±1.4  a 6.6±1.8 ab 73.92±11.21 ab 7.50±1.55 a 9.82±1.42 b 1.59±0.45 a 

40 % KV+ 60 % S 7.1±1.1  a 6.0±1.5 ab 76.42±10.62 ab 7.44±1.82 a 10.32±1.50 b 1.48±0.36 a 

20 % KV+ 80 % S 7.8±1.5  a 4.8±2.3 b 76.48±13.50 ab 8.37±1.11 a 10.42±1.68 b 1.62±0.35 a 
1Means (n=30) ± sd (standard deviation); a,b – identical letter in columns indicate no significant difference based on 

Tukey’s multiple range test (P < 0.05); 2FWS - fresh weight of shots; 3FWR - fresh weight of roots; 4DWS - dry weight of 

shots; 5DWR - dry weight of roots; S = conventional growth media; KV = rock mineral wool (disc or cubes) 
 
 
Analyses of the number of shoots between substrates indicated that the highest numbers of 
shoots were obtained in substrates with 2 and 4cm discs of rock mineral wool at the bottom of the 
pot (7.9 shoots per plant). In comparison with the plants that grew in the conventional growth me-
dia substrate, plants in substrate with 2 and 4cm discs of rock mineral wool formed 11.3% more 
shoots, however the differences amongst treatments were insignificant. 
 
The number of inflorescences was significantly different according to individual treatments. Plants 
that were grown in the substrates with 2 and 4 cm rock mineral wool discs at the bottom of the 
pots, formed significantly more inflorescences (6.8 inflorescences per plant) than the plants grown 
in the substrate with 20% of the rock mineral wool in the form of cubes (4.8 inflorescences per 
plant). Plants that were grown within the conventional growth media without rock mineral wool had 
10.3% less inflorescences compared to those plants grown in the substrate with 2 or 4cm discs of 
rock mineral wool. 
 
Differences were observed between the fresh and dry weights of shoots. Plants that were grown 
in the substrates with 4cm discs of rock mineral wool at the bottom of the pots had significantly 
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higher fresh and dry weights of shots per plant than those plants grown within the conventional 
growth media without rock mineral wool.  
 
Analyses of root weight indicated that plants grown in the substrate with 20% of rock mineral wool 
obtained the highest fresh and dry root weights but the differences amongst treatments were in-
significant. Plants grown within the conventional growth media without rock mineral wool were 
observed to have the lowest fresh and dry weights of roots. 
 

4. Conclusion and outlook  

The types and sizes of growth media components are crucial factors for water retention capacities 
(3). The results showed that rock mineral wool as a component in growth media can have a posi-
tive effect on water retention capacity and plant development. By improving the water retention 
capacity of the growth media, lower amounts of water for plant watering are needed. By increasing 
the volume fraction of the mineral component in growth media, the quantity of peat used as a pri-
mary ingredient can also be reduced. The reduction of water and peat may have positive effects 
on the economy and the ecological aspects of production. 
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1. Objectives 

The overall goal of this project is to develop tools for predicting ammonia emission from field-
applied manure. Specific objective are to: 

1. Construct a database of ammonia emission measurements, 
2. Quantify relationships between management practices, environment, manure characteris-

tics, and emission, 
3. Develop a mathematical model for predicting ammonia emission, 
4. Create software tools for predicting ammonia emission 

In this paper, we focus on 1 and 2. 

2. Methodology 

Ammonia emission measurements and associated weather, manure, and application data were 
solicited from researchers in Europe and North America. The response variable was average 
emission rate over a single interval within a sequence of measurements (Table 1). Two possible 
observational units are present in these data: plot (the physical location which received a particu-
lar type of manure under some known conditions) and measurement interval (a period of time 
over which emission was measured for a single plot). In the database, each unique plot is associ-
ated with multiple measurement intervals.  

Table 1: A summary of the types of data included in the database.  

Identification Location Soil Weather Slurry Application Crop Emission 

Project Latitude Texture Temperature Type  Timing Type Interval time 

Publication  Longitude Moisture Radiation Bedding Method Height Method 

Experiment Topography pH Wind speed Dry matter Rate Coverage Plot size 

Field code  Tillage Rain Total N Incorporation  Background 

Plot code  Temperature Humidity Ammonia   Emission  

Treatment    pH    

Notes: Identification, location, soil, slurry, application, and crop data were collected on a plot basis. Weather and emission 
were collected on an interval (shift) basis. Not all observations included data for all variables. 

 
Emission in each measurement interval was calculated by summing the product of reported aver-
age flux (kg N/ha-hr) and interval duration (hr). Cumulative emission was the sum of prior emis-
sion. Relative emission and flux were calculated by dividing by the total ammonia nitrogen (TAN) 
applied in slurry (kg N/ha). Cumulative emission was estimated at regular durations (e.g., 48 hr) 
by cubic interpolation. 

3. Results and discussion 

3.1 Database overview 

Researchers from ten countries contributed data, which were combined with an earlier database 
(ALFAM [1]). In total, 20 institutes from 12 countries contributed >30000 observations, from >1700 
plots and 300 experiments. Most plots received either cattle or pig slurry by trail hose application, 
and other types are not discussed here (Table 2). Grass was the most common crop, followed by 
no crop (bare soil). Measurements are available for all combinations of manure type and applica-
tion method for grass only, yet even within this subset observations are strongly unbalanced, with 
cattle manure (particularly broadcast application) best represented (Table 2). 
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Table 2: Plot counts (number of separate plots in database) for each combination of manure type, application method, and 
crop. 

  Crop type 

Manure 
type 

Application method Grass Bare 
soil 

Cereal Maize Stubble Other 

Cattle Broadcast 446 58 0 0 19 13 
Cattle Trailing shoe 119 0 0 0 0 7 
Cattle Trailing hosea 105 55 27 25 9 11 
Cattle Closed slot 4 2 0 0 0 0 
Cattle Open slot 109 1 0 0 0 0 
Cattle Pressurized injection 2 1 0 0 0 0 
Pig Broadcast 90 95 0 0 115 9 
Pig Trailing shoe 5 0 0 0 0 0 
Pig Trailing hosea 20 22 70 16 11 48 
Pig Closed slot 2 5 14 0 4 0 
Pig Open slot 3 6 6 0 5 0 
a 

Included band spreading.
 

 
Reported emission rates varied by >6 orders of magnitude among plots and over time. Emission 
rate generally showed a rapid decline, approximately first-order, in the first day and a slower de-
cline after (Fig. 1). Apparent first-order rate constants from the first day of emission were almost all 
negative (λ6%) with a median of −1.3 d-1, indicating a > 10-fold decline in flux over the first day on 
average. Two day cumulative emission ranged from near zero to much greater than applied TAN 
(>6-fold). However, only 35 plots (2.4%) showed cumulative emission greater than applied TAN. 
 

 
 
Figure 1: All observations of ammonia emission rate (flux) in the complete database, normalized by total ammonia applica-

tion rate. The color of each cell is related to the number of observations within it, with blue colors having the least 
(≥1), and yellow and tan having the greatest (≤63). 

 
3.2 Effects on ammonia emission from manure applied to grass  

Data on application of cattle and pig manure to grass were used to demonstrate the utility of the 
database and to quantify effects of management and weather on ammonia emission. This subset 
was selected because grass was the only crop with observations for all application methods for 
both cattle and pig slurry. A backward selection procedure was used to select model variables. 
The starting model included the following predictors: institute, application method, manure type, 
manure dry matter (DM), manure pH, grass height, air temperature, wind speed, and solar radia-
tion, with no interactions. Weather data were averaged over the first 24 hr following application.    
 
Relative cumulative emission at two days (48 hours) was selected as the response variable. This 
duration was long enough for most emission to occur (median emission was 89% of final value, 
and 82% of plots had reached 80% of final emission by 48 hr) but avoided eliminating many plots 
with measurement periods <3 days. Multiple linear regression was used with the lm function in R 
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for model fitting, and predictor significance was assessed using single term deletion tests with the 
drop1 function [2].  
Selection of an appropriate transformation for emission is challenging. Relative cumulative emis-
sion is generally bounded (0-1) and effects are not additive, at least near the extremes. Here, we 
used a new approach which may prove useful: a logit transformation. The transformed response 
variable was the log odds of emission (or retention) of a single ammonia molecule, where odds is 
defined as the ratio of probability of emission to probability of retention. Application of this model 
therefore assumes that predictors have fixed effects on the odds of emission, regardless of the 
total amount. Additional work will be needed to more completely evaluate the approach and com-
pare it to alternatives. 
 
Emission appeared to be strongly dependent on application method and slurry type (Table 3). All 
application methods designed to reduce emission appear effective, with trailing hose and trailing 
shoe providing similar reductions (≥70%, or an odds reduction ≥85%) and open slot injection 
providing a larger reduction. In a literature review, Webb et al. [3] found similar a similar average 
reduction for trailing shoe (65%), but smaller reductions for trailing hose (35%) and open slot injec-
tion (80%). Pig manure had lower emission than cattle, even when adjusted for DM. This re-
sponse has been observed by others [1, 4], although both of these studies were based on data 
now included in the complete ALFAM database.  
 
Wind speed and air temperature had clear positive effects on emission overall. Temperature will 
affect emission through an effect on the activity of free ammonia (NH3 (aq)), and wind affects 
transfer from the manure surface to the atmosphere. Considering typical variation in weather (in 
the data used for model construction, standard deviation was 5.8°C and 1.7 m s-1), the importance 
of wind was slightly larger than temperature. Conversely, there was no clear effect of solar radia-
tion. Emission also appeared to be related to DM, with a 1% increase in DM associated with a 
10% increase (odds increase of 22%). Effects of wind, temperature, and DM on ammonia emis-
sion have been observed in some previous studies (e.g., [5, 6]). 

Table 3: Apparent effects of predictors on two day cumulative relative ammonia emission from manure applied to grass, 
based on linear regression with a logit transformed response variable and inclusion of institute as a predictor.  

Term 

Relative 

effect (%) Estimate 
Standard 

error t value P 

Trailing shoe -74 -1.9 0.23 -8.4 <0.0001 
Trailing hosea -70 -1.7 0.24 -7.3 <0.0001 

Open slot -92 -3.2 0.2 -16 <0.0001 
Pig -32 -0.67 0.22 -3.1 0.0021 

Dry matter (%) 9.8 0.20 0.034 5.7 <0.0001 
pH 20 0.40 0.18 2.2 0.025 

Air temperature (°C) 1.4 0.027 0.0097 2.8 0.0051 
Wind speed (m s-1) 10 0.2 0.039 5.1 <0.0001 

Values in estimate and standard error columns are directly from summary.lm ouput, and are in transformed units, i.e., they 
represent the effect of the predictor level (or one unit increase in the predictor) on the log odds of ammonia emission. The 
reference scenario was broadcast-applied cattle manure. The relative effect column shows the effect on emission as a 
fraction of emitted ammonia. This value depends on emission in the reference scenario, which was set at 50% of applied 
total ammonia nitrogen for this calculation. Model R2 was 0.67. 
 
The initial and final models included a factor for institute, i.e., each individual institute was as-
sumed to have a fixed effect on the odds of ammonia emission. Lumped into the levels of this 
factor are variables not included in the model (and possibly not included in the database), as well 
as any biases inherent in, e.g., manure application or emission measurement methods. For ex-
ample, soil properties have been shown to influence ammonia emission, but were not included in 
the model. A model that includes all important predictors, and is based on data without significant 
biases would show no institute effects, but here institute is a highly significant predictor (P < 10-15). 
Apparent institute effects are shown in Fig. 2. Correction for predictors shown in Table 3 does 
reduce apparent differences between institutes, but the remaining effects complicate development 
of a universal model for predicting ammonia emission. A better understanding of the causes of 
these differences among institutes would be useful. 
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Figure 2: Apparent effects of institutes on measured ammonia emission from cattle and pig manure applied to grass. All 

values are model predictions and 95% confidence intervals, and x axis categories are institutes included in the 
model. The “institutes only” model is a single-factor analysis of variance model, and plotted values are identical to 
institute means (with no correction for application method or any other possible predictor). The “full model” values 
are based on the model described above for trailing shoe application of mean cattle manure under mean weather 
conditions. 

4 Conclusion and outlook 

The database summarized here is based on data collected under a wide range of conditions and 
locations. Once complete, the database will be made publicly available online, where it may be 
useful for multiple purposes, including evaluation or determination of emission factors for particular 
conditions. Future work includes development of a mathematical model and software tools for 
predicting ammonia emission.  
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1. Objectives 

Ammonia (NH3) losses after field application of slurry from livestock is a key loss path contributing 
between 30 and 50% to the agricultural ammonia emissions released by European countries [1]. 
The main objective of this study was to quantify NH3 emission levels for the application of slurry to 
grassland and to evaluate the effects of the abatement techniques trailing hose, trailing shoe and 
shallow injection compared to the reference technique splash plate. Additionally, the emissions 
from different types of slurries and the influence of the timing of the application on the level of the 
losses were investigated. 
 

2. Methodology 

Slurry was applied within 17 field experiments (see [2]) on square plots of approx. 900m2 using the 
reference technique splash plate and the low emission techniques trailing hose, trailing shoe and 
shallow injection. The slurries applied were obtained from dairy cattle and fattening pigs or breed-
ing pigs. Up to four experimental plots were operated in parallel in order to compare the emissions 
from several treatments under identical conditions. The layout defined for the experiments aimed 
at minimizing interactions between the individual plots with respect to the emissions.  
NH3 concentrations were measured in the center of the fertilized area at approx. 1m using imping-
er sampling devices and upwind of the fertilized area for the inflow concentration. The correspond-
ing emission rates were estimated with a backward Lagrangian stochastic model (WindTrax) [3], 
generating the model input from sonic anemometer measurements. 
Before and after each application, a sample of the slurry was taken from the tank and stored at 
4°C for the analysis of the total nitrogen (Ntot), total ammoniacal nitrogen (TAN) and dry matter 
content (DM) and the slurry bulk pH. The meteorological parameters were retrieved from the clos-
est available meteorological station. 
Linear regression was done using the least squares method. 
 

3. Results and discussion 

3.1 NH3 emission level and mitigation due to abatement techniques 

The average NH3 emission of cattle slurry exhibiting a mean dry matter content of 3.3% (range 
between 1.0% and 6.7%) applied with the reference technique splash plate amounted to 25% of 
TAN applied. The emission levels obtained in individual experiments ranged from 10% to 47% of 
TAN. Figure 1 shows the cumulative emissions versus time of the year of application, stratified by 
DM content and application technique. A dependency on the slurry DM content is apparent. Slur-
ries with a high DM content and application during the warm season tend to produce higher losses 
than slurries with a low DM content and application during the cool season, respectively. 
 

mailto:christoph.haeni@bfh.ch


TB Sustainable soils  Poster 

 

294 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

 
Figure 1: Measured cumulative NH3 losses as percentage of the applied TAN arranged to the time of application over the 

year and stratified according to the DM content of the slurryμ low ≤ 3.5% DM, high > 3.5% DM. Application tech-
niques: SP = splash plate, TH = trailing hose, TS = trailing shoe, SI = shallow injection. Slurry types: CS: cattle 
slurry, PS: pig slurry. 

 
The use of low emission techniques showed a clear mitigation effect. An average reduction of 
approx. 50% for the application with trailing hose and trailing shoe and approx. 75% for shallow 
injection was found, compared to the reference technique splash plate (Table 1). This is in agree-
ment with the ranges given by [4].  

Table 1: Abatement effect from emission reducing application techniques. n: number of observations. 

Application 
Technique 

Reference n Average reduction Range 

Trailing hose  Splash plate 7 51% [22%, 68%] 

Trailing shoe  Splash plate 5 53% [36%, 71%] 

Shallow injection Splash plate 1 76% - 

 
Three field experiments compared cattle slurry to pig slurries. The latter revealed emission levels 
being systematically lower by approx. 30% as compared to cattle slurry. The reason for this differ-
ence could not be completely allocated by the analyzed slurry properties, even though the lower 
DM content of pig slurry may partly account for the difference in the measurements.  
Application around noon produced higher emissions than in the morning and in the evening. This 
is in line with the findings of previous studies such as [5]. This result can be related to the much 
higher NH3 emission potential at noon and the high proportion of the total loss emitted during the 
first few hours after application, which was found in all experiments. 

3.2 Modeled NH3 emissions 

A regression analysis was carried out on the cumulative emissions after 24h, based on the subset 
splash plate cattle slurry. The results of the regression analysis indicate that the ambient air tem-
perature (TAir) and the slurry DM content are the main drivers in explaining the variance in the 
cumulative emission. The final model (R2 = 0.76) is given as 
 

 ℎ = �x� . ± . + . ± . ∗ � + . ± . ∗  Eq. 1 

 
where Loss24h represents the cumulative emission after 24h in % of TAN, TAir the ambient air 
temperature in °C and DM the slurry dry matter content in %. TAir represents an averaged value 
over 24 h, using a weighted average that accounted for the typical, observed decay in the emis-
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sion rates. This decay was approximated based on a Michaelis-Menten type equation [6] with Km 
equal to 90 min, corresponding to the median Km value found for the present study. This weighted 
averaging guaranteed an improved representation of TAir under a temporal variation. It increases 
the weight for TAir in the initial period, where the major proportion of the total NH3 loss occurs. 
The effect of the air temperature can mainly be related to the correlation between surface and 
slurry temperatures that control the chemical and physical equilibria of the slurry TAN (e.g. [7]). 
Systematic measurements using wind tunnels by [8] confirm such an air temperature dependence 
of the NH3 loss as well. The DM content of the slurry increases the emissions in several possible 
ways (see e.g. [7]). Similar to this study, wind tunnel measurements (e.g. [9]) showed a pro-
nounced effect of increasing DM contents resulting in greater NH3 losses. Figure 2 illustrates the 
dependence of the NH3 loss after 24 h from the (weighted) air temperature and the slurry DM 
content as modelled by equation (1) and as observed during the individual emission measure-
ments. 

 
Figure 2: NH3 loss after 24 h arranged by (weighted) air temperature and DM content. Lines: modelled loss; Symbols: 

observed losses. 
 

4. Conclusion 

The NH3 emission levels for the reference technique splash plate were found in between 10% to 
47% of TAN. The variation of the emission levels could be attributed to a large part to the ambient 
air temperature and the dry matter of the slurry. The dependence of the cumulated losses from 
these parameters is very similar to previously reported dependencies. The different abatement 
techniques significantly reduced the emission level compared to the application using a splash 
plate. The emission mitigation achieved was in the expected range.  
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1. Objectives  

This proceeding presents important pH-related reactions that affect ammonia (NH3) emission. 
There is a shortage of models that give the relationship between NH3 emissions from stored and 
applied slurry to both pH and total ammoniacal nitrogen (TAN) concentration at the surface of the 
source, although these variables must be known to give accurate estimates of NH3 emissions. 
Assessment of NH3 emission can be improved by including pH changes in slurry with a focus on 
the changes in the surface layer as affected by physical, chemical, and biochemical processes. 

2. Methodology 

pH is an important component in controlling ammonia (NH3) release from slurry to the atmos-
phere, and except models based on emission factors the ammonia emission models include this 
variable in the calculations [1] . These models generally calculate emission rate using bulk pH of 
slurry in stores or in tankers spreading slurry [1]. In some, a constant is added to the measured 
pH, because it is known that pH at the surface may increase significantly from this bulk pH.  
The intent of this article is to present results showing how slurry pH may vary as affected by 
transport of pH buffer components, transformation of organic components and also as affected by 
content of di- and monovalent ions. The compiled information is used to document the need to 
include these in the calculations of pH in models for predicting emission of NH3, and as a first step 
concepts for developing physical-chemical-biochemical conceptual models of pH changes in slur-
ry and in the surface of stored or applied slurry are provided. The next generation NH3 emission 
models may use these relationships to accurately predict pH and more accurately predict NH3 
emission from slurry during storage and from slurry applied to fields. 

3. Results and discussion 

It is the uncharged species NH3(aq) (free ammonia) that can volatilise, and it is a base, so its con-
centration and emission rate are dependent on slurry pH. After TAN concentration in the source, 
pH is an important factor in controlling NH3 release to the atmosphere. Emission occurs from the 
surface, and so it is surface pH that affects NH3 emission. It has been shown that pH is related to 
the concentration of pH buffers, including total inorganic carbon (TIC=CO2 + HCO3

- + CO3
-2), vola-

tile fatty acids (VFA), TAN and organic particles. TIC, VFA and TAN are volatile and the emission 
of these to the atmosphere will affect pH [2, 3]. Calculations of pH in the surface of a source must, 
therefore, include convective and diffusive transport of TAN and pH buffer components as well as 
emission of CO2, NH3 and VFA. In addition the pH models must account for aerobic transfor-
mation of the components at the surface and anaerobic transformation in bulk slurry.  

3.1 Transport and emission of pH buffer components 

The pH at the surface of the stored slurry source is affected by transport of pH buffer components 
in the liquid and release of these to the atmosphere. The pH of most untreated slurry from pigs 
and cattle is above 6.5 [1] and at this pH the two most volatile organic components are CO2 and 
NH3. The volatility of uncharged hydrogen sulphide (H2S) and organic acids is negligible. After 
mixing, release of CO2 is about 2000 times the release of NH3 due to the lower solubility of CO2 
than of NH3. Thereafter CO2 emission decreases due to depletion of TIC at the surface. The re-
sulting elevated pH will enhance emission of NH3, which with time will cause a reduction in surface 
pH, although the reduction in NH3 emissions is also a result of depletion of TAN in the surface, as 
transport in the liquid is not as fast as transport in the air. This example shows that the bulk pH or 
pH at the start of an emission process cannot be used for assessment of the emissions from slurry 
during an NH3 emission event. Instead, pH in the surface layers must be assessed. 
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The influence of surface processes on NH3 emission may be illustrated by gaseous losses from a 
thin layer of slurry on a soiled floor or on soil, where the effect of convective transport of buffer 
components from layers below can be excluded. Thus pH may increase by more than 0.5 units 
during the first 6 hours after application of slurry due to emission of CO2 which reduces the con-
centration of TIC (Fig. 1a,b). The pH increase induces a high rate of NH3 volatilisation after appli-
cation, which may cause pH to decline. The data presented in figure 1a,b is from a study where 
pig slurry was applied to a petri dish so slurry was not mixed with soil, while in figure 1c it is seen 

that pH declines more when slurry is applied onto soil in a field due to the effect of soil pH 
buffering capacity. 

  
Figure 1: a) and b)  pH and b) concentration of the pH buffer components TAN, TIC and VFA in a 7 mm layer of pig slurry 

incubated at 16oC  (data from [4]), and c) pH in the surface of slurry soil mixture.[1,5]. 
 
In stored slurry the processes mentioned above affect surface pH, and convective and diffusive 
transport of pH buffer components to the surface also have an effect [3]. In slurry-soil mixtures 
convective transport may be upwards during drying and downwards after rain. In most systems 
with stored slurry mass transfer will be upwards. In models known to us, it is proposed that there 
will be a thin still surface layer (microns to millimetres in thickness) in stored slurry below which 
there is convection. Diffusion will dominate in the still surface layer and below this layer the 
transport will be dominated by convection. In this system there will be a steep pH gradient in the 
still surface layer and below this layer pH will be relative constant with depth.  
Conceptually the influence of these volatile components are known, but to our knowledge there is 
no model that precisely predict the pH changes as affected by emission of these, that can be used 
in decision support. So there is a challenge in developing pH models that can be used for calculat-
ing NH3 emission from stored slurry and from slurry applied in the field. 

3.2 pH as affected by organic acids  

pH in slurry is affected by the concentration of organic acids that may have been produced in the 
intestine of the livestock or is produced afterwards in animal slurry [1]. The organic acids originate 
from anaerobic microbial decomposition of organic material, producing C2 to C5 acids. Generally 
more than 60% of the organic acid in slurries consists of acetic acid (CH4COOH). Therefore, the 
pKa of acetic acid is often used to express VFA buffering of slurry. 
The production of organic acids from more complex organic components will reduce slurry pH 
(Figure 2).  Anaerobic conditions prevail in the bulk of slurry which is crucial for the production of 
the acids that reduce pH (Figure 2b). Good conditions for VFA production include in addition to an 
anaerobic environment high concentration of acidogenic microorganisms adapted to the environ-
ment, high concentrations of digestible organic matter and high temperature [1,6]. These acids are 
intermediates in the anaerobic production of methane (CH4) and CO2, thus, if the organic matter 
feeding the micro-organisms is consumed then production of acids will be reduced and fermenta-
tion will gradually reduce the concentration of acids in the slurry and pH will increase with time 
(Figure 2b). This increase in pH can be reversed by addition of easily digestible organic matter, 
which will enhance acid production and reduce pH (Figure 2a). Consequently, addition of easily 
digestible organic matter in the form of sucrose to stored slurry have been used to increase VFA 
production and reduced pH to below 5, thereby significantly reduced NH3 emissions from stored 
and field-applied slurry [6]. The problem with this treatment is that the organic acids are a sub-
strate for CH4 production, which is a very potent greenhouse gas. In biogas production the rate of 
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transformation of organic acids to CH4 is enhanced, therefore, most slurries that have been an-
aerobically digested have a pH higher than 8.  
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Figure 2: a) pH after adding sucrose to the slurry (Adapted from [6]) and b) pH and concentration of VFA in the bulk of 

untreated slurry stored at 20oC (Adapted from [7]  
 
Oxygen will diffuse into the surface layers of stored slurry and slurry-soil mixture, and will provide 
an aerobic environment where aerobic micro-organisms will transform the organic acids to carbon 
dioxide (CO2), which will contribute to increase in surface pH. Thus in the surface of uncovered 
slurry the reduction in VFA concentration may contribute to increase surface pH of stored slurry. In 
contrast, surface covers of stored slurry in the form of straw reduce liquid surface pH due to the 
production of organic acids and probably also due to a reduction in release of CO2. The oxidation 
of VFA by aerobic microorganisms in the surface of slurry applied to soil will contribute to the in-
crease in slurry soil surface pH within the first week. This effect will interact with the CO2 produced 
being dissolved in the liquid and then released to the atmosphere. The net effect of oxidation of 
VFA and CO2 release is an initial increase in pH in the surface of soil slurry mixtures in the first 1-3 
days after slurry application and then volatilisation of NH3 will cause a reduction in pH. 
The development of models that include pH calculations as affected by the organic acids and 
microbial production and transformation of these will be a most challenging and important task.  

3.3 pH buffering by organic particles  

Weak acid functional groups dissociating at pH >7 on particulate organic matter contribute to the 
pH buffering capacity of slurry. These groups will contribute to alkalinity of the slurry, i.e., how 
much acid is required to reduce pH with one unit. This alkalinity has been shown to be linearly 
related to dry matter concentration (g kg-1(DM)):  
 TAL = K ∙ DM Eq. 1 

where total alkalinity (TAL) is in mol L-1 and DM in g kg-1(DM and potassium (K ) is 0.013 mol L-1 

kg-1. There is undoubtedly a need to provide a much better assessment of the acid-base proper-
ties of the organic particles of animal manure, because these components have an effect on the 
pH of the solution. Ammonium may also bind to the negatively charged organic matter particles 
(carboxylic and phenolic functional groups), which reduces the concentration of NH3 in solution. 
Thus, the effect of negatively charged particles needs to be included in the pH calculation. 

3.4 effect of dissolved ions  

Slurry pH is also affected by the monovalent ions sodium (Na+), potassium (K+) and chloride (Cl-) 
and dissolved divalent ions calcium (Ca2+), magnesium (Mg2+), sulphate (SO4

2-), sulphide (S2-) and 
hydrogen phosphate (HPO4

2-). The ions originate from the feed given to the livestock and slurry 
pH is, therefore, affected by the feed, in particular the intake and excretion of monovalent ions. 
The content of these ions in feed is defined by animal physiologist as dietary electrolyte balance, 
dEB = Na+ + K+ - Cl- (meq kg-1(DM)). pH decreases with decreasing dEB due to excretion of H+, 
which compensates for low Na+ and K+ in relation to Cl- concentration. This response is a reflec-
tion of the electroneutrality condition. Similar models are used by soil chemists when estimating 
the change in soil pH in the rhizosphere as affected by plant root exudation of ions [1]. pH in slurry 
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may be reduced by more than 1 pH unit due to a reduction in K+ caused by reducing soya and 
tapioca in feed to pigs, and supplementing the feed with essential amino acids.  
Addition of soluble calcium (Ca2+) salts will change the pH through precipitation of CaCO3, which 
consumes alkalinity. An example of this process is a reduction in pH due to the addition of CaCl2 
to the slurry, which has been shown to reduce NH3 volatilisation. Alternatively, replacing the Ca-
CO3 in pig diets with calcium dichloride (CaCl2) may lower pH and thereby contribute to a reduc-
tion in NH3 emissions due to the following reactions: 
 HCO− a� + Ca + a� ⇌ CaCO � + HCO− a� + H+ a�  Eq. 2 

 HCO− a� + H+ a� ⇌ CO a� ↑ +H O l  Eq. 3 
 
The consequence of the two coupled reactions is that there is a limit for the reduction in pH, which 
is where the solid-liquid equilibrium between CaCO3 crystal and CaCO3 solute in solution is 
reached. Thus, these additives are not as effective in reducing pH as the inorganic acids H2SO4 or 
HNO3. 
In manure pH sub-models the effect of excretion of ions and calculation of the sum of the charge 
of ions as well as crystal formation or dissolution must be included. 

4. Conclusion and outlook 

It can be concluded that bulk slurry pH is not a suitable indicator of NH3 emission potential of a 
stored slurry or slurry applied in the field, and because pH is important for the assessment of NH3 
emissions, there is a need for developing models for predicting pH. These models must take the 
most important buffers into account when predicting the variation in surface pH over time, and it is 
proposed that the model include the effect of 1) volatilisation of pH buffers, 2) microbial transfor-
mation of organic matter to acids and degradation of organic acids to CO2 and CH4, 3) dissolved 
mono- and divalent ions, 4) formation and dissolution of solid phase alkalinity and 5) acid-base 
property of organic particles. 
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1. Objectives 

The effectiveness of slurry application methods like band spreading, incorporation and injection 
combined with acidification on reducing ammonia (NH3) emissions and the relationship between 
related NH3 emission and crop yield are variable. Simultaneous and replicated field testing of 
slurry types, application and slurry treatment methods are needed for accurate evaluation of dif-
ferences among application methods and effects of other factors, such as weather. A novel 
measurement approach was employed to obtain an extensive data set for a better understanding 
of emission patterns to ensure emission prevention. The objective of this study was to investigate 
effects of slurry type, application and treatment methods on NH3 emissions and crop production 
managed under the same agro-ecological conditions. 

2. Methodology 

Different slurry application methods and acidification of various slurry types were tested in four 
field experiments using a randomized block design (n = 4): two applications to spring barley, 
(Hordeum vulgare L.) and two applications to winter wheat (Triticum aestivum L.). Within each 
experiment, three to ten treatments were tested concurrently, consisting of different application 
methods: band spreading (BS), closed slot injection (IJ), incorporation with rotary cultivator (IN) 
and five slurry types: dairy cattle (CS), pig (PS) and mink slurry (MS); co-fermented anaerobic 
digestate (AD) and mechanically separated AD (AS). Each slurry type was evaluated with and 
without acidification (AC) using sulphuric acid (50 %) (Table 1). 
 
Table 1: Slurry types, slurry characteristics and application dates, methods and conditions of four slurry trials carried out 

on spring barley and winter wheat at Foulum Research Centre, Denmark (2014) 

Experiment 
Slurry 

type 

Applic. 

method 

Rate pH 
H2SO4 

(50%) 

NH4
+-N 

DM 

-acid 

DM 

+acid 

t ha-1 -acid +acid* l m-³ kg ha-1 % % 

Application at seeding 

of spring barley 

1/4/14 (soil moisture wet) 

CS BS 53    84.8 6.5  

CS IN 53    84.8 6.5  

CS IN:AC 53 7.2 5.6 2.7 84.8  6.4 

CS IJ 50    80.0 6.4  

Application on standing 

spring barley 

1/5/14 (soil moisture wet) 

CS BS 53    84.8 6.5  

CS BS:AC 53 7.5 5.7 3.3 84.8  6.5 

First winter wheat trial 

at the end of 

tillering stage 

3/4/14 (soil moisture wet) 

CS BS 53 7.3 6.5 4.4 84.8 6.2 5.7 

AD BS 53 7.6 6.5 2.2 79.5 3.5 4.3 

MS BS 37.5 7.2 6.0 3.7 78.8 1.4 1.5 

PS BS 31.7 7.1 5,4 8.7 84.4 2.8 3.0 

AS BS 53 8.0 6.6 7.7 79.5 2.4 2.7 

Second winter wheat 

trial at the beginning 

of flag leaf emergence 

30/4/14 (soil moisture wet) 

CS BS 53 7.4 6.2 4.4 84.8 6.2 5.7 

AD BS 53 6.7 3.2 8.7 79.5 3.5 4.3 

MS BS 37.5 7.0 6.1 3.7 78.8 1.4 1.5 

PS BS 31.7 6.8 5.6 2.2 84.4 2.8 3.0 

AS BS 53 7.9 6.5 7.7 79.5 2.4 2.7 

  *Target pH 6.0 
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Ammonia emission rate was measured using a combination of a validated calibrated dynamic 
chamber method and passive samplers (Gericke et al. 2011 and Quakernack et al. 2012). Crop 
yield and nitrogen uptake were obtained by destructive sampling. 
 
The field experiments were carried out in two fields at the Research Centre in Foulum, Aarhus 
University, Denmark. The soil for both early trials (barley and wheat) had a loamy sand texture 
(clay 7.7 %, silt 9.8 %, sand 76.8 % and total organic C 5.8%) with the following properties: bulk 
density 1.32 g cm-3, pH 6.1 no crop residues and no tillage < 1 week before slurry application. The 
second trial field also had a loamy sand texture (clay 6.8 %, silt 8.2 %, sand 79.5 % and total or-
ganic C 5.5%) with the following properties: bulk density 1.30 g cm-3, pH 6.2, crop residues were 
present and no tillage < 1 week before manure application. 

3. Results and discussion 

Application techniques with CS were compared in the barley trials. In April 2014, in the first trial 
CS was applied by BS, BS with IN, IN plus AC, and IJ to bare soil before seeding of spring barley. 
All abatement treatments significantly reduced NH3 emissions compared to BS. IN reduced NH3 
emissions by 60 % (Fig. 1 A), IN with AC by 89 %, while IJ had the highest reduction effect of 
96 %. Emission from BS:IN:AC and IJ were not significantly different. Overall the order of NH3 
emissions was IJ = BS:IN:AC < BS:IN. In May 2014, in the second trial BS:AC reduced NH3 loss 
from applied CS by 74 % compared to the non-acidified variant (Fig. 1 B), the effect of acidification 
being quite similar as in the first trial. 

 
 
Figure 1: Ammonia losses after application of CS to spring barley by band spreading (BS), band spreading with incorpora-

tion with rotary cultivator (BS:IN), and closed slot injection (IJ), with or without acidification (AC). Application rate 
was 84.8 kg NH4

+-N ha-1 to BS, BS:IN and BS:IN:AC and 80 kg NH4
+-N ha-1 to IJ before seeding (A, early exper-

iment). For part B (late experiment) 84.8 kg N ha-1 was applied at stem elongation. Lower case letters indicate 
significant differences between treatments at p < 0.05 (n = 4 except n = 2 for BS A; oneway ANOVA, LSD test). 

 
Emissions in BS:IN were significantly higher as emissions of the other abatement techniques due 
to 4 hours delay of incorporation. Emissions would have probably been on the same level if CS 
had been incorporated immediately after application. BS:IN:AC and IJ (Fig. 1 A) both had the 
same NH3 emissions abatement effect. However, in farmer’s practice a direct incorporation or 
injection of slurry is often not possible; therefore AC could play an important role in NH3 abate-
ment as it gives additional time windows to farmer’s for low emission manure application under 
arable conditions. However, BS:AC has increased costs compared to BS, due to the requirement 
for specialised staff handling concentrated acid (Fangueiro et al. 2015), because of potential work-
ing hazards related with adding strong acids to slurries (Sommer et al. 2013). Nevertheless, due 
to the development of new technologies for applying acid during field application this approach 
can now be applied more safely. Nevertheless, in the long run, due to cost-effective sulphur fertili-
sation, ease of application and positive yield effects, AC could be a cost efficient alternative to IJ. 
The winter wheat trials were carried out to investigate effects of acidification on NH3 emissions 
and related crop effects. Slurries were applied at the beginning of April 2014 at the first wheat trial 
(end of tillering stage). Ammonia emissions from all slurry types were reduced using AC except for 
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PS (Fig. 2). Significantly, the AC treatment reduced emissions at CS by 61 %, AD by 57 %, MS by 
74 % and AS by 58 % considering all slurry types individually. 

 
 
Figure 2: Ammonia losses after application of five different slurries by band spreading not incorporated and acidified vari-

ant. Applied NH4
+-N ha-1: CS = 84.8 kg; AD = 79.5 kg; MS = 78.75 kg; PS = 84.42 kg; and AS = 79.5 kg on winter 

wheat during vegetation on the 3/4/14. Lower case letters indicate significant differences between treatments at 
p < 0.05 (n = 4; oneway ANOVA, LSD test). MS and AS have a significant difference to the AC variant at p < 0.05 
(n = 4; t test). 

 
At the second trial application to winter wheat (flag leaf emergence) emissions from different slurry 
types were significantly reduced by AC. Compared to the first trial, acid requirements increased 
slightly due to changes in slurry composition after longer storage (Fig. 3). Emissions from CS were 
significantly reduced by acidification by 67 %, from AD by 45 % and AS by 45 %. 

 
 
Figure 3: Ammonia losses after application of five different slurries by band spreading not incorporated and acidified vari-

ant. Applied NH4
+-N ha-1: CS = 84.8 kg; AD = 79.5 kg; MS = 78.75 kg; PS = 84.42 kg; and AS = 79.5 kg on winter 

wheat during vegetation on 30/4/14. Lower case letters indicate significant differences between treatments at 
p < 0.05 (n = 4; oneway ANOVA, LSD test). AS has a significant difference to its AC variant at p < 0.05 (n = 4; 
t test). Note: The y-axis limits differ from those in Fig. 2. 

 
 
Acid demand for acidification varied considerably between slurry types (Table 1) indicating inter-
actions effects between slurry type and economy and applicability of acidification. The overall NH3 
emission level differed considerably between both winter wheat trials (Figs. 2 and 3). This was 
probably due to canopy effects and lower wind speeds at the second application. 
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4. Conclusion 

The experimental approach used in this work (small replicated plots with a large number of exper-
imental treatments) provides a means for comparing multiple slurry application technologies with-
out interference from differences between separate experiments. In general, results confirmed that 
in-field slurry acidification, slurry injection, and rotary incorporation all significantly reduced NH3 
emissions from field-applied slurry. Furthermore, incorporation plus acidification showed nearly 
the same reduction in emission as closed slot injection. Acidification may be a cost-effective ap-
proach for reducing ammonia emission and an alternative to injection depending on slurry type. 
Further trials may give further insight about the acid levels, for a desirable significant reduction on 
ammonia emissions combined with reasonable fertilization levels. Results give clear evidence that 
particular consideration have to be made with respect to acid requirements of different slurry 
types. Analysis of crop production aspects such as yields and N uptake effects related to treat-
ments are ongoing. 
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1. Objectives 

With respect to the climate protection, a quantitative assessment of the emissions of energy gen-
eration from biomass and biological waste treatment is important. The DBFZ investigated the 
emission situation of biogas plants in Germany within research projects with project partners of 
selected biogas plants to analyze the emission situation of biogas plants. The results of the emis-
sion measurements are used to assess the ecological impact of anaerobic digestion (AD) and to 
describe possible mitigation measures to reduce the occurring greenhouse gas (GHG) emissions. 

2. Methodology 

Emissions were measured at 12 AD plants using the separately collected organic fraction of 
household waste (bio- waste), as well as at 10 agricultural biogas plants using energy crops and 
manure. The emission analysis included the determination of methane (CH4), nitrous oxide (N2O) 
and ammonia (NH3). Following the inspection of the biogas facilities on site, potential significant 
emission sources within the process chain were identified and several sampling points at AD plant 
were examined (see Table 1).  
 
Table 1: Emission sample points of investigated agricultural and bio-waste biogas plants [1], [2]. 

Sample points Agricultural AD plants Bio-waste AD plants 

Silage 
Storage of silage 

Feeding system 
Delivery and conditioning of bio-waste 
(material handling) 

Fermenter 
Fermenter, roof (foil /concrete),  

Leakage 

Fermenter, roof, leakage 

Before and after exhaust gas treatment 
(acid scrubber and bio-filter) 

Digestate Digestate storage tank  
(open, closed, gas tight) 

Storage of digestate 

Post composting  
(open, closed, aerated, un-aerated) 

Separation and drying of digestate 

Gas utilization Exhaust of CHP unit (combined heat and 
power plant), Biogas upgrading plant 

Exhaust of CHP unit (combined heat and 
power plant) 

 
The emission analysis included two measurement periods at each plant (one week in both winter 
and summer time), in which all plant components, from substrate delivery to storage of digestate 
and composting (in case of bio-waste) were investigated. The measured emissions of both peri-
ods were averaged. The methods used focus on the identification and quantification of single 
sources. According to the characteristics of the gases, the applied measurement techniques were 
adjusted. Leakage detection techniques were used to find the critical spots within the process; 
open and closed chambers were used to determine the main emission sources. Different methods 
of emission measurements were used for captured and diffuse emission sources. In case of cap-
tured emission sources (e.g., delivery hall with collection of exhaust, off-gas from CHP, exhaust 
duct to a bio-filter), the exhaust air flow was examined directly. Thereby, the volume flow and 
mass concentration within the investigated pipelines were determined. The volume flows were 
measured with vane anemometers. The quantity of the emission source was calculated from the 
concentration difference and the flow rate of the blower. Emissions of post-composting with active 
aeration (e.g., actively ventilated tunnel or container systems) were measured by using encapsu-
lated areas with air extraction. In case of open windrows composting without active aeration, a 
wind tunnel as emission measurement was used. An air flow was generated by using a ventilator. 
After quantification of the single sources, the overall GHG emission from the biogas plant is sum-
marized. The measurement methods, techniques and technical guidelines used are described in 
[3], [4]. Based on the measured emissions, GHG balances in compliance with the analysis of 
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GHG credits (avoided GHG emissions) were prepared. GHG credits can be generated for the 
substitution of fossil fuel (e.g., credits for the electricity production from biogas by substitution of 
fossil electricity supply, credits for the utilization of exhaust heat by substitution of fossil heat), for 
the use of fermentation products by substitution of fossil fertilizer and peat or including the humus 
effects as well as for avoided GHG emissions by using manure in fermentation processes instead 
of the open storage of manure. The considered GHG emissions for all processes of AD plants 
were converted into CO2 equivalents (CO2-eq) by using characterization factors according to the 
global warming potential for a 100-year time period: CO2 = 1, CH4 = 25, N2O = 298 [5].  

3. Results and discussion 

Various fermentation processes such as wet fermentation, dry fermentation and batch fermenta-
tion were analyzed according to the emission situation of agricultural and bio-waste digestion 
plants. The results show that the emissions are dominated not by the type of fermentation process 
or the technology used, but by the way in which the plants were managed. 

3.1 Results- Agricultural Biogas Plants 

The assessment of GHG emissions at the investigated agricultural biogas plants was limited to the 
gases CH4 and NH3 because (except in the CHP exhaust) no relevant N2O emissions were de-
tected. With respect to the overall CH4 emissions the results show that the main emission sources 
are the open digestate storage tanks and the gas utilization system [1] (Figure 1).  
 

 
Figure 1:  GHG emissions from the different plant components, and GHG credits and total GHG balance of investigated 

agricultural biogas plants. [1] 
 
Biogas plant No.4 used mainly manure, therefore relatively high manure credits for "avoided 
emissions" in comparison to the traditional manure storage were determined. Moreover also com-
paratively high GHG emissions arise due to the large amounts of digestate which occur during 
storage of fermentation residues (open lagoons) and spreading of digestate. The total GHG bal-
ance of the biogas plant No.8 (batch system) is also dominated by high emissions of fermentation 
residues, because of the temporarily open storage of digestate before application. Plant nos. 9 
and 10 inject the biogas to the natural gas grid after an upgrading process (biogas refining pro-
cess to produce biomethane - equal to natural gas) – in these cases additional emissions occur 
from the upgrading process. These emissions mean methane losses – so called methane slip. For 
the methane slip the legal limit (in year 2011: legal limit 0.5%) were assumed, because both up-
grading technologies caused higher emissions during the period of measurement [1]. 
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3.2 Results - Bio-waste Digestion Plants 
Based on the investigations [2] significant emission sources were identified. Especially the inade-
quate aeration directly after fermentation processes (in order to interrupt the methanogenic activi- 
ty), as well as un-aerated or less aerated post-composting processes that caused extremely high 
GHG emissions (see plant No. 1, No. 2 or No. 12). For some of the investigated biogas plants, 
post-composting emissions are summarized in the amount of “emissions after bio-filter” (e.g. AD 
plant No.10). Post-composting processes with active ventilation (pressure ventilation) and en-
closed composting systems were used at AD plant No. 7, 9 and 10. The overall emissions of AD 
plant No. 10 was quite low, because all parts of the fermentation and post composting process 
were totally encapsulated. Furthermore, AD plant No. 6 showed higher NH3 emissions due to the 
drying of digestate at higher temperature and higher pH-value. In this case, the existing down-
stream acidic scrubber was out of operation during the measurements. All investigated biogas 
facilities operated with bio-filters as gas treatment. However, only four of twelve plants operated 
with acidic scrubbers, and, the proper operation was not always ensured. The operation of the bio-
filters can also be problematic; extremely wet bio-filters for example can cause additional CH4 
production as observed at AD plant No. 8. The exhaust gas should be treated with acid scrubbers 
to trap NH3 and minimize N2O formation in the bio-filter (e.g. plant No. 5 and 9).  
It should be recognized that there were also diffuse emission sources which were not collected by 
bio-filters (e.g. open doors of delivery hall at AD plant No. 6 and 7; post-composting at AD plant 
No. 8, 9, 11). Often digestate - whether separated or not separated – is stored open temporarily or 
for longer periods. Four of the seven examined plants which stored liquid digestate or process 
waters used covered storage tank (AD plant No. 4, 5, 8 and 9). Two plants (No. 5 and 8) with gas-
proof covered storage tank are able to use the exhaust gas in the CHP.  
Figure 2 summarises the measured GHG emissions from the different kinds of components as 
well as the calculated GHG credits (avoided manure emissions, heat utilization, fertilizer and hu-
mus value of digestate) and the total GHG balance (shown as column) according to [2]. 
 
 

 
Figure 2:  GHG emissions from the different plant components, and GHG credits and total GHG balance of investigated 

bio-waste digestion plants. [2] 
 
The results show that the open storage of fermentation residues (with or without separation step) 
should be avoided. In addition to un-aerated post-composting processes and open storage of 
active material (e.g. solid digestate), the CHP was one of the most important sources of CH4. Ac-
cording to the measured residual gas potential of digestate (bio-waste digestion) a wide range 
from 4% to 23% was determined, whereas ten of the twelve samples of investigated bio-waste 
digestion plants showed a relative residual gas potential >10% [2], [6].  
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4. Discussion 

The problem of increased emissions is not the anaerobic process itself, but a non-optimal after-
treatment of the digestate. The results show that the open storage of active material (e.g. insuffi-
cient fermented residues from batch fermentation systems), open digestate storage tanks, missing 
acidic scrubbers in front of bio-filters or insufficient air supply during the post-composting of diges-
tate can cause relevant GHG emissions. Consequently avoiding open storage of insufficient fer-
mented residues and using aerated post-composting with short turnover periods, smaller heaps 
and an optimized amount of structure (woody) material can reduce GHG emissions. However, the 
results for the open digestate tanks need to be interpreted carefully, since they cannot represent 
an average emission over a longer period of time. Nevertheless, for the purpose of emission re-
duction a gas tight cover of any open digestate storage will have a great effect on the emissions. 
With respect to the residual gas potential it can be stated that the determined methane potential of 
fermentation residues from bio-waste digestion provides basically higher values in comparison to 
agricultural biogas plants with multi-stage process. The consideration of GHG credits optimizes 
the overall GHG performance of the biogas facilities. A high share of electricity generation led to 
high GHG credits. As far as the utilization of exhaust heat of electricity production was possible, it 
had also a positive influence on the GHG performance of the AD plant. Moreover, the use of di-
gestate showed positive effects on the GHG balances. In addition to the nutrient effect through the 
utilization of the fermentation residues as a fertilizer (substitution of mineral fertilizer) GHG emis-
sions can be saved due to the humus effect of digestate. Especially composted digestate like 
fresh and finished compost contributed to the humus accumulation (carbon sink) and the humus 
reproduction of digestate. Compared to the production of fresh or finished compost digestate with-
out post-composting process, which is used within the agriculture directly, less GHG credits were 
given. However, the risk of high emissions during the post-treatment of the fermentation residues 
was avoided.There is uncertainty about other emissions sources that are not coupled to the gas 
system of the plant, but still cause GHG emissions as stated in [7]. Concerning the emissions, the 
treatment and evaluation of temporary occurring emissions caused by certain operational condi-
tions (e.g. emissions from pressure relief valves) are still unclear.  

5. Conclusion and outlook 

Methane emissions dominate GHG emissions from biogas plants. Depending on the used tech-
nology and the kind of operation, GHG emissions like CH4, N2O and NH3 are occurring. Basically, 
the kind of operation of the plant and the handling of digestate determine the amount of GHG 
emissions. In general the emission situation is not uniform. It can be stated that all investigated 
biogas facilities showed potential for optimization. With respect to the development of methodolo-
gy of emission measurements and the standardization of procedure for the determination of emis-
sions of biogas plants, further investigations are necessary. Further scientific data about the cur-
rent emission situation and the ongoing development as well as reliable measurement methods 
are required to determine the CH4 emissions from the plants in operation today. In this regard the 
reliable measurement of stationary and diffuse emission sources is of high importance.  
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1. Objectives 

A new strategy to avoid NH3 emissions from anaerobically digested manure was tested using the 
gas-permeable membrane process. Evaluation of the efficiency of NH3 recovery from digestate as 
well as mitigation of NH3 emissions to the atmosphere were carried out. The maximum capacity of 
the sulphuric acid to recover N from digestate was also studied. The system contributed to the 
reduction of NH3 emissions and recovery of nutrients from the digestate whilst converting ammo-
nia into an ammonium salt fertilizer. 

2. Methodology 

Experiments were conducted in 2-L vessels consisting of PET jars for an effective digestate vol-
ume of 1.3 L. The vessels were not completely airtight.  A diaphragm pump was used to continu-
ously circulate diluted H2SO4 (300mL) through the tubular membranes (made of ePTFE) inside 
the digestate vessels and back into the acid tank using constant flow rate of 5.8 L/day. The mem-
brane manifolds were submerged in the digestate vessels, which were kept closed but not airtight. 
Ports were installed on top of the vessels to obtain samples and monitor pH (Fig. 1). The digestate 
was continuously agitated using magnetic stirrers.  
 
Digestate was collected directly from the digester of a 500kW biogas plant in plastic containers, 
transported in coolers and stored at 4ºC. The biogas plant was located in Salamanca (Spain). 
Three different samples were collected from the biogas plant and used for batches 1-2, 3-5 and 6-
7, respectively. Seven consecutive batches of digestate were used to recover ammonia, thereby 
digestate was removed from the vessels and replaced by fresh digestate as NH4

+ was depleted 
and recovered in the acid tank. pH adjustment of the digestate was carried out as needed to end-
point pH 9.0, (except in batch 4 where pH endpoint was 11) whenever the pH of the digestate 
decreased under 8.0,  to increase NH3 recovery. Digestate samples from PET jars and acid solu-
tion samples were daily withdrawn in order to monitor pH, alkalinity and NH4

+-N. In addition, initial 
and final samples of digestate in each batch were analyzed for pH, alkalinity, total solids (TS), 
volatile solids (VS), total chemical oxygen demand (CODt), NH4

+-N, total Kjeldahl nitrogen (TKN), 
nitrite (NO2

--N), nitrate (NO3
--N), and total phosphorous (Pt) determination. All experiments were 

carried out in duplicate and results are expressed as means.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Experimental device for ammonia capture from digestate using gas-permeable membranes. 
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3. Results and discussion 

3.1 Removal of NH3 by the gas-permeable system. 

Seven consecutive batches using gas-permeable membranes were used to capture NH3 and 
concentrate this nutrient in the acid solution, to be used as an ammonium salt fertilizer. Digestate 
with an average of 5,550±840 mgNH4

+-N L-1 was used. It is important to emphasize that the acidic 
solution was the same during the entire experiment. The experiment processed seven batches of 
digestate to test the maximum capacity of the sulphuric acid to recover N from digestate. The 
recirculation of this liquid in a closed loop between the digestate vessel and the acid tank 
achieved an NH4

+concentration in the recovery solution (46,590±1,970 mgNH4
+-N L-1) about 9 

times higher than the original digestate (5,550 mgNH4
+-N L-1) (Fig. 2). A total N mass of 

13,980±590 mgN was recovered in the acid from the digestate during the experimental period. It 
was noticed that as NH4

+ had been recovered from the digestate, the pH of the acid solution in-
creased (maximum pH reached was 8.8), being necessary to add more acid  to an endpoint pH 1. 
These findings are in agreement with those reported by García and Vanotti [1] who observed a 
high N recovery from manure with different NH4

+ strengths using the gas-permeable membrane 
technology. 

3.2 Abatement of ammonia from digestate in batches 1-3 

During the first part of the experiment, batches 1-3, pH average maintained between 8.05 and 
8.22 (Table 1), therefore NH4

+ recovery efficiency were high (84-62%) (Fig. 3), and NH4
+ volatiliza-

tion was quite low with values of 35, 7 and 4% respectively. Therefore, as pH was maintained 
near 8.00 during the experimental time, the membrane device was able to recover almost all NH4

+ 
from the digestate avoiding its volatilization.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Removal of ammonia from digestate in seven consecutive batches (■) and corresponding N concentration 

increase in the acid solution (●) . Dash lines represent duration of each batch.  

3.3 Abatement of ammonia from digestate in batches 4-7 

In batches 4-7 pH average increased from 8.70-9.65, and NH4
+-N recovery efficiency decreased 

to 13-33% (Table 1), increasing NH4
+ volatilization between 57-86% of initial NH4

+. Considering 
previous studies carried out with manure, both the maximum NH4

+ recovery rate and the average 
NH4

+ recovery rate obtained in batches 4-7 were very high: between 1003-1910 mg NH4
+-N/L/day 

for the maximum rate and 483-1078 mg NH4
+-N/L/day for the average rate.  Free ammonia (FA) 

content was also very high in batches 4-7(Table 1). According to our previous studies [1, 2], mass 
recovery of NH4

+ through the membrane increased as FA content increased in manure as a result 
of pH adjustment (with an aeration treatment or alkali addition) with manure containing 1000 to 
2300 NH4

+-N/L. However, although in the present study FA content maintained high during batch-
es 4-7 (448-572 mg N L-1) (Fig. 3), allowing active permeation of NH3 through the membrane, the 
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absorption capacity of the membrane reactor was not enough to recover all FA in digestate and a 
fraction of NH4

+ was volatilized, as the reaction vessels were not airtight. This volatilization loss 
was significant in the mass balance, compared with results from batches 1-3 in which volatilization 
were low, and from  [1], who obtained volatilization values of 8% of initial NH4

+, and [2], who ob-
tained values of 1.5 to 6% of initial NH4

+ using similar reactor vessels and tubular membrane 
length. Thus, to recover all N and to avoid significant volatilization from digestate, the reaction 
device should be totally airtight. In this way the membrane manifold will work at its maximum ab-
sorption capacity and high recovery efficiency although it will take more time to recover all N.  
 
Table 1:  Comparison of free ammonia (FA) and average NH4+ recovery rate by the gas-permeable  
  membrane reactor in the seven batches with digestate. 

Batch 
Initial NH4

+ in 

digestate 

NH4
+-N volati-

lized in the aira 
Maximum recovery rateb 

Average 
recovery rate 

FA average Average pH 

 (mgN) (mgNH4
+-N/L/day) (mgN/L)  

1 5580 1950 1244 324 150 8.12 

2 5863 400 521 222 206 8.22 

3 7233 268 136 91 188 8.05 

4 7788 6691 1254 572 572 9.65 

5 6987 3969 1003 483 448 8.72 

6 8103 5833 1910 1078 572 8.87 

7 8387 5588 1601 798 555 8.70 
aNH4

+-N volatilized in the air was equal to initial NH4
+ in manure minus the remaining NH4

+-N in manure 
minus the NH4

+ recovered in the acidic solution. 
bHighest NH4

+ mass recovered in 1 day; 0.0323 m2 of membrane surface area. 
 

 
Figure 3:  Free ammonia in digestate in seven consecutive batches (yellow columns) and corresponding ammonia recovery 

efficiency. 

3.4 Expected benefits in emissions mitigation 

Important mitigation strategies of NH3 emissions for concentrated livestock operations often in-
volve capturing or trapping the fugitive gases and subsequent treatment of the captured air with 
bio-filters and bio-covers to remove the NH3; which means N loss for further agriculture use and 
therefore, an important economic loss.  
 
In the case of the anaerobic digestion process the breakdown of proteins raise ammonium con-
centration of the medium that contribute to ammonia emissions when the digestate is used for 
land application, as well as ammonia-mediated inhibition of the anaerobic digestion process. 
Therefore, new strategies for reducing or minimizing NH3 losses from livestock production (ma-
nures, digestate) are needed. In this sense, the gas-permeable technology can recover and con-
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centrate NH3 from digestate (or any other highly NH3 charged wastewater) without using high 
pressure or temperature, pre-treatment of the digestate or addition of additives.  
 
Regarding the perspectives of utilization for the N enriched acid solution, it is well known that the 
Haber-Bosh process is used by the chemical industry to produce NH3, which is a plant fertilizer, 
and can be combined with acids to produce ammonium salt like NH4NO3 and (NH4)2SO4, which 
are the most commonly used fertilizers in Europe [3]. The price of N fertilizers is directly related to 
the price of natural gas, since its production is linked to the Haber-Bosch process as mentioned; 
besides this process emits carbon dioxide to the atmosphere. Therefore, environmental friendly 
and cost-effective alternatives to produce N fertilizers are welcome by society. In this work the 
gas-permeable membranes successfully removed NH3 from digestate, recovering N in the form of 
(NH4)2SO4, which is desirable to export N off the nutrient surplus areas, like Nitrate Vulnerable 
Zones, to other regions were N is needed, and thus avoiding environmental pollution in the form of 
ammonia emissions to the atmosphere. The remaining digestate, that contained less N, also can 
be used for land application in higher dosages due to the reduction of its N content. 

4. Conclusion and outlook 

As long as digestate pH was maintained around 8.00, ammonia was successfully recovered from 
digested manure avoiding its volatilization to the atmosphere and preventing air pollution. In this 
case FA content in digestate allows an excellent permeation through the membrane avoiding vo-
latilization. When digestate pH reach 8.70, FA content in digestate increases promoting volatiliza-
tion under non airtight tank conditions. In this case it is possible to increase NH4

+ recovery effi-
ciency if the area of the membrane system is adjusted to maximize N recovery efficiency and to 
shortening N recovery time, also considering an airtight system. Therefore, gas-permeable mem-
brane technology could be combined with anaerobic digestion to avoid ammonia emissions and at 
the same time recovering the N as a valuable nutrient in the form of a concentrated ammonium 
salt fertilizer with 46,000 mg N/L NH4-N.  
 
Another application of gas-permeable membranes is related to NH4

+ inhibition in the anaerobic 
process. It is well known that unionized or free ammonia (NH3) has been reported to inhibit meth-
anogenesis at initial concentration of 100–1100 mg N L-1, thus this technology is a suitable strate-
gy to avoid this inhibition as it removes NH3  from digestate. Moreover, if removal of NH4

+ does not 
damage the carbonaceous compounds as  [1] pointed out the process will be improved as more 
methane will be produced, thus future trends will be focus on this point.  
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1. Objectives 

Separation of organic manures can cause increasing ammonia (NH3) and concomitant green-
house gas (GHG) emissions from the solid phase [1]. In addition to the environmental damage, 
ammonia emissions are a loss of valuable nutrients, in particular in organic agriculture. Therefore, 
a new approach including incubation of manures with microbes and a nutrient source was tested 
to reduce NH3 emissions without increasing greenhouse gas (GHG) fluxes. 

2. Methodology 

Anaerobic digestates (AD) have a strong propensity to emit NH3 from raw and separated sub-
strates [2] calling for reduction measures. Addition of a mixture of molasse (30% water content) 
with indigenous microbes (IM) to AD was hypothesized to reduce NH3 emissions due to pH reduc-
tion and NH4

+-uptake by microbes. It was shown in earlier studies that addition of fermentation 
substrates to slurries can reduce NH3 emissions [3] but this addition may also increase GHG 
emissions in form of CH4 and N2O emissions [4]. Therefore, testing the novel approach consisted 
of two steps: A. incubation trial to test the effects of the addition of solutions containing IM and a 
nutrient source (molasse) on NH3 and GHG emissions and N turnover. The second aim of the lab 
trial was the identification of the smallest dose effective for the reduction of NH3 emissions, as 
amount of molasse probably also has an effect on the GHG. B. on-farm essay to test the ap-
proach on the scale of practical farm conditions. A. The effect of varying doses of molasse and 
incubation enhancers (dolomite clay, biochar) in combination with the addition of IM to the solid 
phase (500 g, n = 3) of AD on NH3 and GHG emissions were tested in an aerobic incubation la-
boratory trial. Addition of IM also included one treatment with 1 day pre-incubation of IM in molas-
ses solution at a temperature of 20° (Tab. 1). Samples of solid phase AD were taken immediately 
after separation and instantaneously mixed with the treatment solutions. NH3, N2O, CH4, CO2 
emissions were determined with a Lumasense® photoacoustic field gas monitor (PA) for 4 weeks 
[5]. Similar to farm practice solid phase AD were packed in the incubation containers to bulk den-
sities determined in on-farm heaps prior to experimentation. To account for high NH3 emissions 
immediately after separation, first PA measurements were done on the farm; after two days sam-
ples were moved to the lab and measurements were continued. B. Two heaps (0.5 t Fresh Matter 
(FM)) of AD solid phase were mixed immediately after separation with the most effective incuba-
tion solution (D pre-inc small amount of molasse, small GHG emissions, strong NH3 reduction) 
and incubated for 6 weeks on farm compared to two untreated AD heaps. Substrates were pro-
duced within 1 day. Only NH3 lossess were qualitatively quantified in acid traps [6] and N com-
pounds were determined. Heaps were stored in a barn to avoid rain. 
 
Table 1: Substrate added to freshly separated AD (0.5 kg) for the reduction of ammonia emissions; biochar was produced 

from riparian reeds and grass from Elbe river banks. 

Treatment Molasse IM Water  

Added 

Total 

mass added 

Dolomit clay Biochar Pre- 

incubation 

Unit 

 g/pot ml/pot ml/pot g/pot g/pot g/pot  

Ck 0 0 35.75 0 0 0 no 

A 27.5 10 17.50 55 10 0 no 

B 13.75 10 21.63 45.38 10 0 no 

C 6.875 10 23.69 40.56 10 0 no 

D 3.4375 10 24.72 38.16 10 0 no 

D no clay 3.4375 10 24.72 38.16 0 0 no 

D biochar 3.4375 10 24.72 38.16 0 10 no 

D pre-inc 3.4375 10 24.72 38.16 10 0 yes, 1 day 
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3. Results and discussion 

3.1 Incubation trial 

Addition of IM with molasse yielded in all cases a significant reduction of NH3 emissions by up to 
35 % in the incubation trial (Fig. 1). High rates of molasse addition (treatments A, B) resulted in 
the strongest NH3 loss reductions but pre-incubation of IM with small amounts of molasse reduced 
emissions to the same level. Reduction of NH3 emissions did not occur immediately but after 
about 2-7 days after separation due to shift from dominance of anaerobic to aerobic microbial 
community (shift from CH4 emission to CH4 uptake, data not shown). After that, emission dynam-
ics showed a close agreement between all treatments. Treatment D pre-inc. showed a slightly 
smaller slope in this second phase of the incubation. 
 

 
Figure 1: Cumulative NH3 emissions after separation of AD with and without addition of fermentation solution with microbes 

(IM) under aerobic incubation, different levels of molasse addition and incubation enhancers, for treatments see 
Tab. 1, one-way-ANOVA (n=3), letters = levels of significance, LSD-test (p<0.05), error bars = std. error. 

 
Figure 2: Cumulative N2O emissions after separation of AD with and without addition of fermentation solution with mi-

crobes (IM) under aerobic incubation, different levels of molasse addition and incubation enhancers, for treat-
ments see Tab. 1, one-way-ANOVA (n=3), letters = levels of significance, LSD-test (p<0.05), error bars = std. er-
ror. 

 
Concomitantly, N2O emissions increased with increasing amounts of molasse addition (Fig.2). As 
a result, the two highest doses showed significant differences to almost all other treatments. 
Emissions from treatment ‘D pre-inc.’, which was also characterized by a strong reduction of am-
monia emissions, were not significantly different from the untreated control. Overall the stimulation 
of N2O emissions seems to depend linearly on molasse addition. However, addition of biochar, 
omission of dolomite clay and pre-incubation slightly decreased the cumulative emissions. 
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With respect to the final cumulative CH4 emissions no significant differences between treatments 
were observed. However, the emission pattern differed considerably (data not shown). First, sepa-
rated ADs were a methane source depending on the amount of molasse added while they 
changed to a methane sink about 3 days after application. Initial increases in CH4 fluxes due to 
addition of molasse were counterbalanced by a stronger CH4-uptake in the second aerobic phase 
of the incubation experiment. 
All trace gas emissions measured were integrated as total GHG emissions expressed in CO2-
equivalents, NH3 being considered as an indirect GHG source (Fig. 3). Carbon dioxide emissions; 
which were strongly dependent on molasse addition, were not included, as molasse-C as a re-
newable C-source would be transformed to CO2 independent of its use as fermentation substrate. 
Addition of high amounts of molasse resulted in significantly higher, up to 100% increased GHG 
emissions compared to the untreated control. Solid phase AD mixed with pre-incubated fermenta-
tion solution was characterized by the lowest GHG-emissions even slightly lower than the untreat-
ed control. 
 

 
Figure 3: GHG emissions expressed as CO2 equivalents of separated AD with and without addition of fermentation solu-

tion with microbes (IM), different levels of molasse addition and incubation enhancers, for treatment discription 
see Tab. 1, one-way-ANOVA (n=3), letters = levels of significance, LSD-test (p<0.05), error bars = std. error. 

 
Overall, the addition of high amounts of molasse strongly reduced ammonia emissions. But this 
was connected with strong adverse effects on GHG emissions making this no viable option for the 
prevention of ammonia emissions from separated AD. However, when pre-incubated, the addition 
of small amounts of molasse yielded the same emissions reduction without increased, even slight-
ly reduced GHG emissions. Low costs due to small amounts of molasse applied make this ap-
proach potentially economically feasible for practical applications. 

3.2 Farm trial 

The incubation trial set-up was repeated with the best performing treatment ‘D pre-inc.’ on the 
farm scale in August – September 2014. Temperatures were considerably higher (~20°C) than 
during the first days of the incubation trial (~10 °C) when first trace gas measurements were done 
on the farm. The reduction of ammonia emissions by adding pre-incubated fermentation substrate 
also yielded a considerable reduction in ammonia emissions (Fig. 4) but the emission patterns 
differed between both trials. Strong reduction of emissions already occurred on the first day after 
AD separation (about 35 %). This difference in emission pattern is attributed to differing tempera-
ture conditions which sped up the microbial processes in the farm trial. Similar to the incubation 
trial reduction of ammonia emissions mainly occurred during a limited time window up to 4 days 
after separation. Later on emissions from treated heaps and the control behaved in the same way 
reducing the reduction effect in the course of time. However, even after 3 weeks emissions were 
reduced by about 10 % compared to the untreated control. Nevertheless, under practical man-

-0.01

0.00

0.01

0.02

0.03

C
K A B C D

D
 n

o
 c

la
y

D
 b

io
ch

a
r

D
 p

re
 in

c.

G
H

G
  e

m
is

si
o

n
s 

[k
g

 C
O

2
e

 /
 k

g
 D

M
]

treatment

NH3 N2O CH4 sum

bcd a          bc          c                     bc cd          cd        d



TC Advance in emission prevention (reviewed)  Oral 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

317 

 

 

agement conditions, a heap will be built up within a time period of several weeks, with fresh mate-
rial packed on top of old material, so that the initial effect of the treatment on ammonia emissions 
is more relevant than the effects occurring at later stages of the experimental AD storage period. 

 
Figure 4: Cumulative ammonia emissions and emission reduction after addition of pre-incubated fermentation solution 

(treatment D pre-inc.) to 0.5 t FM of solid phase AD in on-form trial (FM = fresh matter). 
 
The treatment showed also a significant effect on AD mineral N (ammonium and nitrate) concen-
trations with an average increase over the whole heap profile of 30% compared to the control, the 
effect being most pronounced in the lower layer of the heap. At the actual size of AD heaps on 
practical farms the upper layer of a heap is much smaller compared to heap interior volume as in 
the small heaps investigated in this trial. So the positive effects of the treatment on AD mineral N 
concentration would probably be more pronounced under practical conditions due to its stronger 
effect on lower layers in the solid phase AD heap.  

4. Conclusion and outlook 

Ammonia emissions from separated AD were significantly reduced by addition of pre-incubated IM 
and small amounts of molasse as incubation starter without increasing GHG emissions. In this trial 
only one type of AD from organic farming with comparably low ammonium N concentrations was 
tested. To confirm this approach GHG emissions from large AD heaps and other solid phase sub-
strates with higher ammonium N concentration and larger AD heaps should be investigated. 
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1. Objectives 

Emissions of nitrous oxide (N2O) from arable land are a major contribution to the global GHG bal-
ance. Direct N2O emissions can be measured directly at the place of origin. Indirect N2O emis-
sions result from reactive nitrogen compounds like ammonia (NH3) or nitrate (NO3

-). Fertilizing 
oilseed rape (OSR) with biogas digestates may lead to high amounts of NH3. The aim of the pre-
sent work was to quantify indirect N2O emissions through a model-based N balance approach.  
 

2. Methodology 

Starting in autumn 2012, a field experiment including a crop rotation (OSR, wheat, barley) was 
carried out for two years in northern Germany. In spring OSR was fertilized with biogas digestate 
(180 kg NH4-N ha-1, without and with nitrification inhibitor (NI); split application via trail hoses). As 
NI Piadin was used (SKW Piesteritz; Germany; application rate: 6 l*ha-1). Wheat and barley were 
fertilized using mineral fertilizer (CAN; 220 kg N ha-1 and 200 kg ha-1respectively). Ammonia emis-
sions were measured following digestate fertilizing events by use of the Draeger tube measure-
ment technique [1]. Direct N2O emissions were measured weekly using manual chambers. Soil 
mineral N (SMN) samples were taken weekly (depth: 0-30cm) and three times per growing sea-
son (depth: 0-90cm), respectively.  
To quantify indirect N2O emissions we used measured data and a dynamic simulation model to 
calculate N leaching. SMN data at the beginning of the experiment were used to initialize the 
model-based N balance approach. As N input fertilization values from the experiment and mod-
elled mineralization were used. System N output via plant N uptake was modelled. Gaseous N 
losses from the system via ammonia volatilization and N2O emission were measured; emissions 
of NOx and N2 were modelled. Finally we calculated indirect N2O emissions resulting from ammo-
nia volatilization and N leaching using corresponding IPCC TIER 1 emission factors [3].   
Two experimental periods were analyzed (2013 = summer 2012 to spring 2014 and 2014 = sum-
mer 2013 to spring 2015).  
 

3. Results and discussion 

3.1 Sources of indirect N2O emissions 

3.1.1 Ammonia volatilization  

Ammonia volatilization of OSR fertilized with biogas digestate did not differ in both experimental 
periods, whether NI was used or not. Measured total NH3 emissions for both treatments were 45 
and 42 kg NH3-N ha-1 after fertilizer application in spring 2013 and spring 2014, respectively. They 
account for 25% (2013) and 21% (2014) of total NH4-N applied. Quakernack et al [4] found com-
parably high NH3-N losses related to applied NH4-N in wheat and maize after digestate applica-
tion. 
Compared to total N applied with digestates, relative NH3 losses of 16.2% and 14.6% occurred in 
the first and the second experimental period, respectively. This is somewhat lower than the IPCC 
default value of 20% [3]. Wolf et al [5] also measured no differences the in relative NH3 losses 
between digestate with or without NI addition (13.1% (+NI) and 13.7% (-NI) of total digestate-N 
applied via drag-hoses to maize). Our results agree with Wolf et al [5] that there is no effect of NI 
on NH3 emission.  
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3.1.2 N leaching 

To quantify N losses of both treatments via NO3
- leaching, a dynamic simulation model was used 

for both experimental periods. Each simulation run started at harvest of the preceding crop (bar-
ley) before OSR and ended before stem elongation of the following wheat. The simulation model 
consists of dynamic crop growth models for OSR and wheat describing the N uptake by the re-
spective crop. The crop growth models were able to reproduce measured N uptake (shown for 
OSR, figure 1). Mineralization of N was calculated by a 5 pool coupled C and N model. Input of 
organic matter (crop residues at harvest, senescent crop components of OSR and organic com-
ponent of biogas digestates) was distributed to the decomposable plant material (DPM) and the 
resistant plant material (RPM) pools. The turnover rate for soil organic matter (SOM) was estimat-
ed to fit measured SMN. The other turnover rates were taken from Hansen et al. [2]. Nitrification 
rate was assumed to be lower for the NI treatment. Nitrate movement in the soil profile was calcu-
lated by a dispersion convection model combined with a layered soil water model using the water 
content based solution of the Richards equation. Transport below the rooting zone of OSR 
(measured and simulated to be up to 1.8 m in the loamy soil at the experimental site) was consid-
ered as NO3

- leaching.  
 

 

 
 
The N uptake of OSR was about 190–200 kg N ha-1 in both periods and both treatments. Under 
our model assumptions the NI treatment caused a delay of mineralization resulting in higher SMN 
amounts at OSR harvest (about 60 kg N ha-1 compared to about 30 kg N ha-1 without NI in both 
periods). This led to higher N uptake of the following wheat in NI treatments. Simulated total min-
eralization amounted to 90-110 kg N ha-1 with slightly lower values in NI treatments. During the 
leaching period over winter SMN in the soil profile was generally low due to the N uptake of the 
crops in autumn (Except for NI treatment in 2013 where leaching was prevented by unusually low 
precipitation). As well the mineralized N from the preceding crop residues as from the crop resi-
dues of OSR was thus taken up. Fertilization events increased SMN temporarily which was taken 
up quickly by the growing OSR. 
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Figure 2: Model-Output of N balance approach for biogas digestate- fertilized OSR without NI in 2013. (CumNUptake =  
cumulated N uptake by OSR and wheat; NSupplyOrg = cumulated supply of N via organic matter; Sum SMN = 
time course of mineral N in soil profile (0-1.8 m); CumNLeach = Sum of leached NO3

2—N)  
  
In the first period, 10.5 kg NO3

--N ha-1 were leached in the treatment without NI (Fig.2) and 11.6 kg 
NO3

--N ha-1 were lost in the NI treatment. Approximately half of these losses were calculated for 
the second period (5.5 kg NO3

--N ha-1 and 5.5 kg NO3
--N ha-1, respectively). This equates to 

around 3% of total N input in 2013 and 1.5% in 2014, respectively, which is considerably lower 
than the IPCC default value of 30% [3]. ]. It could be an effect of year, because there were higher 
amounts of leached N measured in the past (not shown) There was no observable effect of NI 
usage to N leaching in both experimental periods. 

3.2. Indirect N2O emissions 

Indirect N2O emissions from NH3 volatilization were calculated to be 0.45 kg N ha-1 and 0.42 kg N 
ha-1 in 2013 and 2014, respectively. Indirect N2O emissions from NO3 

- leaching were calculated to 
be 0.08 kg N ha-1 and 0.04 kg N ha-1 in 2013 and 2014, respectively (Table 1).  
In both periods indirect N2O originating from NH3 volatilization was the main contribution to total 
indirect N2O emissions due to the low N loss via nitrate leaching resulting in low indirect N2O 
emissions from NO3

-. 
 
Table 1: Calculation of indirect N2O emissions for 2013 and 2014 with corresponding IPCC TIER 1 emission factors for 
indirect emissions from ammonia volatilisation (EF_NH3) and from nitrate leaching (EF_NO3

2-). 

Experimental period 2013 2014 

Treatment BD-NI BD+NI BD-NI BD+NI 

NH3 loss [kg N ha-1] 45.4 45.4 42.2 42.2 

NO3 
- leaching [kg N ha-1] 10.5 11.6 5.5 5.5 

EF_NH3 (%) 1.0 1.0 1.0 1.0 

Indirect N2O from NH3 [kg N ha-1] 0.45 0.45 0.42 0.42 

EF_NO3
- (%) 0.75 0.75 0.75 0.75 

Indirect N2O from NO3 
- [kg N ha-1] 0.08 0.09 0.04 0.04 

∑ indirect N2O [kg N ha-1] 0.53 0.54 0.46 0.46 
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For the periods when direct N2O emissions were measured (December 2012 to March 2014 and 
September 2013 to December 2014, respectively) indirect N2O emissions accounted for 26% to 
44% of total N2O emissions (Table 2). Direct N2O emissions were on a generally low level during 
the investigated periods. Also Wolf et al [5] found low direct N2O emissions after biogas digestate 
application with and without NI resulting in high proportions of indirect N2O emissions originating 
from NH3 volatilization. 
In 2014 NI prevented high N2O emissions after biogas digestate application which led to consider-
able differences in total direct emissions. 
 
Table 2: Relation of indirect emission of N2O to direct emission.   

Experimental period 12.2012-3.2014 9.2013-12.2014 

Treatment BD-NI BD+NI BD-NI BD+NI 

∑ direct N2O [kg N ha-1] 0.64 0.69 1.27 0.76 

∑ indirect N2O [kg N ha-1] 0.51 0.52 0.44 0.44 

Indirect N2O: % of total N2O 44 43 26 37 

4. Conclusion and outlook 

Fertilizing OSR with biogas digestate leads to relatively high amounts of indirect N2O emissions 
originating mainly from ammonia volatilization compared with measured direct N2O emissions 
regardless of the usage of NI. Nevertheless, the measured NH3 emissions were lower than the 
IPCC default value. 
 
Simulated nitrate leaching and indirect N2O emissions originating from this pathway were general-
ly low. This might be caused by high N uptake in autumn, deep rooting of OSR and low precipita-
tion over winter (2013). Due to low direct N2O emissions the proportion of indirect emissions 
(mainly from NH3 volatilization) of total N2O emissions was considerably high. 
 
To evaluate the found results further data from other sites and scenario simulations for different 
years should be analyzed.  
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1. Objectives  

EU Directive 1069/2009 requires manure to be sanitised before being sold on the market. Ap-
proved sanitisation plants use a drum composter to reach compost temperatures of 52°C for at 
least 13 hours. The objectives of this study were to: 
 
 Determine ammonia (NH3), nitrous oxide (N2O) and methane (CH4) release from drum com-

posting, including pre- and post-composting stages  
 Identify and evaluate measures to reduce gaseous emissions  
 Identify cost-effective methods for energy recovery.   

2. Methodology  

Measurements were made in two different composting plants, both using horse manure comple-
mented either with vegetable residues (10% of total mass) (Plant 1) or other animal manure (40% 
of total mass; solid phase of separated pig slurry and deep straw litter from beef cattle and sows) 
(Plant 2). The drum composter (QuantorXL®, ECSAB, Enköping, Sweden) consisted of a rotating 
drum, with manure transported in the axle direction with added aeration. In both plants, the ma-
nure was pre- and post-composted in batch heaps without turnings, duration given in Table 2. It 
was weighed, sampled and analysed at the start and end of the different composting steps and 
the compost temperature was measured continuously. The gases NH3, N2O and CH4 were meas-
ured from pre-compost, drum compost and post-compost.  
 Method 1: When the exhaust air was confined in pipes from the drum composter and from the 

pre-composting hall as in Plant 1, air flow and gas concentrations were measured on-line by a 
pressure-based flow meter (Micatrone MFS-SS) and two gas analysers: An ABB Bomem 
MB100 Fourier Transform Infrared spectrometer (FTIR) and a J.U.M. 3-900 heated FID (Flame 
Ionization Detector) equipped with a hydrocarbon cutter. The duration of each of these meas-
urements varied between 4 and 8 hours and the sampling period was one minute. Number of 
sampling occasions is given in Table 2. 

 Method 2: For batch composts (post-composts and pre-compost in Plant 2), a micro metrologi-
cal mass balance method [1], based on exposure of passive flux samplers placed on masts 
surrounding the heaps, was used for NH3 measurements. For CH4 and N2O, closed chamber 
techniques were applied repeatedly during composting [2] with six and five samplings for the 
post-composts on Plant 1 and 2, respectively and on Plant 2 the pre-compost were sampled 
twice. 
 

Measures for reducing gas emissions studied were: use of a prototype of a simple exchange 
heater/ammonia trap (type of air scrubber) and for, post-compost heaps, use of a plastic cover. 
The potential for heat recovery in the exhaust air was also determined, by calculations based on 
exhaust air temperature, air flow and relative humidity. Climate data for a normal year in the region 
were used for calculations. 

3. Results and discussion 

3.1 Composition of compost 

Compost properties during the three composting steps in Plants 1 and 2 are shown in Table 1. In 
both plants, the compost had about 32% dry matter (DM) content. The compost in Plant 2 had a 
higher N content than that in Plant 1, but about the same Total-C content, giving a lower C/N ratio 
in Plant 2. The greatest changes in concentration occurred during the post-composting period, 
which lasted much longer than the preceding pre-composting and drum composting steps.   
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Table 1: Properties of the manure in each stage of the composting process in Plants 1 and 2. 

Stage in compost plant 
DM content 

(%) 

Total-N  

(kg tonne-1) 

NH4-N  

(kg tonne-1) 

Total-C  

(kg tonne-1) 
C/N 

Plant 1 

IN pre-composter (17/18 March) 31.1 4.1 0.8 142 35 

OUT pre-compost/ 
IN drum composter (19-21 March) 32.3 4.3 0.9 141 33 

OUT drum composter/ 
IN post-composter (24 March) 33.1 3.7 0.9 135 37 

OUT post-composter (4 July) 38.8 5.8 0.3 119 21 

Plant 2 

IN pre-composter (10 September) 32.6 6.3 1.3 141 22 

IN drum composter (17 September) 31.2 7.0 1.7 133 19 

OUT drum  composter = 
IN post-composter (18 September) 33.1 6.5 1.2 122 19 

OUT post-composter (2 December) 26.0 6.9 0.1 105 15 

 

 

3.2 Gas emissions 

In general, emissions of CH4-C, N2O-N and NH3-N were limited and rather low compared with 
literature [3] or default values. The main greenhouse gas (GHG) was CH4 originating from the 
compost piles (Table 2). In Plant 1, pre-compost was the dominant source, while in Plant 2 the 
main CH4-C release originated from post-compost.  
In Plant 1, the pre-compost heaps were piled indoors, while in Plant 2 they were stored outdoors. 
This may have limited the oxygen present in Plant 1, stimulating more anaerobic conditions and 
CH4 emissions. Otherwise, higher temperature and longer retention time for the pre-compost in 
Plant 2 compared with Plant 1 could have be the reason for the opposite result.  
In both plants, most N2O was produced during post-composting, which was the longest period 
(Table 2). A plastic cover reduced N2O emissions efficiently and also CH4 emissions, as reported 
previously [3]. In total, a plastic cover reduced the global warming potential (GWP100) by about 
33% for the post-composting step and overall by 27% for all three composting steps.    
GHG release from the drum compost contributed a very small part of the total, amounting to about 
1.3-4.5% of the total impact in CO2e. As a consequence, implementation of measures to reduce 
GHG emissions from the drum compost was not considered meaningful. 
Total NH3 emissions in Plant 1 from the three composting steps comprised ~3% of Total-N in sub-
strate, which is low compared with 11% of total-N from frequently turned compost of horse manure 
with straw (Swedish data, not shown). Post-composting gave the highest NH3 emissions in Plant 1 
(1.4-2.2% of total N), while in Plant 2, with a higher content N in compost, losses from pre-
compost were highest. In total for the three steps, NH3-N losses in Plant 2 were about 5% of total-
N. Losses from the drum composter in Plant 1 were only 0.3-0.6% of total-N, corresponding to 
~290 kg N per year.  
A simple combined NH3 trap and heat exchanger reduced NH3 release by about 17 and 35% of 
the NH3 discharged from the drum composters in Plants 1 and 2, respectively.   
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Table 2: Emissions of methane (CH4-C), nitrous oxide (N2O-N) and ammonia (NH3-N), expressed in g tonne-1 compost 
and as global warming potential (GWP100) in CO2e per tonne manure from the three individual compost steps. 
Step duration, mean temperature in manure and volume weight of compost heaps (start-end of period; per com-
post/measurement) are also shown.  

  Emissions (g tonne-1) CO2e Mean temperature Volume 
weight 

Compost stepa Duration CH4-C N2O-N
b
 NH3-N (kg tonne-1) (°C) (tonnes m-3) 

   Plant 1 

Pre-compost 
(n=2) 0.5 week 1087.1 0.28 20.9 36.4 37.3/43.5 0.47 

Drum compost 
(n=3) About 26 h 18.77 0.02 23.52 0.6 58.4/58.3/60.0 -c 

Post-compost, 
no cover (n=2) 3 months 104.9 9.6 66.1 8.3 49/53 

0.72-0.75/ 
0.68-0.61  

Sumc  1210.8 9.9 110.5 45.3   

Plant 2 

Pre-compost 
(n=1) 1 week 32.6 1.16 155.6 2.4 50.5 0.43-0.46 

Drum compost 
(n=4) About 50 h 0.12 0 13.1 0.8 61.0/59.7/60.2/61.4 - c 

Post-compost, 
no cover (n=1) 2 months 536.7 6.36 67.2 21.2 50.3 0.55-0.78 

Post-compost, 
plastic cover 

(n=1) 2 months 425.0 0.16 -d 14.6 46.9 0.55-0.79 

Sumc, no cover  569.4 7.5 235.9 24.4   

Sumc, plastic 
cover  536.7 6.4 67.2 21.2   

a 
n= number of measurement occasions (pre-compost at Plant 1 and drum composts, both plants) or number of compost 

heaps  
b 

Indirect N2O from NH3 not included 
c Weight losses in each step not taken into account

 

d Not measured, presumably low 

 

3.3 Economic analysis of investment for heat recovery 

Potential energy in exhaust air for use by the heat exchanger was ~54 MWh per year, correspond-
ing to the energy requirement for heating two detached houses in the region.  
Depending on present fuel in use, investment in a heat exchanger in the exhaust air flow gave 
very different payback times (Table 3). When wood chips were used there was little incentive to 
invest in heat recovery. For oil with no subsidisation, the payback time was 3 years, which is rea-
sonable with a technical life time of 15-20 years. 
 
Table 3: Pay-back time for investment in a heat exchanger of the type studied here, based on 42 MWh being substituted 
by investing in this equipment. The investment cost is based on information from manufacturers of relevant products.   

Present fuel 
Cost for fuel (Euro 

MWh-1) 

Investment cost 
(Euro) 

 

Payback time 
(years) 

Oil 147a 16,000 3 

Oil,  subsidised 63b 16,000 6 

Wood chips 20 16,000 19 
a 

Corresponds to a price of 1.5 Euro  L-1 (prices from the Swedish market)  
b
 Corresponds to a price of 0.7 Euro L-1 (prices from the Swedish market) 

 

 

 

 



TC Advance in emission prevention (reviewed)  Oral 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

325 

 

 

4. Conclusion and outlook  

In total, GHG and NH3 emissions from the three composting steps were moderate, with the drum 
composter releasing a very small fraction of the total loss. The largest impact on global warming 
was from CH4 emitted from the batch composts, which was highest from the pre-compost (Plant 1) 
or post-compost (Plant 2), and direct N2O-emissions from post-compost. Covering the post-
compost with plastic reduced most of the N2O emissions and also reduced CH4 emissions by one 
third. 
It was possible to trap up to 35% of the NH3 in exhaust air from the drum composter in a simple 
prototype combining an NH3-trap and heat exchanger. The climate impact could be reduced main-
ly by replacing heat from fossil fuel with heat exchanged from exhaust air from the drum compost-
er. The payback time on investment in heat recovery was 19 years when replacing wood chips as 
fuel, but only three years when replacing fossil oil (no tax subsidy included). Low temperature in 
the exhaust air from the drum composter made it more suitable for heating buildings close to the 
plant, which in most cases excludes dwelling-houses. 
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1. Objective 

This paper reports results of research to determine carbon and nitrogen losses from storage of a 
digestate and its separated fractions, as well as to identify the effect of disturbance actions on 
gaseous emissions from the materials. This information is needed to improve the precision of 
emission inventories, which usually are based on standard methodology with default emission 
factors, and are not country-specific. Furthermore emission inventories consider only the origin of 
organic wastes, and not the treatment effects applied to them.  
 

2. Methodology 

Digested slurry (digestate) was collected from a biogas plant (250 kW) located on a commercial 
dairy farm (Lodi Vecchio, Italy). The anaerobically co-digested (UN) slurry (90% cattle slurry, 10% 
corn silage) was subjected to mechanical separation with roller presses that generated a liquid 
(LF) and solid fraction (SF).  
Eight cylindrical tanks were filled with liquid slurries (UN and LF) (operative volume: 0.8 m3), while 
four square containers were filled with 250 kg SF each. Each type of material was investigated 
under disturbed (D) and undisturbed treatments (ND) in duplicate (total of 12 containers). For the 
D treatment, UN and LF were thoroughly stirred with a mixer for about 6 min, once a week to sim-
ulate the filling and emptying processes typical in full-scale storage. SF samples were mixed 
manually. The experiment was conducted from 8th of May to 31st of July 2014 (90 days). ND sam-
ples were untouched once containers were filled.  
Gaseous emissions were measured once every 2 weeks using a dynamic chamber method con-
sisting of funnel systems [1] placed on the surface of samples. This system was comprised of a 
PVC funnel covering 0.071 m2 of surface area, fixed on four PVC spherical floats. Airflow through 
the funnel system was approximately 9 L min-1. NH3 was captured using acid traps and, green-
house gas (GHG) including carbon dioxide (CO2) concentrations were measured using a photoa-
coustic gas analyser as in [2].  
To evaluate the emissions of GHG in terms of CO2 equivalents, conversion factors of 298 and 25 
for a 100-year time horizon were used for nitrous oxide (N2O) and methane (CH4), respectively [3]. 
Emissions from separated fractions (LF and SF) were mathematically combined (TR) to compare 
the emissions from UN and TR digestate. The combined fluxes (FTR) were calculated using equa-
tion 1: 
 

   F  =  X ∗ FLF  +  X ∗ F F                Eq.1 
 

in which FLF and FSF are the fluxes for the liquid and solid fractions, respectively, and X1 and X2 
are the mass separation efficiencies for liquid (88 %) and solids(12 %), respectively. 
The emission factors were compared with those indicated by the IPCC [4]. In particular, for CH4 
and N2O, emission factors were calculated using Tier 2 and Tier 1 methods, respectively. Statisti-
cal analysis was performed using SAS Software for Windows (SAS version 9.4, SAS Institute Inc., 
Cary, NC). Fluxes (NH3, CO2, N2O and CH4) were compared between treatments. The data were 
not normally distributed within equal variance (Kolmogorov–Smirnov and Shapiro–Wilk tests, α = 
0.05). Accordingly, Wilcoxon Signed Ranks non-parametric analysis was carried out to determine 
significant differences for treatment (UN vs. TR). P values less than 0.05 were considered to be 
statistically significant in all tests (**P < 0.05; *** P < 0.01). 
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3. Results and discussion 

The period considered was on average characterized by the following temperature, wind speed 
and relative humidity: 22 ± 5.3 °C, 0.37 ± 0.42 m s-1 and 72.6 ± 20%, respectively. The total 
amount of rain during the experiment was 285 mm, approximately 50 mm above the long term 
average.  

3.1 Ammonia and nitrous oxide emissions 

Figure 1 shows the NH3 and N2O emissions. As in other studies [5, 6] the SF samples showed 
remarkable NH3 fluxes only at the beginning of the storage period, with peaks in excess of 200 mg 
m-2 h-1. This can be related to the physical condition of the heaps and to the climatic conditions 
during sampling. Both very abundant precipitation and very dry conditions in the heap are unfa-
vourable for NH3 emissions. On average, NH3 fluxes from UN and LF samples were 60 and 51 mg 
m-2 h-1, respectively, and the differences were more marked after mixing. Disturbance enhanced 
NH3 emission. Among samples that were mixed, UN emitted more NH3 than TR. When a sample 
is open to atmospheric exchange, the sample’s N content is one of the most important factors 
driving NH3 emission [6].  
Remarkable fluxes of N2O were observed from both ND (SF_ND) and D (SF_D) SF samples, with 
peaks during the 14th day of storage (SF_ND: 16.91 ± 9.73 mg m-2 h-1; SF_D: 11.1 ± 0.14 mg m-2 

h-1). Fluxes from the SF were expected to be relatively high because favourable (aerobic) condi-
tions for N2O production existed inside the heaps [5]. In contrast LF and UN remained mainly an-
aerobic; thus nitrification processes were practically absent [2]. However some N2O fluxes were 
observed from the ND digestate samples (UN_ND); these emissions may be explained by the 
presence of a superficial crust that formed during storage. Recent studies have shown an in-
creased dry matter content of organic slurries may promote N2O emissions; in particular, stored 
slurry with a natural crust may be a source of N2O emissions [7]. UN digestates developed a 
thicker and drier crust than did the LF, providing a better aerobic-anaerobic interface that en-
hanced N2O generation [7]. 

3.2 Methane and carbon dioxide emissions 

Average CH4 emissions were 70.7, 38.6, 4.5 mg m-2 h-1 for UN, LF and SF samples, respectively 
(Figure 2). Solid-fraction samples always showed negligible CH4 fluxes, presumably because of 
restricted oxygen, temperature and heap compaction. In other studies stores of solid manures 
have been shown to be a source of CH4 emissions [2] but, in our study, it was not very evident. 
CH4 emissions from the liquid samples varied with volatile solids (VS) content, thus digestate 
samples (highest VS) showed the highest fluxes. Furthermore from Figure 2 it can be seen that 
CH4 emissions followed trends in temperature (except for day 56). The CH4 peak emission (224 
mg m-2 h-1) occurred on the day of the highest temperature.  
 

 

Figure 1: Net fluxes of NH3 and N2O (mg m-2 h-1) from digestate (UN) and its liquid (LF) and solid (SF) fractions in undis-
turbed (ND) and disturbed (D) storage conditions. Errors bars represent standard deviation. The red points 
described the mean temperature recorded during the sampling day. 
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Figure 2 also shows that CO2 emissions during storage were characterized by a high variability 
without clear trends. Average CO2 fluxes were 635.6, 541.2, 787.25 mg m-2 h-1 for UN, LF, and 
SF samples, respectively. CO2 was the predominant carbon emission (Table 1), accounting for 
about 80% of the total. CO2 emissions show a probable relation with carbon content as samples 
characterized by higher total solids (TS) and VS contents had the higher CO2 emissions. Mixing 
increased CO2 fluxes.  

Figure 2: Net emission fluxes of CH4 and CO2 (mg m-2h-1) measured from digestate (UN) and its liquid (LF) and solid 
(SF) fractions in undisturbed (ND) and disturbed (D) storage conditions. Errors bars represent standard devia-
tion. The red points represent the mean temperature recorded during the sampling day. 

3.3 Effect of mechanical separation, disturbance and season 

While C losses mainly occurred as CO2 release, and to a lesser extent as CH4, N losses occurred 
almost entirely (more than 99.5%) as NH3 (Table 1). Mechanical separation had no significant 
effect on NH3 emission, probably because a crust developed on both digestate (UN) and its LF. 
Thus, differences in NH3 emission that were expected due to different chemical characteristics of 
samples were not expressed. In contrast, mechanical separation resulted in significantly lower 
CH4 (40%) and CO2eq emissions. LF was the greater contributor (75%) to CO2eq emission. Warm 
temperatures during storage stimulated methanogenic bacteria which, within UN digestate, found 
a better environment because of the major amount of easily degradable organic matter. Concern-
ing CO2 emissions mechanical separation had a significant effect. Emissions from D and ND sep-
arated fractions were 50% and 30% higher than that from the respective unseparated digestates, 
due to the solid fraction rich in carbon and characterized by high CO2 emissions.  
 
Table 1: Flux increments and reductions due to mechanical separation and disturbance.  

 
Untreated (UN) Separated (TR) Coefficient of variation due to mech. sep. (%) 

Coefficient of 

variation due to 

disturbance (%) 

 D ND D ND D ND UN TR 

N-NH3, 

(g t-1 d-1) 

2.14 

(0.11) 

1.08 

(0.17) 

1.86 

(0.12) 
1.4 (0.5) -13.1 29.3 97.7*** 32.8* 

N2O, 

(g t-1 d-1) 

0.02 

(0.01) 

0.05 

(0.02) 

0.05 

(0.37) 

0.05 

(0.01) 
457*** 6.6* -82.1** -7.4 

CH4, 

(g t-1 d-1) 

2.45 

(1.16) 

3.27 

(0.71) 

1.47 

(0.06) 

1.85 

(0.1) 
-39.9*** -43.4* -25* -20.4** 

CO2 

(g t-1 d-1) 

21.0 

(3.4) 

18.4 

(1.2) 

31.7 

(1.2) 

23.9 

(0.1) 
50.5*** 30.1*** 14.6 32.6*** 

CO2 eq 

(g t-1 d-1) 
64 (31) 97 (23) 52 (2) 63 (10) -19.0*** -33.9 -35.4*** -17.1** 

* Mean difference with P < 0.10; ** Mean significant difference with P < 0.05; *** Mean significant difference with P < 

0.01. D (disturbed); ND (undisturbed); UN (unseparated digestate); TR (mathematically combined separated fractions). 

Standard deviations are given in brackets. 
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Disturbance affected all gaseous emissions that were examined, but in particular NH3 emissions. 
The development of a crust on both UN digestate and its LF effectively reduced the NH3 emis-
sions from ND samples. The average NH3 emission from D digestate (UN) was 2.14 g t-1 d-1 while 
the combined emission (TR) was 1.86 g t-1 d-1. NH3 emissions from undisturbed samples (UN_ND 
and TR_ND) were 50% and 25% lower, respectively. Disturbance had a significant effect on N2O 
emissions only in the case of digestate; N2O emissions from UN_D were 82 % lower than those 
from UN_ND. This result highlights the importance of the condition of the superficial layer on 
stores of organic materials in either favouring or retarding N2O production. CH4 emissions from 
ND samples were always higher than from D samples (Table 1); the crust that formed is believed 
to have enhanced methanogenic activity and acted as sink of CH4 [6]. On a CO2eq basis disturb-
ance provided a significant reduction in emissions of GHG from both UN (P < 0.05) and TR sam-
ples (P < 0.01). 
The IPCC [4] gives default N2O emission factors, expressed in kg N2O- N per kg N excreted, for 
liquid/slurry systems of: 0 for storages without crust formation; 0.005 for storages with crust for-
mation; 0 for anaerobic digesters and 0.005 for storage of solids.. Except for those from solid frac-
tions, our results are in general accordance with the default IPCC emission factors. SF samples 
had emission factors between 0.02 - 0.03 kg N2O- N per kg N and were more similar to the IPCC 
default emission factors for composting-passive windrow (0.01 kg N2O- N per kg N excreted) [4]. 
Emissions from the SFs suggested a probable establishment of composting processes within the 
heaps. The CH4 default emission factor calculated using the Tier 2 method of IPCC (based on the 
VS content of the digestate used in the present study) is 4.66 g t-1 d-1, a value 43% higher than the 
emission factor observed from undisturbed digestate. This is most likely because anaerobic diges-
tion has already used the more easily degradable part of organic matter.  

4. Conclusions and outlook 

The methodology used in this study allowed a comparative analysis of gaseous emissions from 
co-digested cattle slurry under field conditions. On average 99.5% of nitrogen emissions were in 
the form of NH3 and 80% of carbon emissions were in form of CO2.  

Mechanical separation of digestate had an overall positive effect in reducing GHG emissions. In 
summer conditions, the increase in NH3 emission after mixing of material probably is limited in 
time because the crust tends to reform very quickly after disturbance. Furthermore, periodic dis-
turbance of digestate (or its separated fraction) was shown to be an effective way to reduce GHG 
emissions, which are very influenced by the state of the superficial layer and in particular by the 
presence of a crust. However to confirm these findings, studies that continuously monitor emis-
sions during the storage period are necessary. Nevertheless, our results underline the importance 
of adopting mitigation techniques to control gaseous emissions from organic materials, especially 
during the warm season when the major part of emissions are expected. In particular considering 
the separated fractions of digestate, the liquid fraction (stored without disturbance) was responsi-
ble for 95% and 75% of NH3 and CO2eq emissions (i.e., 70 - 80% CH4), respectively. This means 
that if mitigation techniques have to be adopted these should be directed especially to the storage 
of the liquid fraction.  
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1. Objectives  

Slurry stores are potential sources of odor and atmospheric pollutants, namely ammonia (NH3) 
and greenhouse gases (GHG). Covering slurry storage tanks is one of the possible solutions for 
the reduction of such emissions. The objective of the research was to investigate the potential of 
four different floating covering systems (100 mm Leca® balls layer, Hexa Cover Tiles®, Floating 
Joint Elements and a Membrane for biogas recovery) to reduce NH3 and GHG (nitrous oxide, 
N2O; methane, CH4) emissions during storage of pig slurry.  

2. Methodology  

Three trials (Table 1) were carried out at a pig-fattening farm in Cuneo, Piemonte (Italy).  

Table 1: Experimental layout.  

Trial (n) Tested covering systems Environmental condi- Trial duration (days) 

1 

100 mm Leca® balls layer 

Hexa Cover Tile® 

Floating Joint Elements (Ecomem-
brane®) 

spring–summer 180 

2 Membrane for biogas recovery 
(Ecomembrane®) spring–summer 90 

3 Membrane for biogas recovery 
(Ecomembrane®) winter 90 

 
Each trial was performed using a 250m3 pilot scale storage tank (9.0m in diameter) filled with 
220m3 of fresh pig slurry. In trial 1 the slurry surface was divided into four identical sectors (ca. 16 
m2 surface each) with the help of a plastic sheet. Three sectors of slurry surface were covered by 
the tested covering systems, whereas the remaining (fourth) sector of the storage tank was left 
uncovered (control). In trial 2 and trial 3 the slurry surface was divided into two halves; one half 
was covered with the system for biogas recovery, while the other half (control) was left uncovered. 
During the trials, NH3 and GHG emissions were measured simultaneously, from each sector of the 
storage tank, three times a week, with three replicates, by means of a set of Funnel systems [1]. 
The biogas collected by the membrane system for biogas recovery was continuously recorded by 
a gas meter (SamGas, mod. G2.5). Methane and CO2 biogas concentrations were measured and 
recorded weekly by means of a portable gas analyzer (Draeger X-AM 7000). Recorded data were 
normalized to normal litres (LN) (dry gas, T= 0 °C, P= 1013 hPa) according to [2]. At the beginning 
of each trial, samples of manure were collected for total solids (TS), volatile solids (VS), total ni-
trogen (TN), total ammonium nitrogen (TAN), and pH analysis, according to standard procedures 
[3]. Along the trials, the environmental and slurry temperatures were continuously recorded by 
means of data loggers (Hobo Onset). At the end of the experiment, operative and economic eval-
uations were carried out, based on the behavior of the covering materials along the trial period. 
Specifically, a cost-benefit analysis of the four tested covering systems has been carried out ac-
cording to the parameters reported in Table 2 and to a case study finishing pig farm (2000 heads, 
producing approximately 6650m3 slurry per year and a required storage time of 180 days).  
 
Table 2: Capital cost and estimated life of the tested floating covering systems (data provided by supplying company).  

 
100 mm Leca® 

balls layer 
Hexa Cover 

Tiles® 
Floating Joint 

Elements 

Membrane for 
biogas  

recovery 

Capital Cost (€/m2) 9.50 37.5 32.0 60.0 

Estimated life (years) 10 25 10 10 
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3. Results and discussion 

The main chemical characteristics of the slurry samples collected at the beginning of each of the 
three trials are listed in Table 3.  

Table 3: Main chemical characteristics of the slurry at the beginning of the Experiments.  

Trial (n) pH TS (%) VS (%) TN (%) TAN (%) 

1 7.4 4.29 2.95 0.30 0.24 

2 7.4 4.0 2.60 0.31 0.27 

3 7.2 3.8 2.40 0.35 0.28 

TS-total solids; VS-volatile solids; TN-total nitrogen; TAN-total ammonium nitrogen 

In agreement with other studies [1, 4], emissions of all investigated gases were positively correlat-
ed (p<0.05) with environmental and slurry temperature (Table 4). Specifically, average NH3, N2O 
and CH4 fluxes from uncovered slurry surface resulted, respectively, up to 5, 4 and 3 times higher 
in summer than winter conditions.  

Table 4: Average ammonia and GHG emissions from uncovered slurry and total biogas yields recorded during the trials.  

Trial condi-
tions 

Average slurry 
temperature 

(°C) 

Average emissions 

(g m-2 day-1) 

Biogas 
yield 

(lN kgVS-1) 

Methane 
yield 

(lN kgVS-1) NH3 N2O CH4 

Spring-

summer 
22.8  

(12.4-27.1) 

0.95  

(0.69-2.61) 

0.03  

(0.00-0.06) 

32.2  

(1.32-156) 

181 125 

Winter 5.73  

(3.37-9.76) 

0.19  

(0.07-0.36) 

<0.01  

(0.00-<0.01) 

12.3  

(0.63-54.6) 

69.0 47.0 

TS-total solids; VS-volatile solids; TN-total nitrogen; TAN-total ammonium nitrogen 

Biogas yield recorded from the slurry surface covered by the membrane for biogas recovery also 
varied seasonally, with the least yields occurring in winter (Table 4). On average, during the trials, 
approximately 4.7 m3

N of biogas was collected daily from the covered slurry surface (ca. 32 m2), 
which corresponds to a daily production of 0.147 m3

N biogas m-2 and approximately 0.04 m3
N bio-

gas m-3 of slurry stored into the tank. The average methane concentration of the biogas was 
63.5% (range 61.5%-66.1%). Total methane yield ranged from 125 (spring-summer conditions, 
Trial 2) and 47 (winter conditions, Trial 3) lN kgVS-1 (Table 4), values that agreed well with those 
reported by [5] from different farm scale pig slurry storage facility in Denmark over a 1 year 
timeframe. However, the average methane yield recorded during the trials was much lower than 
the potential yield value of 200 lN kgVS-1 of stored pig slurry reported by [6]. All the covering sys-
tems showed to be effective in reducing ammonia emission (Figure 1).  

 
Figure 1:  Percentage reduction in total ammonia and GHG emissions compared with uncovered slurry (control).
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Compared to the control (uncovered slurry), the Hexa Covers Tiles® and Leca® balls showed ap-
proximately a 80% reduction, whereas the 99% of ammonia losses were abated by using the 
Floating Joint Elements. No ammonia nor greenhouse emission were recorded from the slurry 
surface covered by the membrane for biogas recovery. Nevertheless, the other floating covering 
materials were less effective on GHG abatement. In particular, Hexa Covers Tiles®, Leca® balls 
and Joint Elements significantly (p<0.05) reduced CH4 emissions by 25%, 38% and 23%, respec-
tively. By the floating joint elements N2O emissions were virtually zero. Hexa Covers Tiles® and 
Leca® balls did not significantly influence NO2 emission. However, from the slurry surface covered 
by the latter materials +7% and +8% NO2 emission compared to the control (uncovered slurry) 
were recorded respectively. Berg et al. [7], concluded that permeable cover materials (such as 
Leca® balls) over the slurry surface may create favorable conditions (e.g., mosaic of anaerobic 
and aerobic micro-sites over the slurry surface) for N2O production. 
In Table 6 the cost-benefit analysis of the four tested covering systems is presented. Calculation 
are based on data presented in Table 2, Table 4 (e.g., average methane yields) and Figure 1 
(e.g., percentage reduction in total ammonia emissions) and the livestock farm scenario described 
above. Findings from cost-benefit analysis showed that all the investigated covering systems were 
economically sustainable but the Floating Joint Elements. Indeed, for the latter covering system a 
benefit-cost ratio (B/C) lower than 1 and a negative net present value (NPV) was calculated (Table 
6), mainly due to the high specific capital costs (Table 1). The Membrane for biogas recovery re-
sulted the best cost effective option, resulting in a B/C ratio of 3.4 and approximately 78000 € in 
net benefits.  

Table 6: Cost-benefit analysis of the four tested covering systems. 

Covering systems NPV (€) B/C 

100 mm Leca® balls layer 3414 1.7 

Hexa Cover Tile® -8927 0,6 

Floating Joint Elements (Ecomembrane®) 4167 1.3 

Membrane for biogas recovery (Ecomembrane®) 77574 3.4 

NPV-net present value; B-benefits (economic value [0.72€ kg-1] of avoided nitrogen ammonia emissions; economic value 
[0.70€ m-3] of methane potentially recoverable by the Membrane for biogas recovery); C-costs (annual budget allocation for 
replacement of the covering systems) 

4. Conclusion and outlook  

Experimental results confirm that covers can be an effective method for mitigating ammonia and 
GHG emissions from slurry storage. Considering the gaseous losses abatement efficiency, in-
vestment costs and handling easiness, the slurry tank covered with the membrane for biogas re-
covery resulted to be the most suitable system. Besides the environmental benefits, it also ena-
bles the energetic valorization of the recovered methane, thus increasing the economic sustaina-
bility of this solution (e.g., payback time shorter than 4 years according to specific costs and bene-
fit items considered in the study). All the covering systems showed to be persistent over time, thus 
suggesting the possibility to re-use them several times. However, the permeable cover materials 
(Leca® balls layer, Hexa Cover Tiles®) showed to lose their effectiveness in some circumstances 
(e.g., when a natural surface crust formed on the slurry). Neither of the tested options allows for 
vigorous agitation.  
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1. Objectives 

Emission of various gases from livestock production facilities and manure application has adverse 
impacts on the environment on several levels [1]: Greenhouse gases released from agriculture 
play a key role in global warming. Ammonia (NH3) emissions contribute to eutrophication of the 
aquatic environment, to the greenhouse effect through formation of nitrous oxide and to formation 
of harmful particulate matter through gas-particle conversion in the atmosphere. Volatile organic 
compounds (VOC) contribute to tropospheric ozone formation and certain VOC contribute to odor 
nuisance associated with intensive livestock production and manure application. Furthermore, 
inorganic and organic sulfur-containing compounds contribute to odor nuisance and to formation 
of particulate matter following atmospheric oxidation to sulfate.  
Abatement of gaseous emissions from manure slurry requires knowledge about factors influenc-
ing the release of ammonia (NH3), greenhouse gases, VOC and sulfur compounds on a detailed 
level. Surface pH plays a crucial role for the release of many compounds that are either basic (e.g. 
NH3) or acidic (e.g. H2S or acetic acid) and has been suggested to be different from bulk pH [1], 
although measurements with high spatial resolution in real manure slurry has not been reported. 
In addition, chemical or microbial surface oxidation by oxygen penetrating few µm to mm into the 
slurry surface [2] may reduce emissions of compounds that are easily oxidized.  
In this work, a unique combination of pH micro-sensors and online mass spectrometry has been 
used for the first time to investigate these processes. Furthermore, the effects of slurry stirring and 
headspace oxygen content on surface pH and on emissions are reported. 

2. Methodology 

The experiments were performed in a 2 liter reactor containing 1 liter of finisher pig manure slurry. 
Headspace was continuously flushed with air at a rate of 2 L/min. Slurry mixing was induced by 
mechanical mixing using a top mounted motor driving a two blade axial impeller. A schematic of 
the setup is presented in Figure 1. 
A pH micro-sensor positioned in a micro-manipulator was used to carry out measurements of pH 
gradient in increments of 250 µm in the top 0-100 mm of slurry. A 0.5 mm wide pH microelectrode 
(pH-500, sensitive pH glass 400 – 800 µm; Unisense, Aarhus, Denmark) equipped to external 
reference electrode (Ag/AgCl, Radiometer analytical, France) and connected to a 4-channel mi-
crosensor amplifier (microsensor multimeter, Unisence, Aarhus, Denmark) were used to meas-
ured slurry surface pH profiles. Because of placement in a micromanipulator (MM33, Unisence, 
Aarhus, Denmark) the microelectrode could be positioned in three dimensions with a precision of 
100 µm in the x and y-plane. The micromanipulator motorized in the z-plane improved the ma-
nipulator precision to 0.50 µm and made it possible to make automatic profiling. The microelec-
trode could move freely (z-plane) through a channel in the cylinder lid, while the pH reference 
electrode was fixed in the cylinder lid. Profiles measuring were programmed to measure the top 0 
– 100 mm in increments of 0.25 mm. A total of 59 – 86 pH profiles were measured during the ex-
perimental trials. 
The bulk slurry pH was measured with a pH electrode (VWR pH 100, combination pH/reference 
electrode, VWR International, USA) inserted through a port in the cylinder wall, though which bulk 
measurements were done at a fixed depth of 140 mm. 
Emissions were measured by proton-transfer-reaction mass spectrometry (PTR-MS) supplement-
ed by photo-acoustic detection. The concentration of volatile compounds in the outlet from the 
cylinder headspace was measured with both PTR-MS and photo icoustic Infrared spectrometer 
(PAS). PAS was used as a supplement to the PTR-MS and made it possible to detect CO2, N2O 
and CH4, which cannot be detected by PTR-MS due to their low proton affinities. 
The PTR-MS (Ionicon Analytik, Innsbruck, Austria) was operated under standard conditions for 
drift tubes with a total voltage of 600 V, a pressure of 2.1 to 2.2 mbar and a temperature of 60 °C, 
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giving an energy-to-density ratio (E/N) of 135 Td. Calibration was carried out as described by Feil-
berg et al. [4]. Measurements were carried out on cylinder headspace air diluted (1:4) with a zero 
air gas standard. The PAS system includes a 1312 photo-acoustic multi-gas analyzer (Innova Air 
Tech Instruments A/S, Denmark). The PAS shifted between measurements of cylinder headspace 
and background air, it measured in each location for 5 minutes making the total cycle time 10 
minutes long. 
Measurements were done under stagnant liquid conditions as well as under slurry stirring. The 
effect of surface oxidation was investigated by exchanging air with N2 in the headspace. 
 

 
Figure 1: Schematics of the test setup (not to scale). 1 = motor driven manipulator, 2 = 0.5 mm pH sensor, 3 = reference pH 
…………sensor, 4 = bulk pH electrode, FM = flow meter, P = pump, CF = charcoal filter, PAS = photo acoustic infrared 
…………spectrometer, PTR-MS = proton transfer-reaction-mass spectrometer. PAS and PTR-MS have internal pumps. 
…………The pH reference sensor and bulk pH electrode was fixed to the reactor, whereas the pH sensor was free to be 
…………moved by the manipulator. 
 

3. Results and discussion 

3.1 Slurry stirring and storage. 

A strong pH gradient was observed to develop within few hours of slurry storage. The gradient 
reached a level of ~1 pH unit (~6.8 to ~7.8) over a depth of less than 10 mm and as expected [1] 
pH was higher near the surface, which is ascribed to differential release rate of CO2 and NH3. 
During stirring of the manure, surface pH approaches bulk pH and becomes more acidic. These 
results are in excellent agreement with recent data based on an aqueous solution of ammonium 
bicarbonate in which similar processes take place. The reduction in surface pH is accompanied 
with reduced emission of NH3 and increased emissions of acidic components (H2S, CO2 and car-
boxylic acids). Selected results are presented in Figure 2. A more complete breakdown of the 
surface pH gradient was observed in an additional experiment in which the slurry was flushed by 
N2 (data not shown). This flushing results in a more complete mixing of the slurry. However, emis-
sions of H2S and CO2 were increased far beyond what can be explained by decreased surface 
pH, which is ascribed to reduced liquid-side resistance to the flux during stirring in the case of 
relatively poorly soluble compounds. The same was observed for emission of methane and for 
methanethiol (both poorly water soluble), which should not be affected by pH at the range ob-
served here (pKa of methanethiol is 10.3). 
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Figure 2: Changes in headspace concentrations of NH3 and H2S during slurry disturbance, which takes place between the 

vertical lines.  

3.2. Surface oxidation. 

The presence of oxygen in the headspace strongly reduced emissions of H2S and methanethiol 
compared to anoxic conditions as seen in Figure 3 and 4. This is a clear demonstration of surface 
oxidation of these compounds even if O2 only penetrates little into the slurry surface [2]. NO other 
compounds were affected by the headspace oxygen content. 

 
Figure 3: The headspace concentration of hydrogen sulfide (H2S) (ppm) during the experiment. White background  

represents concentration in normal ambient air, the grey areas represent times where the headspace was  
flushed with N2 and hence the system was completely anaerobic. 
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Figure 4:  The headspace concentration of methanethiol (MT) (ppb) during the experiment. White background represents 

concentration in normal ambient air, the grey areas represent times where the headspace was flushed with N2 

 and hence the system was completely anaerobic. 

 
Surface pH was also not affected by exchanging the headspace composition between air and 
nitrogen (Figure 5). Hence, any effects of pH on changes in emissions observed during head-
space exchange can be ruled out. 

 
Figure 5: Changes in slurry surface pH measured at a depth of 250 mm during the experiment. White background  

represents concentration in normal ambient air, the grey areas represent times where the headspace  
was flushed with N2 and hence the system was completely anaerobic. 

4. Conclusion  

The compound flux from the surface of manure slurry is affected by the pH gradient in the upper 
mm, including the effect of stirring on this gradient. Stirring leads to reduced surface pH and lower 
emissions of NH3. Surface oxidation of H2S and methanethiol is evidenced by strongly increased 
flux in the absence of oxygen in the headspace. 
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1. Objectives 

Ammonia emissions from manure can be decreased by 70% through lowering the pH to 5.5 with 
sulfuric acid in-house [1]. However, it is prohibited for organic farmers, may cause inhibition in 
biogas plants and an excessive soil-S, and handling is hazardous. An alternative is in-situ produc-
tion of lactic acid [2] and acetic acid through lactic acid fermentation or acetogenesis. However, 
the quantities of bacterial and substrate supplement must be assessed, which requires clarifica-
tion of the treatment metabolism. Hence, the focus of this study was to answer three questions: 
 
 Does bio-acidification work? 
 How does it work? 
 How should it be performed? 

2. Methodology 

To bio-acidify cattle manure, the cattle manure must contain carbohydrate, acid producing bacte-
ria and hydrolytic enzymes. In this experiment, cattle manure was supplied with 10 to 100 g of 
glucose, cellulose or starch; with 108-1011 colony forming units (CFU) per kg manure of lactic acid 
producing bacteria  (LAB) Pediococcus acidilactici, Pediococcus pentosaceu and Bacillus subtili-
tis; and/or with the cellulytic enzymes β-gluconase and xylanase. 
 
Once or twice a week 12.5% or 25%, respectively, of the sample was replaced by fresh manure, 
carbohydrate, microorganisms and/or enzymes, which is equal to a one month turnover. Treat-
ments were run for 2-6 weeks in 0.2 L cattle manure batches with vertical shaking at 20-25 C with 
continual or initial additions. Subsequently, treatments were stored without mixing for 4-8 weeks at 
20-25 C. 
 
The stoichiometric requirement of lactic acid and substrate was estimated by performing titration 
of the input slurry with hydrochloric acid to a pH of 5.5. pH was monitored continuously during 
treatment. Quantities of glucose, lactic acid, acetic acid, propionic acid, and lactic acid producing 
bacteria were determined. Further, treatment bottles were sealed and flushed with nitrogen, and 
volume of produced gas and concentration of methane and CO2 was determined. 

3. Results and discussion 

3.1 Does bio-acidification work? 

The intent was to convert carbohydrates into lactic acid by lactic acid producing bacteria. The 
substrate concentrations tested were equal to three and five times the carbohydrate amount re-
quired to obtain pH 5.5 (estimated by a titration two days before), if all carbohydrates were con-
verted into acid. This was equal to 30-50 g/kg for the applied cattle manure. Removal and addition 
of 12.5% of the manure and carbohydrate was performed twice a week.  
 
The pH was reduced to 4.2 – 6.2 by supplying with glucose and cellulose (Figure 1). This was 
equal to a pH reduction of 0.5 – 2.7 pH units. When treatments were performed weekly, the pH 
was observed low from one week after experiment initiation, and for the remaining four weeks. 
Hence, indeed successful pH reductions of cattle manure were observed, when carbohydrates 
were added to the manure.  
 
Treatment with amounts of lactic acid stociometrically equal to the glucose and cellulose treat-
ments caused successful pH reductions, and indicated that success could be expected upon full 
conversion of the carbohydrate into acid. Treatment with the low doses of glucose and cellulose 
lead to a pH being -0.1 – 1.4 pH higher than the lactic acid after seven days. Treatment with the 
high carbohydrate dose led to a pH 0.6 – 1.3 higher than the lactic acid. Hence, not all added 
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carbohydrate was observed present as lactic acid, in particular not at the largest cellulose sup-
plements. 
 

Figure 1: pH after 0-39 days of carbohydrate or acid addition to cattle manure. Low: three times the calculated dose to 

...............reach pH 5.5 = 20 g lactic acid per kg manure. High: five times the calculated dose to reach pH 5.5 = 50 g 

...............lactic acid per kg manure. 

 
When the manure was added lactic acid producing bacteria and cellulolytic enzymes but no car-
bohydrates, the bio-acidification was not successful (data not shown). Comparing (i) addition of 
the bacteria and enzymes to the manure together with carbohydrate to the manure, with (ii) addi-
tion of the bacteria and enzymes to the manure together without carbohydrate to the manure, the 
pH and number of lactic acid bacteria was equal (Table 1). Thus, it appears that the inherent lactic 
acid producing were sufficient to cause the required conversion. And that the tested supplemen-
tary addition of bacteria and enzymes were unable to adjust the microbial consortium. 

3.2 How does it work? 

The intend of the treatment with glucose was to convert it into lactic acid. Supplements of 30-100 
g pure glucose per kg manure all decreased the pH to 4.2-4.5 (Figure 1, Table 1). Lactic acid was 
observed present. The numbers of lactic acid producing bacteria increased three fold over the 
period. And residual glucose was observed in the end of the incubations in the treatments. Thus 
the lactic acid producing bacteria produced lactic acid from glucose; indeed the presence of lactic 
acid with an acid constant pKa of 3.8 matches the observed pH of 4.4. The observed terminal 
presence of glucose indicates that the glucose to lactic acid conversion was only occurring until 
the pH had dropped to pH 4.4; indeed typically the pH level providing optimal conditions for the 
lactic acid bacteria. 
 
Cellulose and starch were intended hydrolysed into glucose and subsequently converted into 
lactic acid. Supplement with 30-100 g cellulose powder per kg manure all decreased the pH to 
5.6-5.8 (Figure 1, Table 1). High acetic acid and propionic acid levels were present. The amount 
of lactic acid producing bacteria was not elevated. No effect of adding β-gluconase or xylase was 
observed. Thus the manure’s indigenous content of hydrolytic exoenzymes appeared to cause a 
sufficient hydrolysis rate. But, the absences of glucose terminally indicates the hydrolysis to be the 
rate limiting step. It is indicated that acetic and propionic acid was formed; the pKas are higher 
than lactic acid explaining the obtained higher pH (pH 5.6 compared to 4.4). Hence, primarily aci-
do-/acetogenic bacteria likely produced the acetic acid. Indeed these bacteria can produce hydro-
lytic exoenzymes in contrast to lactic acid bacteria, which could explain the occurrence of acido-
/acetogenesis rather than lactic acid fermentation.  
 
Subsequent degradation of the produced acid would cause an increase in pH. Upon addition of 
100 g/kg glucose, 54% remained as glucose, 27% was observed converted into lactic acid, and 
3% was observed converted into other acids after three weeks. Hence, 16% of the input glucose 
was indicated degraded into other components as CO2, CH4 and ethanol. Upon storage of the 
treated samples, the pH level has been observed to increase again to the pH of the input manure; 
some treatments within two weeks while some after more than two months. Production of me-

0

1

2

3

4

5

6

7

8

Low High Low High Low High

Control Glucose Cellulose Lactic acid

p
H

 

Day 0

Day 7

Day 39



TB Sustainable soils  Poster 

 

340 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

thane was only observed above pH 5.5, while production of CO2 was observed at all pH levels 
although with largest production at highest pH levels. Hence, the produced acid was likely de-
graded to products as CO2 at the lower pH, and to CH4 and CO2, when higher pH levels were 
observed. This could be explained by a primary conversion at pH 4-5.5 of lactic acid into products 
as acetic acid and CO2, and degradation above pH 5.5 of the produced acetic acid via methano-
genesis to CH4 and CO2. This would terminally result in absence of both lactic and acetic acid, 
and thus a pH equal to the input manure.  
 
Table 1: Characteristics of products from bio-acidification treatments. Results from two experiments are presented, 
.............therefore are both control treatments presented. na: data not available. +LAB: addition of Lactic Acid Bacteria 
.............(experiment a: 105 CFU/kg, experiment b: 108 CFU/kg). +enz: addition of enzyme. 

 

3.3 How should it be performed? 

Cattle manure could be acidified by merely supplementing with a carbohydrate source. No addi-
tion of microorganisms or enzymes was observed useful under the conditions tested in this study. 
To reach a pH below 5.5, glucose can be added. Above 30 g/kg was observed successful for 
reaching a pH below 5.5. At 10 g/kg, only pH 6.5 was obtained rather than the expected 5.5, and 
the amount of acid observed was only equal to 50% of what could be produced from the carbohy-
drate. Therefore, may addition of double the amount likely result in the intended pH 5.5. Thus 
2-3% glucose should be added to manure. By increasing the amount, the duration of the period 
with low pH will be extended. 
Using cellulose to reach pH 5.5, the data indicate the required amount to be equal to glucose, i.e. 
2-3% cellulose. Addition of cellulose requires an initial hydrolysis to glucose. This hydrolysis, the 
exoenzymes in the manure appears sufficient. 
Agricultural  by-products such as molasses, maize silage, deep litter or straw could potentially 
replace the pure glucose or cellulose powders. These products would contain acid, free sugar as 
glucose, or xylose, it would contain cellulose and hemicellulose, or starch. The requirement for this 
includes an estimation of the carbohydrate concentration, the carbohydrate availability, identifica-
tion of troublesome components, and considerations into the practical manure handling. 

4. Conclusion and outlook 

A successful treatment would thus be addition of a sugar, cellulose or hemicellulose rich agricul-
tural by-product in an amount equal to 20-30 g carbohydrate per kg manure. No bacterial and 
likely no enzyme supplement should be added. Thereby would pH of 4.4-5.5 be obtainable. The 
carbohydrates could perhaps be added directly in the slurry channels. Compared to sulfuric acid-
acidification with has been observed to reduce NH3 emission by 70% in pig production, bio-
acidification may reduce NH3 emission equivalently. It would be a requirement to the treatment 
that the NH3 emission is not merely swapped by methane emission; methane emission was from 
the treatment bottles in this study not indicated increased by the carbohydrate addition, as long as 
the pH was kept below the targeted pH of 5.5. 

Experi- Treatment Added carbohy-

drate 

pH Glucose Acetic 

acid 

Propionic 

acid 

Lactic 

acid 

Lactic acid bacte-

ria 

ment  (g/kg)  (g/kg) (g/kg) (g/kg) (g/kg) (10x CFU/kg) 

a Control none 7.1 < 1 6 2 < 1 na 

a Glucose 10, +LAB 6.5 < 1 8 3 < 1 na 

a Glucose 100, + LAB 4.4 54 8 3 27 na 

a Cellulose 9, +LAB, +enz 6.2 < 1 8 5 < 1 na 

a Cellulose 90, +LAB, +enz 5.5 < 1 8 5 < 1 na 

         

b Control none 7.5 na 1 1 na 5 

b Glucose 30 4.3 na 4 1 na 5 

b Glucose 50 4.3 na 4 1 na 5 

b Glucose 50, +LAB 4.3 na 4 1 na 5 

b Cellulose 30 5.6 na 6 5 na 9 

b Cellulose 50 5.6 na 5 6 na 9 

b Cellulose 50, +LAB, +enz 5.6 na 5 6 na 9 
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1. Objectives 

Composting is commonly used to treat solid organic residues and to recycle them as a soil im-
prover or as an organic fertilizer for agricultural soils. An environmental limit of the composting 
process is linked to the gaseous emissions (GHG and NH3) released by this biological treatment. 
The objective of this study was to propose a numerical model predicting gaseous emissions and 
the final compost quality in order to optimize composting management practices. 

2. Methodology 

Based on previous work by Tremier et al. [1], Denes et al. [2] and Oudart [3], a numerical model 
formed of three coupled modules (a biodegradation module describing organic matter fractions 
and microbial kinetics, a mass and heat transfers module and a nitrogen module describing the 
dynamics of nitrogenous forms) was designed as described in the results section. 
In order to strengthen modelling assumptions and calibrate the parameters of the model, compost-
ing experiments were performed at a pilot scale: 
 
 Studied substrates: solid manure from a finishing steer feedlot (MAN) and the solid phase of 

the digestate from the anaerobic treatment of this manure (ADMAN). Three composting mix-
tures were tested: MAN with woody bulking agent (R1); ADMAN with woody bulking agent 
(R2); MAN without bulking agent (R3).  

 Composting trials were performed in a composting pilot reactor: airtight 300-litre stainless 
steel cylindrical insulated chamber (Reacting volume: diameter = 0.7 m; height L = 0.8 m). 
Aeration was supplied via an air blower, from the bottom through the material, and gases 
were collected at the top in order to analyze them.The following parameters were monitored: 
gas flow rate via a volumetric gas meter, temperature of the matter and gas in the reactor with 
Pt 100 temperature probes, entering gas temperature and humidity, inlet and outlet gas oxy-
gen concentration thanks to a paramagnetic analyzer, carbon dioxide, methane and nitrous 
oxide concentrations thanks to an infra-red analyzer. Ammonia emissions were monitored 
thanks to bubbling of exhaust air in acid trap. 

 Samples analysis: composting mixture was sampled before composting, after about 20 days 
of composting and at the end of the composting trial (about 45 days). Samples were analysed 
for the C and N content of the biochemical fractions that are described below. 

3. Results and discussion 

3.1 Composting modelling development 

The developed model was based on three modules of coupled processes: 
 

 A module describing the microbiological degradation of carbon: C module; 

 A module describing the microbiological degradation of nitrogen: N module; 

 A module describing mass and heat transfers along the composting process: transfers module. 
 

The C module [2] describes the organic matter as 7 fractions (Figure 1.). 6 of them (SOLnd-R, 
SOLnd-B, HEM, CEL, LIC) have to be hydrolysed to give water soluble low molecular compounds 
(SOLH2O1) that are used by two heterotroph biomasses (X1 and X2). Hydrolysis and microbial 
kinetics (growth and death) are limited by oxygen content, temperature and moisture conditions 
which are simulated in the transfer module. 
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The general principle of the N module (Figure 2) is the same as that of the C module: solid N or-
ganic fractions (NSOLnd-R, NSOLnd-B, NHEM, NCEL, NLIC) first undergo hydrolysis to form a 
slowly biodegradable water soluble fraction (NSOL H2Oorg) that undergoes ammonification to form 
nitrogen directly assimilated by microorganisms. To simplify the model, the slowly biodegradable 
water soluble fraction is considered as soluble organic nitrogen, formed by the hydrolysis of par-
ticulate fractions of OM, while directly biodegradable water soluble fraction is considered as NH4

+. 
In order to represent the evolution of mineral forms of nitrogen, an autotrophic biomass was added 
(NXa). Its growth determines the rate of nitrification. Based on the hypothesis that nitrates do not 
accumulate before the maturation phase, we calculate a potential of denitrification. Depending on 
the moisture, denitrification is complete and results in the reduced form (N2), or is incomplete and 
results in the formation of N2O. In addition to biological transformation of nitrogen, ammonia volati-
lization is also simulated (Henry’s law). All kinetics are limited by oxygen content, temperature and 
moisture conditions which are simulated in the transfer module. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Scheme of the model for carbon biodegradation 

Figure 2: Scheme of the model for nitrogen biodegradation 
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The originality of this model relies on the description of the biodegradable organic matter that can 
be initialized thanks to analytical measurement on the substrate through a modified Van Soest 
method. Moreover, such a model will predict O2 consumption, CO2, N2O and NH3 emissions along 
the treatment. Thus using this model it will be possible to study how to manage substrate mixture, 
or aeration conditions to minimize nitrogenous emissions. Only CH4 emissions are not yet inte-
grated in the model equations. The model will also predict the quality of the compost organic mat-
ter at the end of the treatment both in terms of C and N. This last point is particularly innovative 
because it will permit to couple the composting model with a model of organic matter decomposi-
tion and mineralisation in soil (CANTIS). This will enable the simulation of the impact of compost-
ing treatment and of compost when applied to agricultural soils. 

3.2 Mass balances and gaseous emissions along composting experiments 

Substrates initial characteristics: Substrates (MAN and ADMAN – Table 1) mainly differed in 
terms of water soluble carbon content which was twice as high for the non-digested substrate 
(MAN) than for the pre-digested one (ADMAN). In terms of nitrogen content, even if the total con-
tent and its distribution within the fractions was comparable for the both substrates, the N compo-
sition within the water soluble fraction differed. Indeed, SOLH2O nitrogen of MAN was composed 
of 84% of organic N, whereas SOLH2O of ADMAN was composed of 45% of organic N and 55% 
of ammonia N, due to N mineralization along AD. 

Table 1: Substrates characteristics before composting. 

Sample WC VM TC TN SOLH2O SOLnd HEM CEL LIC 

 (%FM) (%DM) (%VM) %TC %TN %TC %TN %TC %TN %TC %TN %TC %TN 

MAN 64.1 84.2 55.1 3.3 28.2 55.4 8.5 17.0 22.5 7.6 32.8 16.9 8.0 3.0 

ADMAN 63.2 73.1 52.1 3.0 11.9 53.1 13.3 16.3 21.9 7.5 44.1 19.2 8.8 3.9 

FM-fresh matter; VM- volatile matter; DM- dry matter; TC –total carbon; TN-total nitrogen; SOLH2O-water soluble C or N; 
SOLnd-C or N soluble in neutral detergent; HEM-C or N of the hemicellulose like fraction; CEL-C or N of the cellulose like 
fraction; LIC-C or N of the lignin like fraction 

Carbon losses and emissions: 55 to 45 % (R1 versus R2 and R3) of the initial carbon content of 
the waste were degraded along the composting process. As awaited, less degradation was ob-
served for pre-digested substrate (R2). Concerning MAN, biodegradation was more efficient with 
bulking agent highlighting better conditions for aeration and substrate colonization by microorgan-
isms. Losses of carbon were mainly explained by CO2 emissions. Nevertheless, 3 to 6 % of the 
initial carbon content was emitted as CH4. CH4 emissions occurred concomitantly to oxygen con-
sumption peaks and seemed to be correlated to the extent of the biodegradation. It could be ex-
plained by local lack of oxygen when the respiration rate is maximum. Such an observation could 
lead in the future to integer in the model a stoichiometric equation linking methane emissions to 
the maximum of the oxygen consumption rate in order to predict methane emissions. 
Nitrogen losses and emissions: Nitrogen losses along the composting treatment largely differed 
from one trial to the others. More than 46% of the initial nitrogen of MAN was lost when compost-
ed with bulking agent (R1), whereas only 19% was lost when composted without bulking agent 
(R3). During composting of ADMAN (R2), 24% of the initial nitrogen was lost. 
When considering the nitrogenous emissions in gaseous flows and in leachates it appeared that: 
 

 Rather no leachates were obtained, 

 Measured emissions of nitrogen (NH3 + N2O) plus nitrogen adsorbed on the bulking agent 
covered 20 to 85% of the nitrogen losses. The rest of the nitrogen losses in the substrate could 
be due to N2 emissions 

 Ammonia emissions occurred mainly during the first week of composting concomitantly to the 
temperature peak, and represented a larger part of nitrogenous emissions when composting 
was performed without bulking agent 

 N2O emissions occurred mainly after the oxygen consumption rate decrease. N2O emissions 
were higher for the pre-digested substrate. 
 

These experimental results showed that nitrogenous emissions during composting were both 
influenced by the biodegradation behaviour and by the physical structure of the composting mix-
ture. Indeed, the use of a bulking agent influenced the yield of the biodegradation (higher in R1 
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than in R2) but also the availability of ammonia-nitrogen for volatilization or nitrification. This phys-
ical structure is a key issue for modelling of nitrogenous emissions. In the developed model, the 
physical structure is considered through free air space and air permeability constants in the trans-
fers’ module. Nevertheless, these constants are not considered in the limitations of kinetics for 
N2O production. Moreover adsorption of ammonia nitrogen on bulking agent is not yet considered 
in the developed model. 
Variation of organic matter quality: Variations of C and N distribution in the substrate along 
composting is presented on Figure 3 (exemple of trial R1). 

 
Figure 3: Carbon and Nitrogen distribution along composting treatment (Example of trial R1: MAN + bulking agent). 

 
Along composting, carbon disappeared mainly from hemicellulose and cellulose like fractions. 
Carbon of cellulose-like fraction is the most degraded when the initial amount of water soluble 
carbon is law. In terms of nitrogen, losses along composting are mainly explained by losses of N-
ammonia nitrogen and of water-.soluble organic nitrogen. Nitrogen from the SOLnd fraction partic-
ipated in nitrogen losses at the beginning of the treatment, but re-increased in the second stage of 
the process. The nitrogen content of other fractions was rather constant. As a consequence, C/N 
ratio of each fraction may vary along composting. 
These results confirmed our modelling hypothesis concerning carbon transformation. They also 
confirmed the hydrolysis pathway from water soluble organic nitrogen to ammonia nitrogen, before 
ammonia volatilization or nitrification but contradicted modelling assumptions for nitrogen contents 
of lignin-, hemicellulose- and cellulose-like fractions since their hydrolysis pathways were not iden-
tical for carbon and nitrogen.  

3.3 Advances in composting modelling 

The composting model was tested with constant parameters values issued from literature (for 
nitrogen and transfers modules) and from respirometric tests (for carbon module). Variable pa-
rameters were initiated from the composting trial of MAN without bulking agent. 
CO2 production kinetics was qualitatively well simulated (Figure 4). Errors between experiments 
and numerical simulation can be due to simplifications on particulate carbon fractions hydrolysis 
that do not take into account delay for cellulose hydrolysis. The total loss of carbon in the sub-
strate was well predicted (45%). Errors on carbon distribution between the simulated fractions 
were observed: storage in SOLnd fractions and biomasses fraction was overestimated. On the 
contrary, nitrogen variations were badly simulated: simulated nitrogen losses were too low (9%) 
whereas nitrogen was stored in ammonia-nitrogen and water-soluble organic nitrogen fractions. 
Ammonia emissions and N2O emissions were thus underestimated. It probably indicates that fix-
ing the same hydrolysis kinetics for carbon and nitrogen is not a good way to simulate nitrogen 
transformation processes. 
Concerning heat transfers, temperature was well simulated at the beginning of the treatment but 
then didn’t decrease enough rapidly. This error in heat transfer kinetics was probably linked to 
errors in carbon biodegradation kinetics that was partly overestimated. 

-org 
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Figure 4: Test of the composting model before strict calibration: comparison of simulation and measure for CO2 emission 

rate. 

4. Conclusion and outlook 

The developed composting model proved to have a big potential in simulating gaseous emissions 
and compost quality. Nevertheless, experimental results compared to model simulation showed 
that some assumptions of the model have to be corrected. Moreover the model has to be precise-
ly calibrated. When calibration will be improved, such a composting model will be very useful to 
test composting management scenarios in order to limit nitrogenous emissions and to obtain a 
valuable compost, which properties will then be tested through modelling of soil mineralisation. 
Such a test will be possible because of the good compatibility between the composting and the 
CANTIS model. 
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1. Objectives 

The objectives of this study were to assess the influence of storage temperature on methane 
(CH4) and ammonia (NH3) emissions from pig and cattle slurry storage and to assess the potential 
of two mitigation techniques – namely a clay granule floating cover and acidification, to effectively 
reduce both NH3 and CH4 emissions.  

2. Methodology 

The experiment was conducted using six pilot-scale slurry tanks (c. 1 m3, 1m depth, 1.2m diame-
ter) with specially adapted lids for gaseous emission measurement situated in a polytunnel. A total 
of six experiments were conducted (Table 1), each of two months duration, covering two slurry 
types (pig, cattle), three temperature regimes (winter, summer, spring/autumn) and two potential 
mitigation practices (floating clay granule cover for the pig slurry, acidification for the cattle slurry), 
with 3 replicates of each treatment.  

Table 1: Details of the slurry storage experiments 

Experi-
ment 

Slurry 
type 

Storage 
regime 

Mean air tem-
perature (°C) 

Slurry DM 
(g kg-1) 

Slurry pH Slurry TN 
(g kg-1) 

Slurry 
TAN  

(g kg-1) 

1 Pig Spring 11.1 81.1 8.1 6.32 2.83 

2 Pig Summer 17.1 61.7 7.9 5.74 2.88 

3 Cattle Autumn 11.0 66.2 7.1 2.76 0.84 

4 Cattle Winter 7.3 54.2 7.3 2.49 0.78 

5 Pig Winter 9.2 61.5 7.1 5.62 3.69 

6 Cattle Summer 17.2 51.1 7.3 2.76 0.95 

DM-dry matter; TN-total nitrogen; TAN-total ammoniacal nitrogen 

 
The slurry storage tanks were fitted with specially adapted lids, which had a central circular hole of 
c. 10 cm diameter to which a fan was fitted to draw air from the tank headspace. Air was drawn 
into the tank headspace via ten holes (each of 3 cm diameter) around the outer edge of the lid. 
The air was vented via the fan through a duct to an area outside the polytunnel. The lids were left 
in-situ throughout the storage period with fans running continuously at c. 0.04 m3 s-1. The pig and 
cattle slurries were obtained from local commercial farms. Slurry samples taken at the start of 
storage were analysed for total and volatile solids content, total nitrogen and total ammoniacal 
nitrogen (TAN) content and pH. In addition, the CH4 producing potential (Bo) of the slurry was 
determined using a purpose-designed laboratory incubation system (Bioprocess Control, Lund, 
Sweden). 
For the floating cover treatment on the pig slurry, a layer of 2 cm diameter expanded clay granules 
was applied to the slurry surface on each of the three treatment tanks to a depth of 7 cm. For the 
acidification treatment with the cattle slurry, 5 L of concentrated sulphuric acid was added to each 
of the three treatment tanks during the filling process for the first cattle slurry experiment (Experi-
ment 3). This proved to be too much, lowering the slurry pH dramatically to approximately 5 and 
causing excessive foaming during addition. For subsequent experiments (Experiments 4 and 6), 
2.5 and 3.5 L, respectively, were added to each of the three treatment tanks. 
Ammonia concentrations in the outlet air from each tank and the ambient inlet air were measured 
twice per week by passing a subsample of the air flow through acid absorption flasks. Methane 
concentrations were monitored semi-continuously using a Los Gatos Ultra-Portable Greenhouse 
Gas Analyser (Los Gatos Research, California). Estimates of flux for each gas (F, µg s-1) could 
therefore be made according to: 
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 = −       Eq. 1 
 
where V (m3 s-1) is the air volume flow rate and Co and Ci the outlet and inlet gas concentrations 
(µg m-3), respectively. 

3. Results and discussion 

3.1 Ammonia emissions 

Ammonia emission rates were much greater from the pig than the cattle slurry, with average re-
spective emission rates from the control tanks across the experiments of 13.8 and 2.8 g NH3-N m-

3 slurry d-1. This 5-fold difference in average emission rate reflects the greater TAN content and 
higher average pH of the pig slurry (Table 1) and also the greater propensity for cattle slurry to 
form a crust during storage, which is associated with emission reduction [1]. 
Slurry temperature during storage of the covered pig slurry was slightly greater than for the control 
pig slurry which was not significantly different from ambient air temperature as was the case with 
the control and acidified cattle slurry (data not shown). Storage temperature clearly had an influ-
ence on the NH3 emission rate (Fig. 1), with an average emission rate for the control treatments 
increasing in the order winter < spring/autumn < summer for both the pig and cattle slurries. Varia-
tion in emission rate during each storage period also correlated well with temperature (data not 
shown).  
The floating clay granule crust on the pig slurry was effective in reducing the NH3 emission rate 
throughout each of the three 2-month storage periods (Fig. 1), with the pattern in emission rate 
following that of the respective control treatment (i.e. correlated with temperature). Acidification of 
cattle slurry was also effective in reducing emission rate, but the effectiveness varied between 
experiments, being most effective for the autumn experiment where the greatest quantity of acid 
was added to the slurry (Fig. 1). For the winter experiment, the effectiveness of the initial acid 
addition decreased with time. This decrease in effect after 15-30 days was also noted for the 
summer experiment, but emissions then declined again from the acidified treatment which was 
associated with the development of a dry, intact crust for that treatment compared with a wetter, 
less complete crust on the control. 
 

Figure 1: Ammonia emission rates (g NH3-N m-3 slurry d-1) from a) pig slurry without (solid lines) or with (dashed lines) a 
………… clay granule cover and b) cattle slurry without (solid lines) or with (dashed lines) acidification during storage at 
………… three different times of year. 
 
The average cumulative NH3 emission over the 2-month storage period across both slurry types 
and all experimental timings was 29% of the initial slurry TAN for the control treatments (35 and 
23% for the pig and cattle slurries, respectively). This is greater than the current UK emission fac-
tor for slurry stored in above-ground tanks of c. 10% of slurry TAN [2], which is most likely be-
cause of the greater surface area to volume ratio of the slurry in the pilot-scale tanks compared 
with on-farm slurry tanks, making them more similar to the conditions in a slurry lagoon which are 
associated with a higher emission factor.  
There was a significant effect of storage temperature on cumulative emissions from the control 
treatments and this was more pronounced for the pig slurry than the cattle slurry (Table 2), pre-
sumably because of the greater crust development on the cattle slurry under warm conditions 
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compared with pig slurry. For the pig slurry covered with clay granules, there was some evidence 
of a temperature effect on cumulative emission, with that in winter being significantly less than that 
in spring or summer. For the acidified cattle slurry, there were significant differences in cumulative 
emission for the different times of year, but these were not related solely to temperature differ-
ences but also to the quantity of acid added and incidence of crust development. 

Table 2: Cumulative ammonia emissions (as % of the initial slurry TAN content). 

Slurry type Treatment Cumulative ammonia emission (as % of initial TAN content) 

  Winter Spring/Autumn Summer 

Pig Control 10.5a 42.1b 52.5c 

Pig Clay granule cover 4.2a 10.7b 9.1b 

Cattle Control 12.6a 22.6b 33.2c 

Cattle Acidified 5.4b 0.3a 10.9c 

Within rows, values with different superscripts differ significantly (P<0.05) 
 
Comparing the average cumulative NH3 emission of the control with the treated slurries across the 
three storage timings showed an effective reduction efficiency of 77% for covering pig slurry with a 
layer of floating clay granules and 76% for acidification of cattle slurry. The effectiveness of the 
covering treatment tended to increase as the emissions from the control treatment increased (i.e. 
with temperature), with emission reductions of 60, 75 and 83% for winter, spring and summer, 
respectively. These observations fit within the upper end of the reported range in reduction effec-
tiveness achieved with floating materials on slurry stores [3]. The effectiveness of the acidification 
treatment varied across the timings with emission reductions of 58, 99 and 67% for winter, autumn 
and summer, respectively, with differences in the duration of effect as shown in Figure 1 and dis-
cussed above. Petersen et al. [4] reported very effective reduction (>95%) in NH3 emissions from 
cattle slurry following acidification to pH<6, but discussed the need to maintain a sufficiently low 
pH throughout the entire storage period. 

3.2 Methane emissions 

There was a distinct diurnal pattern of CH4 flux, correlating well with diurnal temperature variation. 
Mean daily flux from the control pig slurry tanks was 2.9, 19.2 and 20.9 g CH4 m

-3 slurry d-1 for 
winter, spring and summer, respectively, and for the control cattle slurry was 1.2, 0.6 and 64.5 g 
CH4 m

-3 slurry d-1 for winter, spring and summer, respectively. 
The mean cumulative CH4 emission over all storage timings from the control treatments, ex-
pressed in terms of the initial VS content of the slurries, was significantly greater from the cattle 
than the pig slurry with respective values of 29.7 and 17.6 g CH4 kg-1 VS. However, this was 
strongly influenced by the much greater emission from cattle slurry during summer storage. Stor-
age temperature significantly influenced the cumulative emission (Table 3) with emissions from 
pig slurry being significantly different for each storage timing, increasing with temperature in the 
order winter < spring < summer. For the cattle slurry, however, there was no significant difference 
in emissions between the winter and autumn storage times for the control treatment, with very low 
emissions for both and much greater emission from summer storage.  

Table 3: Cumulative methane emissions (g CH4 kg-1 slurry VS). 

Slurry type Treatment Cumulative methane emission (g CH4 kg-1 slurry VS) 

  Winter Spring/Autumn Summer 

Pig Control 4.1a 21.5b 27.1c 

Pig Clay granule cover 4.4a 20.2b 27.7c 

Cattle Control 1.7a 0.8a 86.7c 

Cattle Acidified 5.4b 0.3a 10.9c 

Within rows, values with different superscripts differ significantly (P<0.05) 

 
The average slurry VS content was 55 and 48 g kg-1 for the pig and cattle slurries, respectively. 
Average Bo values were determined as 0.37 and 0.20 m3 CH4 kg-1 VS for pig and cattle slurry, 
respectively; that for pig slurry is lower than the IPCC default value of 0.45 m3 CH4 kg-1 VS, while 
that for cattle compares well with the IPCC default values of 0.24 and 0.18 m3 CH4 kg-1 VS for 
dairy and other cattle, respectively [5]. Maximum potential CH4 emission was determined for each 
of the stored slurries based on these VS and Bo measurements and the methane conversion fac-
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tor (MCF) for slurry storage was then derived as the measured emission expressed as a percent-
age of the maximum potential emission. The MCF values for the pig slurries were 1.6, 8.7 and 
11.5% for winter, spring and summer, respectively, and for the cattle slurries were 1.4, 0.6 and 
63.5%, respectively, for the 2-month storage period. Slurries are typically stored for longer than 
two months in the UK, but based on these results we can estimate an average 6-month storage 
MCF for pig slurry of 22%, assuming storage may be at any time of year, which compares favour-
ably with the IPCC default value of 17% appropriate for UK temperatures. For cattle slurries, stor-
age is generally through the autumn, winter and spring months, giving an MCF based on this 
study of c. 2%, much lower than the IPCC default value and in agreement with the observations of 
Rodhe et al. [6] for pig slurry storage in Sweden. However, any storage over summer months 
would greatly increase this value. Further measurements are required for a range of slurries 
across the range of typical storage temperature to develop robust MCF values for the UK, but 
results from this study would suggest that the current value of 17% for cattle slurry used in the UK 
greenhouse gas inventory is too high. 
The clay granule covering on the pig slurry had no significant effect on cumulative CH4 emission 
(Table 3). This agrees with Rodhe et al. [6] who observed no effect of a floating straw cover, and 
suggests that either methanotrophic activity did not develop in the cover or that CH4 passed 
through the cover at too high a rate for oxidation to occur [7]. These results therefore do not sup-
port the lower MCF value given by IPCC for crusted slurry stores [5]. Mean emission from the 
acidified cattle slurries across the three storage timings was 61% lower than for the control slur-
ries. Reduction efficiencies at each storage timing were 82, 88 and 60% for winter, autumn and 
summer, respectively, but control emissions for the winter and autumn timings were already very 
low as discussed above. These results agree well with those of Petersen et al. [4] who reported 
emission reductions of between 67 and 87% when acidifying cattle slurry to pH 5.5.  

4. Conclusion and outlook 

Temperature has a significant influence on NH3 and CH4 emissions from stored cattle and pig 
slurries, and the development of national emission factors for use in emission inventories should 
take account of the temperature, timing and duration of storage. Slurry acidification is an effective 
method to reduce both NH3 and CH4 emissions, with respective emission reductions of 76 and 
61% observed for cattle slurry. However, a low pH needs to be maintained throughout the storage 
period to ensure effective emission reduction. A floating clay granule cover reduced NH3 emission 
from pig slurry storage by an average of 77%, but gave no effective reduction in CH4 emissions. 
Further work is required to assess the effectiveness of such covers over longer storage duration 
and to investigate the possibility of enhancing methanotrophic activity in the floating layer. 
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1. Objectives 

There is a pressing need in the agricultural and environmental policy sectors for up-to-date am-
monia (NH3) emissions data from dairy farming. The aim of this study was to quantify NH3 emis-
sions for the projected most common future dairying situation in Switzerland, and to derive a year-
round emission factor (housing) as a contribution to emission inventories. This paper focuses on 
nitrogen input in feed and nitrogen output in milk, urine and slurry. 

2. Materials and methods 

Emission measurements in six dairy loose housing systems with natural ventilation, solid floors 
and an outdoor exercise area were performed using a dual tracer ratio method [1]. Measurements 
in two out of three seasons (summer, transitional period, winter) on each farm covered the varia-
tion in climate over the course of the year. Each measurement period lasted for three days. A 
large set of accompanying parameters such as descriptive farm data, climate data, aisle/exercise-
area soiling, and nitrogen input, output and utilisation were recorded to characterise each measur-
ing situation and to deduce relevant influencing variables. Whilst, for example, it was only possible 
to gather feeding data and tank-milk urea content for the entire herd, urine was sampled at the 
individual animal level differentiated in to three lactation stages. For each measuring exercise, 
urine samples were taken from three cows per lactation stage during the act of urination. For this, 
cows were locked into the feed fence during the morning milking. Slurry samples from the floor 
surfaces in the housing and from the outdoor exercise area were taken at three times per day and 
combined into bulk samples for each measurement. Sampling took place in the aisles during dung 
removal via an automatic scraper system immediately before disposal, as well as at four to six 
locations in the outdoor exercise area.  
A linear mixed-effects model was used to describe NH3 emissions by means of fixed effects and 
taking into consideration of the hierarchical data structure of measuring day bijk, measuring period 
bij and farm bi in the form of nested random effects. Mean values were calculated for the respec-
tive measurement cycles for parameters with a higher temporal resolution, e.g. air temperature, 
wind speed, relative atmospheric humidity, air pressure, global radiation and ground temperature. 
Time-aggregated values over the three-day measuring periods were available for the other fixed 
effects, i.e. tank-milk urea content, NH4-N content in urine, total N content in urine, total N content 
in feed, traffic-area soiling, total N content, and NH4-N content in soiling. The co-linearity of the 
fixed effects was first investigated using scatter-plot matrices to select sets of uncorrelated ex-
planatory variables. The model was selected from several models constructed on the basis of sets 
of weakly correlated variables:  

 = � + + + + � + � + � + � ∙ + �                            Eq. 1 

 
where Eijkl is the response variable (NH3 emission), µ the intercept, and the fixed effects are out-
side temperature OT (°C), wind speed in the housing WS (m s-1) and tank-milk urea content UMC  
(mg dl-1). 
Using the presented statistical model (Equation 1) as a starting point, NH3 emission factors were 
calculated by bootstrap point estimates. The underlying data for this model-based calculation are 
milk-urea data from the Brown Swiss, Fleckvieh and Holstein breeders‘ association milk-
inspection data, differentiated over a five-year period according to plain and mountain region. The 
model-based calculation is also based on air temperatures gathered at 43 weather stations at two 
altitudes (plain region, mountain region) by the Swiss Federal Office for Meteorology and Clima-
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tology, MeteoSchweiz. In order to depict the high temporal resolution of the emission data of the 
statistical model, the modelling was based on hourly averages of diurnal cycles per calendar week 
over the years 2004 to 2008. These detailed supporting data allowed the depiction of typical pro-
gressions over a five-year period. In order to show the effect of wind speed in the housing, two 
wind speeds of 0.3 m s−1 and 0.5 m s−1 were derived from our own measurements and from the 
literature. The modelling is described in detail in [1]. 

3. Results and discussion 

The six farms differed in terms of herd size (20–74 cows; 28–90 livestock units (LUs)), live weight 
of the animals (average herd: 669–871 kg), milk yield (average herd: 18.6–30.6 kg cow-1 d-1), and 
feed ration. On three farms (Farms 1, 2 and 3), the feed ration basically consisted of silages, hay 
and concentrate (Tab. 1).  

Table 1: Description of farms and measuring periods: herd, milk, urine, traffic-aisle soiling, and feed  
(Su =summer; Tr = transition period; Wi = winter; No. = Number; Av. = Average; LU = livestock unit, DM = dry 
matter; TMR = total mixed ration). 

Parameter 

 

Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 

Su Tr Su Wi Tr Wi Tr Wi Su Wi Su Tr 

Herd Dairy cows Dairy cows, 

breeding bull 

Dairy cows,  

female off-

spring 

Dairy cows,  

breeding bull 

Dairy cows Dairy cows 

Breed Holstein 

Frisian 

Brown Swiss Brown Swiss Brown Swiss,  

Fleckvieh 

Holstein Frisian, 

Fleckvieh 

Holstein Frisian, 

Fleckvieh 

No. of LUs [n] 28 28 58 70 94 97 39/40 41 77 78 85/90 83 

Av. live weight of cows [kg] 693 690 724 871 669 709 713 730 824 849 825 849 

Av. milk yield [kg cow-1 d-1] 25.9 25.6 22.3 18.6 19.8 19.3 28.8 26.1 30.6 28.1 30.4 28.2 

Av. milk urea content [mg dl-

1] 

17.0 18.0 26.5 17.5 17.5 13.0 17.0 26.0 25.0 27.5 25.5 21.0 

Urine 

Total N [g LU-1 d-1] 

NH4-N [g LU-1 d-1] 

 

93 

9a 

 

64 

37 

 

131 

48 

 

77 

32 

 

88 

36 

 

55 

24 

 

102 

27 

 

120 

35 

 

130 

56 

 

146 

57 

 

112 

51 

 

102 

41 

Traffic-aisle soiling (hous-

ing) 

Total N [g kg-1 DM] 

 

35 

 

38 

 

37 

 

34 

 

39 

 

31 

 

39 

 

35 

 

45 

 

42 

 

41 

 

37 

NH4-N [g kg-1 DM] 12 16 13 9 12 13 12 22 20 13 14 14 

Feed             

Feed intake [kg DM LU-1 d-1] 11.0 12.2 9.6 12.9 12.2 12.3 11.4 12.0 9.6 7.4 14.4 12.7 

N input feeding [g LU-1 d-1] 240 280 170 300 210 280 250 280 220 210 350 300 

Feed components         TMR TMR 

Grass silage 

Hay 

Maize silage 

Maize-grain silage 

Concentrate 

Extracted soybean meal 

Further components 

 

x 

x 

 

 

x 

x 

x 

x 

 

x 

 

Su: green 

forage 

x 

x 

x 

 

x 

 

x 

 

 

x 

x (Wi: alfalfa) 

x (Wi: alfalfa) 

x (Wi) 

x 

 

x 

rapeseed cake;  

Wi: potato, sugar 

beet-pulp silage 

Su: urea 

x 

x (alfalfa) 

x 

x 

 

x  

corn-cob mix, 

maize gluten, 

extracted rape-

seed meal 

a Very low reading caused by methodological errors in sample preparation 

 
Farms 5 and 6 provided a total mixed ration (TMR). Farm 4 did not use silage. In summer, the 
Farm 2 ration included green forage. At 7.4 to 14.4 kg DM LU-1 d-1, the feed-intake values are 
lower than those of the literature (13.8 to 19.6 DM LU-1 d-1 [2]). This underestimation is possibly 
attributable to inaccuracies and shifts in the recording of the quantities of dispensed feed and 
trough leftovers on a sliding basis over a period of several days. The nitrogen input in Farm 2’s 
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winter measurement was the lowest at 170 g LU-1 d-1, and the highest in Farm 6’s summer meas-
urement at 350 g LU-1 d-1 (Tab. 1). At 146 and 130 g LU-1 d-1 respectively, total nitrogen content in 
urine was the highest in both measurements on Farm 5, accounting for approximately two-thirds 
of the nitrogen input in both cases. The winter measurement on Farm 3 had the lowest total nitro-
gen content in urine, 55 g LU-1 d-1. The percentage of ammonium nitrogen content in urine ranged 
between 10 and 27% of the nitrogen input.  
 
 
The tank-milk urea level for the farms and measuring periods varied from 13.0 to 27.5 mg dl-1 

(Tab. 1). In both seasons, Farms 1 and 2 exhibited fairly low urea content. Urea content tended to 
be higher for Farms 5 and 6 (Fig. 1). For Farms 2 and 4, differences in tank-milk urea content 
between the two seasons were detectable. The assignment of protein and urea content to the new 
fields shows that there was no crude-protein surplus.  
 

 
Figure 1: Urea content in tank milk [mg dl-1] over the entire twelve measuring periods according to farm and season  

(F =  farm, Su = summer, Tr  = transitional period, Wi = winter, E energy, P protein, + surplus, - deficit)  
 
Tank-milk urea content was strongly correlated with total urine nitrogen content (Fig. 2). Tank-milk 
urea content was taken into account during the modelling, and provides information on the entire 
herd, whilst the total nitrogen excreted in the urine is derived from a sample of only nine cows per 
farm in each case.  
 

 
Figure 2:  Urea content of tank milk [mg dl-1] as a function of the total nitrogen in urine [kg LU-1 d-1], shown by farm 
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A linear mixed-effects model revealed outside temperature (p < 0.001), wind speed in the housing 
(p < 0.001) and tank-milk urea content (p = 0.0446) to be significant variables influencing NH3 
emissions. The linear mixed-effects model reflects the significant relationship between tank-milk 
urea content and NH3 emissions (coefficient: 0.79). As a reliable indicator of nitrogen utilisation 
and the nitrogen level for the whole herd [3], tank-milk urea levels appeared to be useful for un-
derstanding differences within and between farms. As with our results, tank-milk urea content was 
shown in the literature to be closely linked to NH3 emissions [3; 4; 5].  
For the model-based calculation, individual-animal milk urea levels from the monthly milk record-
ing issued by the Swiss Brown Cattle Breeders’ Federation, the Swiss Fleckvieh Cattle Breeders’ 
Federation and the Swiss Holstein Cattle Breeders’ Association were used. Average calendar-
year levels ranged from 22 to 29 mg dl-1. Whereas the nitrogen level was lower during the winter, 
milk urea content reached maximum values in the summer feeding period.  
The calculated NH3 emission factors ranged between 22 and 25 g LU·d-1, depending on altitude 
level and wind speed (Tab. 2). The NH3 emission factors therefore, illustrate regional differences 
in climate and feed level, and reflect the influence of wind speed. Owing to the higher tempera-
tures with the same wind speed, the NH3 emission factor is larger for the plain region than for the 
mountain region. Within the same altitude zone, the emission factor based on the higher wind 
speed is always greater than that based on the lower wind speed. The differences between the 
individual variants are small. The modelled emission factors are lower than the NH3 emission fac-
tor for the cubicle loose-housing system in Germany of 40 g animal place −1 d−1 [6] and for the 
housing including outdoor exercise area in Portugal of 86 g LU−1 d−1 [7]. 

Table 2: NH3 emission factors [g LU-1 d-1] for dairy farming in naturally ventilated cubicle loose housing with solid floors and 
an outdoor exercise area alongside, with reference to the model-based calculation for both mountain and plain 
regions and for two wind speeds. 

Variants: Altitude  

Emission factor: arithm. mean (95% confidence interval) [g LU-1 d-1] 

Wind speed: 0.3 m s-1 Wind speed: 0.5 m s-1 

Plain region 22.7 (12.0; 37.9) 24.5 (13.4; 40.6) 

Mountain region 21.8 (12.3; 37.5) 23.4 (13.0; 39.8) 

4. Conclusions 

Both the measurement concept and the tracer ratio method have proven their worth in practical 
use in naturally ventilated dairy housing with an outdoor exercise area, and are applicable to other 
housing systems for cattle as well as other livestock categories. Wind speed in the housing, out-
side temperature and tank-milk urea content were shown to be significant influencing variables for 
NH3 emissions, giving an indication of appropriate mitigation approaches for needs-based, bal-
anced feeding as well as structural and climatic aspects. Milk urea content is a good indicator of 
an animal’s nitrogen supply, and is strongly correlated with total urine nitrogen content. Further-
more, milk urea content is closely linked to NH3 emissions. Using the model-based calculation 
approach, we were able to determine regionally differentiated NH3 emission factors based on 
widely available underlying data of high temporal and spatial resolution, thereby highlighting dif-
ferences in climatic conditions and nitrogen levels. A further differentiation of emission factors by 
flooring design, dung-removal method and the taking into account of grazing remains to be devel-
oped. 
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1. Objectives   

Our aim is to understand the air flow patterns in naturally ventilated barns and relate them to typi-
cal emission rates [1,2]. The highly variable, spatially heterogeneous flow determines the air ex-
change rate and is crucial for the transport of pollutants, humidity and heat [3,4]. The observed 
patterns depend on the inflow and the building design [5]. Only by combining different methodolo-
gies (measuring and modelling) the complex flow characteristics can be mapped with sufficient 
accuracy [6,7]. 

2. Methodology  

In a three-column approach we modeled and measured the through-flow of a naturally ventilated 
barn:   
 Long-term on-farm measurements: A commercial dairy barn with building dimensions 96.15m 

x 34.20m x 4.2m at the sides and up to 10.7m height at the gable peak was studied [1]. Air 
was introduced through adjustable curtains in the sidewalls and space boards and doors in 
the gable walls. The long side wall was facing the prevailing wind direction. Relevant parame-
ters of barn climate were simultaneously monitored at four locations (Fig. 2). Gill ultrasonic 
anemometers (UA) recorded wind profiles and an ANSYCO GASMET CX4000 Fourier-
transformed infrared (FTIR) measurement device monitored gas concentrations - both with 
1Hz resolution.  

 Experiments in a boundary layer wind tunnel (20m x 3m x 2.3m): The through-flow of a barn 
model of 1μ100, hereafter referred as “scale model”, was studied with laser-light-section and 
with a Dantec 2D laser-Doppler anemometer (LDA) under controlled lab conditions [6].  

 Computational fluid dynamics (CFD) simulations: A quasi-2D large eddy simulation (LES) with 
a modelling domain of 300m x 1m x 90m (30cm average mesh width) was performed with 
OpenFoam 2.3.0 to draw conclusions on the air flow patterns for a simplified geometry with 
open side walls [6]. In addition, 3D-steady-state simulations of the scale model with dimen-
sions 0.962m x 0.342m x 0.107m were conducted with a Reynolds-averaged Navier Stokes 
(RANS) solver in ANSYS CFX 14.5 [5]. The computational domain was 5.06m x 6.06m x 
2.03m and the geometry was mapped in detail.  

3. Results and discussion  

3.1 Air flow pattern  

Studies in the boundary layer wind tunnel and various numerical simulations with an orthogonal 
inflow (Figure 1b-d) revealed a meandering flow with lower wind speed in the back half of the barn 
[5,6]. Moreover, there is a recirculation close to the roof. Simulations revealed that there is a vor-
tex under the roof which yields a reverse flow in the upper half of the barn. The interaction be-
tween this region and the lower air volume in the barn is small, i.e. the respective air volume is 
almost not taking part in the air exchange. 
As shown in Figure 2 the condition of nearly orthogonal inflow is a typical one. In order to validate 
our model we consider measurements of vertical profiles of the air flow in the real barn during 
orthogonal inflow (Figure 1a). The vector field averaged over 10 minutes shows a similar pattern 
as the models:  The direction of the air flow in the lower part of the barn is following the direction of 
the inflow (left to right in Fig. 1), with a downward component close to the inlet and outlet and a 
upward component in the middle of the barn. In the upper part of the barn the measured air flow is 
opposed to the direction of the inflow.  
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Figure 1: (a) Vector field of a vertical wind profile measured in April 2014 with ultra sonic anemometers during orthognal 
…………inflow. Vectors are orthogonal to the long side and scaled by factor 10. An average of 10 minutes is shown. (b) 
…………Quasi-2D LES run implementing only the effect of the roof of the barn. The atmospheric boundary layer is 
…………parametrized by a logarithmic wind profile with 6.25m/s wind speed in 90m height and roughness length 
…………0.01m. The velocity is averaged over 10 minutes. (c) Vertical profile of the air flow based on a 3D RANS simu-  
…………lation of the scale model. (d) Instanteous flow in the wind tunnel for the scale model with orthogonal, turbulent 
      inflow. 
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In this way, the measured air flow pattern is in good agreement with the modelled air flow although 
the model is characterised by strong simplifications.  
Since the resolution of the model data is much higher than that of the field measurements we are 
able to identify also fine scale structures. In particular, we get information on the air flow close to 
the floor which is difficult to access with measurements due to animal activity. In the front half of 
the barn the models show high wind speed values in the animal occupied and the emission active 
zone while wind speed in the back half of the barn is typically much lower. Particularly, there is 
region about 25m behind the inlet where it is almost calm (Figure 1).  

Figure 2: Typical distribution of speed and direction of the incoming wind exemplarily for August 2014 and the cor-
………….esponding alignment of the investigated barn. The red dots indicate measurement points where air flow, 
…… ……gas concentrations, temperature and humidity were monitored simultaneously. 

 
3.2 Distribution of gas concentrations   

The observed characteristic air flow pattern indicates that gases which are emitted in the lower 
back half of the barn will stay for a long time. The air volume in the lower front half of the barn, on 
the other hand, is exchanged rather fast which reduces the gas concentrations over time.  
 

Figure 3: Deviations of partial spatial averages  for front (left subfigures) and back (right subfigures) half of the barn 
…………from the total spatial average of the entire barn ̅. Here,  refers to concentrations of ammonia and methane, 
...………espectively. Temporal averages over 10 minutes are shown. 
 

In order to validate this implication, we compare averages of ammonia and methane concentra-
tions at the measurement positions shown in Figure 2 – partial spatial averages for the front part 
and the back part of the barn and the spatial average for the entire barn.  
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Deviations of the two partial spatial averages from the total spatial average reflect the observed air 
flow pattern: Gas concentrations in the back half of the barn are usually significantly higher than 
the total average while they are lower in the front half (Fig.3). The deviations are typically more 
pronounced for methane than for ammonia, which might be related to the typically larger emission 
rates of methane in dairy buildings. The time series of deviations in the gas concentrations vary 
with time reflecting the not stationary behavior of the air flow. 

4 Conclusion and outlook  

Combining different methodologies yields maximal information output in order to determine typical 
through-flow patterns in naturally ventilated barns. Physical and numerical modeling is crucial to 
obtain sufficiently high resolved data and to study the influence of boundary conditions. Field 
measurements are crucial to validate the models and assess the flow patterns regarding their 
effect on gas concentrations. With the three-column-approach we can combine the advantages of 
the methodologies and mutually validate the results to improve the understanding of the air flow 
dynamics which relate to the transport of gases and particles out of and climate in the barn.  
Even with significant approximations in the models we were able to reproduce the dominating air 
flow pattern for defined boundary conditions. The results revealed that, for an almost symmetric 
building regarding inlets and outlets, air flow and gas concentrations are spatially heterogeneous 
in the barn and not stationary. On average, the front half of the investigated barn is characterized 
by high wind speed and low gas concentration while animals in the back half may suffer from low 
wind speed and higher gas concentrations. 
The compiled information about air flow patterns, air exchange rate and gas concentrations will be 
used in further experiments for the estimation of emission rates. 
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1. Objectives 

Deep litter is an animal housing system based on the repeated spreading of straw or sawdust in 
indoor booths. As animal dejections are dropped, new layers of litter are regularly added and 
mixed, so that the bed is kept under aerobic conditions and the composting process is prompted. 
Deep liter was originally developed for poultry but it is being applied successfully to dairy cows, 
where it has been associated to some specific benefits: 
 
 Savings in the amount of required litter, 
 Improved management of manure and organic fertilization, 
 Better animal health due to lower incidence of hoof lesions and mastitis. 

 
While dairy cattle farms are a major source of greenhouse gases (GHG) and ammonia (NH3) [3], 
data on the influence of the bedding structure on such emissions is scarce. A previous study was 
carried out in a dairy farm managed with deep litter in north Europe [8], but no comparative data is 
available under Mediterranean conditions. Also, information on the effect of deep litter to microbial 
community dynamics is lacking. 
The present work was aimed at characterizing the gaseous emissions that are associated to deep 
litter when implemented in a Catalan commercial dairy farm, in relation to the conventional man-
agement of regular bed replacement. Physicochemical and microbial parameters from bed sam-
ples were also studied. 

2. Methodology 

The study was carried out at the dairy farm “El Trèvol” (Vilobí d’Onyar, Catalonia, Spain), and 
encompassed five similar barns (65 – 85 cows each). Three barns were handled with deep litter 
and two were kept as conventional management controls. Deep litter consisted in the daily bed 
mixing and addition of a thin layer of sawdust, while control beds were set in one time and re-
placed weekly. Measurements of gaseous emission rates and bed sampling were carried out in 
spring, summer and winter for including climatic variability. The implemented methods are sum-
marized as follows: 
 
 Emission rates: A dynamic chamber (Lindvall) was used for gaseous sampling [4]; CH4 was 

measured by GC-FID [5], and CO2 and N2O by GC-ECD [9]. NH3 was determined in-situ with 
an electrochemical sensor (VRAE, RAE Systems Inc.) and SH2 was adsorbed onto an acti-
vated coconut shell charcoal tube (with a  PTFE prefilter), for subsequent chemical analysis  
[2]. 

 Physicochemical characterization: Bed samples were characterized in terms of total solids 
(TS), volatile solids (VS), total nitrogen (TN) and total ammonia nitrogen (TAN), electrical con-
ductivity and pH, according to the Standard Methods for Wastewater [2]. 

 Microbial characterization: Micobiome analysis was carried out by high throughput sequencing 
of ribosomal 16S rRNA gene libraries from the Eubacteria and Archaeobacteria domains [1]. 
Total 16S rRNA genes from the Eubacteria and methyl coenzyme M reductase A (mcrA) 
genes from methanogenic Archaea were quantified by qPCR [7]. 

3. Results and discussion 

3.1 Gaseous emissions 

The average temperature of the bed ranged from a minimum of 13°C in winter to a maximum of 
45°C during the summer. These temperatures were well below 60°C that are common during the 
termophilic phase of a standard composting process. In addition, differences in bed temperature 
between barns managed with deep litter and the controls were not significant (n=6, α=0.05). A 
relatively similar linear correlation (r2>0.95) was observed in all cases between the average bed 
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temperature and the daily average environmental temperature, so that the bed was consistently 
about 15°C warmer than the surrounding air. 
Different gaseous emission patterns were observed in the bedding: emission rates of GHG were 
generally lower in deep litter (compared to the controls) during the mild and cold seasons, but the 
situation reversed during the summer (Figure 1). Average emission rates in deep litter correlated 
strongly with the bed temperature (r2≥0.99), which points to the importance of the microbial aero-
bic, anoxic and anaerobic activity resulting in the emission of CO2, N2O and CH4, respectively. 
Such temperature/emission correlation was not observed in the controls. 

 
Figure 1: Left: time-course evolution on the GHG emission rates in deep litter (rhombi) and conventional management 

controls (squares). Right: correlation of these emissions with the average bed temperature (n=6). Error bars cor-
respond to the average and confidence interval of three independent barns managed with deep litter (n=3, 
α=0.05); squares are the average of two control management barns. 

 
Conversely, the emission of acidifying and toxic gases (NH3 and SH2) showed poor or no correla-
tion with bed temperature (r2<0.6, not showed) and were always significantly lower in barns man-
aged with deep litter than in the controls. The highest emission reductions were observed for NH3, 
with emission rate values that remained below 5 g m-2 d-1 in deep litter barns during the whole trial, 
while emission rates ranged from 10 to 30 g m-2 d-1 in the control barns (Figure 2).  

 
Figure 2: Time-course evolution on the emission rate of acidifying and toxic gases in deep litter (rhombi) and conventional 

management controls (squares). Error bars correspond to the average and confidence interval of three inde-
pendent barns managed with deep litter (n=3, α=0.05); squares are the average of two control management 
barns. 
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3.2 Chemical characterization 
Significant differences between deep litter and control beddings were also observed on its physi-
cochemical composition (Table 1). On one hand, TS and VS tended to increase during the warm 
season in deep litter bed samples, most likely because of water evaporation due to the higher 
environmental temperatures, while the solids remained rather constant in the continuously reno-
vated control bedding. Yet, at the end of the deep litter process in the winter season, no significant 
differences with the control were found in terms of TS and VS. 

Table 1: Time-course evolution of selected physicochemical parameters of bed samples from deep litter (DL) and conven-
tional control management (CM). Presented values correspond to the average and confidence interval (n=6, 
α=0.05). 

Sampling date TS 
(%) 

VS 
(%) 

TN 
(%) 

TAN 
(mg kg-1) 

EC 
(dS m-1) pH 

DL – Spring (29/05/13) 31±0.13 28±0.10* 0.97±0.08 732±36* 2.86±0.79 8.49±0.15 

DL – Summer (24/07/13) 36±0.19* 32±0.33* 1.11±0.23 735±23* 2.69±0.38 8.70±0.13 

DL – Winter (21/01/14) 32±0.01 29±0.01 1.11±0.04* 1,020±12* 1.60±0.12 8.71±0.06 
CM – Control (pooled) 32±0.37 29±0.42 0.85±0.11 1,435±50 2.67±2.10 8.17±0.52 
* Significant difference of DL in relation to CM.

 

 
On the other hand, nitrogen (TN) accumulation was higher in deep litter than in the conventional 
management control but, interestingly, ammonia (TAN) showed the opposite trend as concentra-
tions were significantly higher in the control. This phenomenon points to a more intensive ammo-
nia oxidation and assimilation in deep litter, probably because of the prolonged retention of animal 
dejections and the higher microbial aerobic activity in the composting deep litter bed. The lower 
amounts of free ammonium in the bed with deep litter would also explain the observed reduction 
in ammonia emissions (Figure 2). Finally, the bed pH increased slightly in the deep litter barns in 
relation to the control but, as with the EC, differences were not significant. 

3.3 Microbial characterization 

Micobiome analysis of the Eubacteria and Archaea domains are summarized in Figure 3. With 
respect to Eubacteria, a predominance of the phylum Proteobacteria was evidenced followed by 
representatives of the Bacteroidetes. However, during the warm season and only in deep litter 
samples, the second consistently increased their relative abundance at the expense of the former.  

 
Figure 3: Relative abundance of 16S rRNA sequences from Eubacteria (right, at phylum level) and Archaeobacteria (left, 

family level) in bed samples from a dairy farm. Samples were taken from three barns managed with deep litter 
(DL1, DL2, and DL3) and one control barn with conventional management (CM). 

The observed differentiation of bacterial populations was also seen in relation to the Archaea. In 
particular, representatives of the Fervidococcaceae family became significantly enriched during de 
summer period and only in deep litter bedding. This bacterial group has recently been described 
only recently in anaerobic environments that are characterized by relatively high temperatures and 
poor availability of organic matter, such as hot springs [6]. It was therefore an unexpected finding 
to detect these microbes in such prevalence in deep litter samples, fact that is currently being 
investigated. 
A quantitative assessment by qPCR of the relationship between bacterial 16S rRNA genes (indi-
cator of the overall eubacterial population), and the mcrA functional gene (specific from methano-
genic archaea) was performed (Figure 4). These results indicate that eubacteria were about two to 
three orders of magnitude more abundant than methanogens. This ratio is similar to those of an-
aerobic digesters [7], despite the prevailing aerobic conditions in deep litter. Such high counts on 
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methanogens are probably caused by the microorganisms that are continuously excreted from the 
cows’ rumen. However, it is interesting to note the consistent trend of archaea to increase their 
number in almost one order of magnitude during the warm season, when the highest methane 
emission rates were also measured (Figure 2). 

 
Figure 4: Gene counts of ribosomal 16S rRNA (total Eubacteria, grey bars) and functional mcrA (methanogenic Archaea, 

blue bars) as determined by qPCR, in deep litter samples from three barns (DL1, DL2, and DL3) and in one con-
trol management barn (CM).  Samples were taken during spring, summer, and winter. The ratio between 
mcrA/16S rRNA has been indicated in triangles. 

4. Conclusion and outlook 

The emissions reported here in a dairy farm managed with deep litter were comparable to those 
determined previously in North Europe [6]. These earlier determinations were claimed to be in the 
lower side, though no comparative data was provided. In the present study, gaseous emissions 
from deep litter were generally lower than those of conventional bed management, especially for 
NH3 (80% reduction in average). Microbial community structure and GHG emission rates were 
primarily related to bed temperature, but environmental conditions rather than metabolism appear 
to be the main contributor to the bed heating and, ultimately, to the emission of GHG. A more 
profound analysis of the generated genomic databases is currently underway, in search for rele-
vant bacterial species (i.e. potentially pathogenic microorganisms involved in bovine mastitis such 
as Staphylococcus aureus). 
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1. Objectives 

A heat exchange system is an air exchange system that recovers the thermal energy of air leaving 
a housing system to heat incoming air by a counter-current heat exchange system. The air ex-
change system is utilised to recover the thermal energy of the air drawn out from broiler houses to 
heat up the inflowing air and by that reduce the energy cost of heating. The use of a low cost heat-
ing system may influence the dryness of the broiler litter and thereby abate the ammonia emission 
of broiler production. The aim of the study was to investigate to what extend the use of a heat 
exchange system effects the emission of ammonia from broiler houses. 
 

2. Methodology 

The Dutch company Agro Supply has developed an Agro Clima Unit (ACU) for broiler houses ( 
Figure 6). The ACU system reduces the energy requirement for heating broiler houses by means 
of counter current heat exchange system [1]. However, the use of the ACU system may also influ-
ence the emission of ammonia from the broiler production as the inflowing ACU-heated air dry the 
broiler litter mat. The lower humidity of the broiler mat reduce the conversion of excreted uric acid 
into ammonia, and thereby the emission of ammonia from the broiler house.   
 
The ammonia effect of the ACU heat exchange system was tested by simultaneous measurement 
of the ammonia emission from approximately 30.000 broilers housed in a mechanically ventilated 
commercial broiler house attached the ACU unit (case), and 30.000 broilers housed in a similar 
housing system without the ACU unit (control). Apart from the ACU system the two broiler houses 
were identical. Both houses were ventilated by traditional wall inlets and classic negative pressure 
ventilation system. The ammonia emission was continuously measured in three production cycles, 
each lasting approximately 30 days. The emission was quantified by continuous measurements of 
air exchange and ammonia concentration of in- and outflowing air.  
 
The air exchange was continuously on-line measured by air anemometers (Stienen, d = 600mm) 
situated in ventilation ducts. The concentrations of ammonia in ingoing and outgoing air were con-
tinuously on-line measured by use of an on-line automatic photo-acoustic multigas analyser (IN-
NOVA, 1412, Lumasense, Denmark), connected to an automatic mulitipoint sampler (INNOVA, 
1307). 
 
The emission of ammonia from the test houses was quantified by the following equation:  
 

                                   � =  ∑ ∑ �  �== − �==                                         Eq. 1 
 
where  �= Emission of ammonia from the housing systems at time t, mg NH3 h

-1 
i = Type of ventilation (roof ventilation, Agro Clima Unit ventilation, gable wall ventilation)  
n = the number of measurements during the sampling period 

 = Air flow, m3 air h-1 �  = Ammonia concentration in outgoing air at time t, mg NH3 m
-3 air � = Ammonia concentration in ingoing air at time t, mg NH3 m
-3 air 

t = measurement event 
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Figure 6: Picture of the Agro Clima Unit situated outside a broiler house. Part of the ventilation air to and from the broiler 
…………house are drawn through the Agro Clima Unit by a countercurrent principle to utilise the heat content of out-
…...…....going air to heat up ingoing air. 

 

3. Results and discussion 

The ammonia emission from broilers produced in equal commercial test houses with and without 
the ACU heating system was quantified continuously from the start of the production cycles until a 
fraction of the broilers was taken out of the production system approximately 30 days later. The 
ammonia effect of the ACU system was quantified for three subsequent broiler production cycles.  
 
Table 1 shows the time of study, and the number of broilers housed in the test sections during the 
three test periods. 
  
Table 1: Start and end of production cycles and the number of broilers at start and end of the production cycles.  

Test period Test section Start of produc-
tion cycle 

End of measure-
ment period 

No. of broilers 
at start 

No. of broilers at 
end 

1 ACU 16.08-2012 17.09-2012 30.100 29.516 
1 Control 16.08-2012 17.09-2012 30.900 30.260 
2 ACU 05.10-2012 05.11-2012 31.900 31.409 
2 Control 05.10-2012 05.11-2012 31.900 31.412 
3 ACU 22.11-2012 24.12-2012 30.500 29.729 
3 Control 22.11-2012 24.12-2012 30.400 29.748 

 
The daily measured ammonia emission from the broilers housed in broiler houses with and with-
out the ACU system is shown in Figure 2.  
 
Levels of emission were found to increase during the production cycle for all three production 
periods (Figure 2). In test period 1 the ammonia emission was found to be lower from the broilers 
produced in the test section attached the ACU system for the first 20 days of the production cycle. 
In test period 2 lower emission from the test section attached the ACU was observed during the 
full period of measurement. In test period 3 reduced ammonia emissions were observed from the 
case section during the first 25 days.  
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Figure 2: Measured daily emission of ammonia nitrogen (NH3-N) from broilers produced in a broiler house attached the 
………… Agro Clima Unit (ACU) and a broiler house without the use of the Agro Clima Unit (Control). Ammonia volatile- 

zation is shown in g of ammonia nitrogen (NH3-N) per 1000 broilers per day. The top left diagram shows results 
for broilers produced during August and September. The top right diagram shows the results during October and 
November. The lower diagram shows results for broilers produced during November and December. Missing da-
ta is a consequence of measurement equipment malfunction. 

 
The ventilation requirement of newly hatch broilers is low. Due that, the majority of the ventilation 
requirement took place by use of the ACU system in the start of the production cycles, whereas 
the majority of the total air exchange was performed by the roof ventilation system later in the 
production cycle, when the ventilation requirement of the broilers is higher (Figure 3).  
 
 
 

 
Figure 3: Ventilation by the different types of ventilation systems in period 1. The case section was ventilated by a com- 
………… bination of the ACU and the roof ventilation system (Roof vent). The control section was ventilated only by roof 
………… ventilation system. Gable fans were not used in any of the three measuring periods. 

 
The highest reduction of ammonia emission was observed when the majority of the ventilation of 
the case section was performed by the ACU system. In general, it was observed, that the higher 
proportion of the total ventilation requirement performed by the roof ventilation system, the closer 
were the ammonia emission levels of the test and case sections (Figure 2). 
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The total ammonia emission per 1000 broilers produced in housing systems with and without use 
of the ACU system can be seen in Table 2. The study found differences between measured am-
monia emission for the different test periods both for the control and the case section. The ob-
served differences is expected to be due differences in the external climatic conditions, as air hu-
midity influences the moisture content of the litter mat and thereby the ammonia emission poten-
tial. In average the ammonia emission was found to be 41% lower from the broiler section with the 
ACU unit attached.  
 
Table 2:  Measured ammonia (NH3) emission from a control and a case broiler house attached a Agro Clima Unit (ACU),  

and the ammonia reduction effect of the ACU system per 1000 broilers during a 30 days production period.  

Test period Period 
Control 

Kg NH3/1000 
broilers 

Case (ACU) 
Kg NH3/1000 

broilers 

Difference 
Kg NH3/1000 

broilers 

Difference 
% 

1 Aug – Sep 5.07 2.96 2.11 41.6 
2 Oct – Nov. 7.01 3.59 3.41 48.7 
3 Nov – Dec 3.84 2.58 1.26 32.7 

Mean Aug – Dec 5.30 3.04 2.26 41.0 

 

4. Conclusion and outlook 

The ammonia emission from broiler houses with and without an ACU heat exchange system was 
measured for three different broiler production cycles. The use of the ACU heat exchange system 
was found to reduce the ammonia emission from broiler houses by 41 %. 
 
The ACU system is a promising environmental technology for broiler poultry production, as it both 
acts as an energy saving technology, and reduces the emission of ammonia from the production. 
The ammonia reduction effect of the ACU system appears to be depending on the proportion of 
the total ventilation requirement that can be performed by the ventilation capacity of the ACU sys-
tem.  
 
As the total ventilation requirement of broiler houses is higher in summer periods than in winter 
periods, the ammonia effect of the ACU system can be expected to be depending on when the 
study is performed. The present study was performed during autumn and early winter periods. To 
investigate the ammonia effect of the ACU system during other seasons, a new comparative study 
running over 12 month has been initiated to quantify the ammonia and odour effect of the ACU 
systems during a full year.      
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1. Objectives 

Dairy production is predicted to strongly increase in Europe, as milk quotas are going to be abol-
ished. This will also affect the greenhouse gas and ammonia emissions. It is necessary to identify 
low emission production systems and mitigation options. Their effects on the whole process chain 
and their applicability into regional settings need to be considered. Therefore, dairy farms repre-
senting the existing range in production systems have been modelled and emissions of NH3 and 
GHG have been calculated. 

2. Methodology 

Five dairy farms were modelled with average milk yields from 5200 to 11850 kg ECM 5 200 and 
11 850 kg ECM (cow · a)-1. Thus the existing range of production intensities in Germany was cov-
ered. These farm models are derived from surveys of existing dairy farms in Germany and Italy 
(table 1). Global values like feedstuff properties as well as standard values are taken from various 
sources.  

Table 1: Main characteristics of dairy farms. 

Farm model  MV1 MV2 MV3 MV4 MV5 

Milk yield  kg ECM · a-1 5 195 9 322 8 820 11 848 8 496 

Size of herd  Number of 
dairy cows 47 151 48 55 67 

Breed  
VW 80 % 

RH 20 % 
HF BV HF FL 

Lactation periods per cow 3.2 2.4 2.9 3.4 2.7 

acreage for 
on-farm fodder   

Arable 9 % 72 % 0 % 87 % 40 % 

Grassland 91 % 28 % 100 % 13 % 60 % 

N-input (on-
farm fodder) 

kg N · GU-1 3.6 2.8 4.5 3.3 3.0 

Region  Black Forest South Tyrol Allgäu Lower Rhine Central 
Franconia 

ECM-energy corrected milk; VW-Vorderwälder Vieh; RH-Rotes Höhenvieh; HF-Holstein Friesian; BV-Braunvieh; FL-
Fleckvieh; GU-grain unit 
 
The modelling approach applied integrates the following compartments: feed production (emis-
sions from soil and cultivation), enteric fermentation and excretion, housing systems and manure 
management. Nutrient and product-flows between these compartments were considered and 
resulting GHG and NH3 emissions calculated. The compartments are linked via mass flow of 
products.  The calculation of GHG and ammonia emissions is based on the methodology of the 
National Inventory Report (NIR) [1]. Since the NIR approach is source related and highly aggre-
gated on regional and national level it is not suitable for farm level modelling and therefore needed 
to be adopted for farm level modelling, e. g. by including pre-chain emissions for utilities.. Emis-
sion calculations on farm level have to illustrate relationships and effects in much more detail. The 
dairy system is modelled within the system boundaries of a typical dairy farm. Rearing of calves 
and heifers for replacement are part of the system, whereas excess calves are regarded to be 
sold and leave the system.  Results of emission calculations are given as kg CO2e for GHG and 
kg NH3 per kg energy-corrected milk. 
 
Dairy farms are multiple output systems with milk and beef as main products. Thus, the calculation 
of product related GHG emissions depends on an allocation of emissions between products. The 
GHG emissions are allocated according to the IDF-methodology guidelines for carbon foot printing 
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in the dairy sector which is based on the physiological fodder energy demand for milk and beef 
production [2].  

3. Results and discussion 

3.1 Greenhouse gas emissions 

When allocated completely to milk, GHG emissions range between 0.8 (MV4) and 1.9 kg CO2e · 
(kg ECM)-1 (MV1). About half of the GHG emissions are caused by field activities (41 % for MV5 to 
54 % for MV3), in particular N fertilizing. The second most important source is enteric fermenta-
tion, which contributes between 34 and 40 % to overall GHG emissions. The specific GHG emis-
sions are strongly related to average milk yield per cow (r = -0.89). Grass and maize pellets in the 
feed ration like in MV3 increase GHG emissions due to the high energy demand to produce this 
forage. While grass and maize pellets account only for 4.6 % (dry matter related) of the total feed 
ration, they contribute to 13.5 % of the GHG emission from total feed production (on-farm and 
purchased) (figure 1). 
 
Depending on the housing system and manure management (manure removal intervals, storage 
type, and storage time) great differences in emissions of GHG and ammonia from barn and stor-
age can occur. Transport of roughage that cannot be grown in the vicinity of the farm only margin-
ally contributes to the total emissions. Even transport distances of 250 km for the whole roughage 
in MV2 increase overall emissions marginally by 4 % (figure 1). 
 

 
Figure 1:  Sources of greenhouse gas emissions per kg ECM in the investigated dairy farms (allocation 100 % to milk). 
 
N input per grain unit for on farm feedstuff production is higher in farms with high proportions of 
grassland (table 1) (r = 0.71), which is partially a result of higher losses of climate effective N 
compounds from manure application on grassland. Therefore, high shares of grassland are posi-
tively related to overall GHG emissions (r = 0.68). The same applies to NH3 emission, due to less 
efficient slurry application techniques used on grassland on the modelled farms (r = 0.86). The 
positive relationship between grassland and GHG emission is reduced by the fact that nitrate 
leaching and therefore indirect N2O emission from nitrate leaching is more pronounced on arable 
fields than on grassland [3]. 
 
GHG emissions from slurry storages range from 8.9 to 56.6 kg CO2e per m³ slurry. The most im-
portant component of these GHGes is methane, which is modelled as a function of slurry volume, 
storage time and temperature. The effect of storage time is pronounced (r = 0.89) (table 2). How-
ever, long storage time in winter is recommended to enable slurry application adapted to nutrient 
demands of crops. This is crucial to achieve high N-efficiencies. One promising measure to re-
duce GHG emission from slurry storages is anaerobic digestion and capturing of methane.  
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Table 2: Influence of slurry storage
a
 technique on GHG and NH3 emissions. 

 Farm model MV1 MV2 MV3 MV4 MV5 
S

to
re

 1
 

 
Cover type (slurry crust) tent concrete concrete (slurry crust) 

Homogenization p. a. 6 5 12 4 3 

Storage time [d] 183 73 91 120 150 

Stored volume p. a. [m³] 
980 4316 220 1163 1220 

GHG emission [kg CO2e · m-3] 33.9 8.9 10.8 33.9 34.1 
NH3 emission [kg NH3 · m

-3] 0.32 0.019 0.27 0.049 0.18 

S
to

re
 2

 

 

Cover type 
  (slurry crust) none (slurry crust) 

Homogenization p. a. 
  12 4 2 

Storage time [d] 
  91 120 210 

Stored volume p. a. [m³] 
  963 238 521 

GHG emission [kg CO2e · m-3]   13.8 36.1 56.9 
NH3 emission [kg NH3 · m

-3]   0.64 1.37 0.18 
a 

MV1 and MV2 has one slurry store each, MV3, MV4 and MV5 has two slurry stores each 
 

3.2 Ammonia emissions  

Ammonia emissions range between 6.7 and 11.3 g NH3 · (kg ECM)-1 (figure 2). Differences are 
mainly caused by manure management, but also by milk yield per cow. Ammonia emissions from 
on-farm feed production is the most important source in all five farm models. Differences are 
mainly caused by different manure application techniques.  MV1, MV3 and MV5 use broadcast 
application technique on grassland as well as on arable soil with slurry incorporation within 4 
hours where possible, causing higher NH3 emissions (6.1, 5.3 and 4.4 g NH3 · kg-1 ECM) than in 
MV2 and MV4 (4.4 and 3.0 g NH3 · kg-1 ECM) which use trailing hose technique. 
NH3 emissions from manure storage in MV1, MV3 and MV4 are significantly higher (1.57, 1.72 
and 1.48 g NH3 · kg-1 ECM, respectively) than in MV5 und MV2 (both 0.73 g NH3 · kg-1 ECM). NH3 
emissions from manure storages depend mainly on contact area between manure and air and air 
exchange rate. Therefore, NH3 emissions from manure storage are especially high in open tank 
storages. Reduced slurry crusting due to slurry homogenization or lacking slurry crusts enhance 
emissions. For example, in MV4 with two slurry storages (storage 1 with concrete cover, storage 2 
with no cover and no slurry crust) volume related emissions in storage 2 are 28 times higher than 
in storage 1 (1.37 vs. 0.049 kg NH3 · m

-3 slurry) (table 2). 
Differences in NH3 emissions related to kg ECM from barns are mainly caused by differences in 
milk yield per cow. NH3 emissions from barns related to animals instead of kg ECM are in a rather 
narrow range of 18.1 kg NH3 to 19.4 kg NH3 per cow (incl. replacement animals) and year. Am-
monia emissions from purchased feed are low, because they are produced mainly with mineral 
fertilizers. 

 
Figure 2:  Sources of ammonia emissions per kg ECM in the investigated dairy farms (allocation 100 % to milk) 
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3.3 Allocation  

If GHG and NH3 emissions are allocated between milk and beef production according to the IDF 
methodology, systems with high amounts of produced beef are in advantage compared to those 
with less beef. Especially dairy farms with dual-purpose breeds (milk and beef production) like 
MV1 (Vorderwälder Vieh and Rotes Höhenvieh), MV5 (Fleckvieh), and less pronounced MV3 
(Braunvieh) account lower GHG emission to milk than those with Holstein Friesian cattle. Differ-
ences range between 12 and 30 % per kg ECM with the higher values for those farms with dual-
purpose breeds (table 3). 

Table 3: Influence of IDF allocation on GHG emissions. 

Farm model  MV1 MV2 MV3 MV4 MV5 

beef g · (kg ECM)-1 73.20 32.99 33.99 24.44 45.01 

100 % on milk g CO2e · (kg ECM)-1 1.92 1.08 1.23 0.90 1.06 

IDF allocation g CO2e · (kg ECM)-1 1.34 (-30 %) 0.86 (-20.4 %) 1.01 (-17.9 %) 0.79 (-12.2 %) 0.81 -23.6 %) 

4. Conclusion 

The most promising measure to reduce NH3 emissions is a well-balanced nitrogen management, 
like utilization of N efficient manure application techniques and covers for manure storages. This 
measure also efficiently reduces GHG emissions. Since methane from enteric fermentation and 
manure storage are main components of GHG emissions from dairy farms, it is important to in-
crease milk and beef production efficiency and to avoid release of methane from manure storage 
into the atmosphere. Since methane emissions from enteric fermentation mainly depend on the 
number of animals, increased milk and beef yield per animal decreases product related emissions. 
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1. Objectives 

Methane contributed in 2013 10% to the Dutch Greenhouse gas emissions of which 63% came 
from agriculture. Methane is produced by enteric fermentation (72%) and by fermentation of vola-
tile solids from the excreted manure (28%). Methane emission from manure management is esti-
mated from the excretion of volatile solids (VS) by livestock, the potential methane production (Bo) 
and the Methane Conversion Factor (MCF) [1, 3]. In the Netherlands, the excretion of volatile 
solids (VSEX) for animal categories representing a significant share of the Dutch emissions, is 
calculated as a product of 1) estimates of manure production and 2) measured data on average 
volatile solids concentrations in manure samples analyzed in commercial laboratories [2].This 
method may result in inaccurate estimates because of inaccurate estimates of manure production 
and of inaccuracy of the average concentration of VS in manure. Besides, the latter is biased be-
cause it concerns measurements before application of manure to the field. During storage in hous-
ing and outside, volatilization of mineral nitrogen compounds, organic odorous compounds, dust 
particles and water already occurred. This paper suggests to revise the Dutch method with a more 
robust approach based on the excretion of volatile solids (VS) calculated with data of intake, di-
gestibility of organic matter (DOM) and excretion of Total Ammoniacal Nitrogen (TAN). Additional-
ly the outcomes are compared to the excreted VS calculated with the Tier 2 method in the IPCC 
2006 Guidebook [3].  

2. Methodology 

In the Netherlands comprehensive data are available on feed intake, feed composition and digest-
ibility of key-categories of livestock. In such situation, the IPCC [3] recommends to use a Tier 2 
method to calculate annual VS excretion (VSEX) according Eq. 1.  

 
Eq.1 

 

In which, GE is the gross energy intake (MJ/d); DE% digestible energy; UE is urinary energy as 
fraction of GE; ash is the ash content as fraction of dry matter intake. However, the CVB Feed 
Tables (chemical composition and feed values are assembled for all species of livestock animals) 
[4] provide information on GE, ME and ash of feed components but lacks the values for DE and 
UE (UE=DE-ME). This could be overcome by using the DE values of diets for various livestock 
categories suggested by the IPCC [3]. However, it is unknown if these values are accurate for 
feed components and animal diets that are typical for the situation in the Netherlands. This uncer-
tainty urged the need to develop a new method to estimate VSEX of various key-categories of live-
stock given the extensive information on feed intake and feed digestibility available in the Nether-
lands. 
 
The excretion of VS in manure is the sum of VS excreted with feces, as a result from the 
(un)digestibility of the organic matter (DOM) in the feed (VSEX-DOM) and urine (VSEX-TAN) as a result 
from the digestibility of nitrogen. VSEX-TAN is defined as urea (cattle and pigs) or uric acid (poultry) 
and thus relates to TAN. The excretion of TAN is already used in the Tier 3 TAN-flow model of the 
Netherlands, NEMA (National Emission Model for Agriculture) to estimate the national ammonia 
(NH3) and Nitrous oxide (N2O) emissions. TAN is calculated from intake of crude protein nitrogen 
(N), digestibility of N and N retained in animal products [5, 6]. To do so, the Dutch Central Bureau 
of Statistics (CBS) and Wageningen UR are commissioned by the government to collect the re-
quired data. These data are the number of animals, the yields of animal products, the production 
and imports of home-grown feeds and forages, and the volumes of purchased feeds (concen-
trates and by-products) for each livestock category and sub-categories. The ingredients of the 
feed and the by-products are derived from data from the feed industry. Feed and nutrient digesti-
bility’s can thus be calculated with the CVB Feed Tables [4, 7]. These comprehensive data not 

VSEX = GE× 1-DE%/100)+(UE×GE) ×((1-ash / GE
1000

×365  
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only enables the calculation of VSEX-TAN, but is also the framework for calculating the excretion of 
VSEX-DOM by knowing the organic matter content en the DOM of the compounds in the feed.  
 
The total VSEX is the sum of VSEX-TAN and VSEX-DOM. The excretion of VSEX-TAN is already provided 
by NEMA and is calculated as follows:  

 
Eq. 2 

 
 
In which, DMIi is the dry matter intake (kg/year) of feed component i (i = n the number of feed 
components in the diet), CPi is the crude protein concentration in feed component i, CPDi is the 
digestibility coefficient of CP in feed component i; NRET is the nitrogen retention (in animals, milk 
and eggs), PN is the proportion of N in the excreted VSEX-TAN. The values of DMIi are obtained from 
compilations by the data of [7, 8] The values CPi and CPDi are derived from the CVB Feed Tables 
[4]. In cattle and swine, nearly all VSEX-TAN is excreted as urea (CH4N2O; molecular mass 60 
g/mol). Therefore, in cattle and swine PN = 28/60, with 28 being the molecular mass of two mole-
cules of nitrogen. In poultry, nearly all VSEX-TAN is excreted as uric acid (C5H4N4O3; molecular 
mass 168 g/mol) and therefore, in poultry PN = 56/168, with 56 being the molecular mass of four 
molecules of nitrogen. 
 
The fecal excretion of VS (VSEX-DOM) is calculated from the organic matter intake and its digestibil-
ity calculated as: 

            
Eq. 3 

 
 

In which, DMIi is the dry matter intake (kg/year) of feed component i (i = n the number of feed 
components in the diet), ashi is the ash content (g/kg DM) of feed i and OMDi is the digestibility 
coefficient of organic matter of feed i. derived from the CVB Feed Table [4]. Note that DOM is the 
product of OM and OMD, with OM being the organic matter content of the feed.  

3. Results and discussion 

Table 1 presents the estimated VSEX of various key-categories of livestock calculated according to 
three methods: 1) IPCC 2006 Tier 2 method using the range of DE values as suggested by IPCC; 
2) Current method used in the Netherlands (NL_current) [1, 6] and  3) the revised method pre-
sented in this paper based on excretion of TAN and fecal excretion of  organic matter 
(TAN+DOM). 
 
Estimation of VSEX with Eq. 1 is sensitive to errors in DE values: 10% error in estimating DE will 
be magnified to 20 to 45% for VSEX [3]. The IPCC suggests a broad range of DE values of animal 
diets, which therefore could  introduce large inaccuracies with differences of VSEX calculated with 
the DEmax being 30-60% lower than calculated with DEmin (Table 1).  
 

Except for the rearing heifers and the broilers all VSEX calculated currently in the NL were lower 
than calculated with the IPCC’s upper limit of the DE%, which varied from 75% for ruminants to 
90% for the fatteners. A higher DE% results in a lower VSEX. This suggests that the NL_current 
values were too low, since a higher DE than the upper DE is not likely, in particular because re-
striction of animal products in feed would have had a decreasing effect on the organic matter and 
the energy digestibility of feed.  
 
In general the suggested TAN+DOM method in this paper had higher VSEX compared to the 
NL_current, which is coherent with the fact that the NL_current would be too low because volati-
lization of VS during storage in the house and outside was not accounted for. For heifers and dairy 
cows the differences were small and even lower TAN+DOM values occurred. This was probably 
due to higher volumes of manure, rather than high estimates of the VS concentration [2, 8; not 
presented in this paper].  
 
Except for dairy cows and broilers, the TAN+DOM calculations resulted in estimates of VSEX with-
in the range of the estimates of the IPCC method. The lower estimates of dairy can be explained 

VSEX-DOM = ∑n

i=n

DMIi× 1000-ashi)/1000)-(DMIi×1000-ashi)/OMDi  

 

VSEX-TAN = (∑ (
n

i=n

DMIi×(CPi×CPDi/6.25)) -NRET /PN 
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by the ration of Dutch dairy cows with high quality forage and a high amount of concentrates. The 
higher estimates of the VSEX of broilers by the TAN+DOM method is due to a lower energy digest-
ibility of Dutch feed than estimated by the IPCC’s DE with a lower limit of 85%. For Dutch broilers 
this is more close to 70-75% [4].   
 
Except for pigs and broilers the calculated VSEX with TAN+DOM were close to those calculated 
with the highest DE%. This is coherent with the perception that Dutch livestock feed has high di-
gestible energy values. VSEX of the pigs were also within the range of the DE’s, but the values 
were closer to the average DE than to the max.  
 
Table 1: Excretion of Volatile Solids (VSEX) in manure (kg/year per animal) of key categories of livestock in the Nethe 
  lands based on the IPCC Tier 2 method using three levels of digestible energy (note a, b and c) within  
  suggested ranges of DE as % of GE, the current method of estimation VSEX (NL_current) and the revised 
  method based on excretion of Total Ammoniacal Nitrogen and organic matter intake and  digestibility 
  (TAN+DOM) 
    VSEX (kg/year per animal) 
  Feed  IPCC (Tier 2)  Netherlands 
 Year Intakea  DEAVG

b DEmax
c DEmin

d  NL_current  TAN+DOM 
Cattle 

           Dairy Cows 1995 5540  2051 1525 2576  1518  1436 
 2013 6628  2372 1764 2981  1664  1712 
           
Rearing calves 1995 1459  523 389 657  330  393 
<1 year 2013 1485  527 389 659  320  394 
           
Rearing heifers 1995 2763  978 727 1129  759  746 
>1 year 2013 2895  1010 751 1269  800  782 
           Swine  
           Sows+piglets 1995 1698  437 234 556  182  379 
 2013 1994  376 254 632  128  319 
           
Rearing gilts 1995 725  192 100 243  45  228 
 2013 804  152 103 256  33  171 
           
Fattening pigs 1995 741  174 102 238  75  158 
 2013 745  126 94 256  47  110 
           Poultry 
           
Broilers 1995 30.0  3.7 2.5 4.8  4.6  7.6 
 2013 35.0  4.3 3.0 5.6  4.6  8.0 
           
Rearing broiler breeders 1995 23.8  6.0 4.9 7.1  3.4  5.2 
 2013 21.6  5.5 4.5 6.5  3.4  5.2 
           
Broiler breeders 1995 60.5  14.4 11.7 17.0  8.6  12.5 
 2013 60.1  14.5 11.8 17.2  8.6  12.2 
           
Rearing laying hens 1995 16.2  4.1 3.3 4.8  2.7  3.9 
 2013 17.8  4.5 3.7 5.3  2.7  4.0 
           
Laying hens 1995 41.9  9.8 8.0 11.7  6.6  8.1 
 2013 42.5  10.0 8.1 11.8  6.6  8.5 
a Feed intake based on data of the Central Bureau of Statistics [8]; b Calculated based on the an average DE value, 
using GE, ME and ash values based on feed composition [7]; c VSEX estimated using the upper value of DE as sug-
gested by the IPCC [3]; d VSEX estimated using the lower value of DE as suggested by the IPCC [3]. 

4. Conclusion and outlook 

The revised Dutch methodology to estimate TAN extended with data of OM intake- and digestibil-
ity (TAN+DOM), provides a good and useful framework for estimation of VS in manure for me-
thane emissions from manure management. It proves to be more accurate for the Dutch situation 
than the current Dutch method (NL_current), and because of the uncertainty concerning the DE, 
also than the IPCC Tier 2 method. However, further research is needed to validate the method 
and to assess the sensitivity of the estimation for variation in input data. 
. 
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1. Objectives 

In grazed pastures, urine patches are the main source of nitrate leaching and nitrous oxide loss to 
the environment. The nitrification inhibitor dicyandiamide (DCD) can reduce these losses. Our 
objective was to investigate the efficacy of feeding cows with DCD (mixed with three types of sup-
plementary feeds) to achieve targeted delivery of DCD to urine patches only (as an alternative to 
broadcast application). 
 

2. Methodology 

The experiment was set up in a Latin Square design, where three groups of five non-lactating 
dairy cows were subject in rotation to one of three feeding treatments during three successive 
phases of 21 days. Each phase was divided between pre-conditioning (4 days), sampling (5 days) 
and resting periods (12 days). During pre-conditioning and sampling, groups were evening-fed 
daily one of three treatments (3 kg dry matter cow-1 of grass silage GS, maize silage MS or barley 
concentrate BC) that was manually mixed with DCD (30 g cow-1). During resting periods, cows 
were fed with GS without DCD. In the sampling periods, groups were brought out daily to graze 
fresh pasture. A representative soil sample (31 cores / sample on average) was collected from 
each urine patch (n=292) after marking the edge, using a 1 × 1 m grid and a soil corer (10 cm 
deep) [1]. Soil samples were sieved, extracted with 2 M KCl and filtered. Some urine samples (n = 
26) were also collected (and filtered) from the DCD-fed cows. Soil extracts and urine samples 
were analysed for DCD concentration by HPLC analysis [2]. Urine samples (unfiltered) were also 
analysed for total N (TN) concentration. DCD concentrations from urine patches were converted 
into equivalent DCD application rates [1]. An analysis of the Latin Square structure was carried out 
to examine the feed effect (0.05 significance level) on the log-transformed equivalent DCD appli-
cation rate. The relationship between urinary TN and DCD concentrations was investigated by 
linear regression analysis. 
 

3. Results and discussion 

3.1 Relationship between DCD and TN excreted 

DCD concentration in dairy cow urine displayed a wide range of concentrations with values rang-
ing from 0.264 to 2.517 g L-1. Likewise, urinary TN (corrected to exclude DCD-nitrogen) varied 
between low (1.544 g L-1) and high concentrations (12.396 g L-1). Both variables were significantly 
and positively correlated (R2 = 38%, P = 0.0008) (Figure 1). A similar result was reported in a 
sheep study [3]. This result suggests that in grazed pastures, the highest DCD loading in urine 
patches should be found at the highest equivalent TN application rate, thereby ensuring adequate 
DCD in high N patches prone to greatest N losses. 
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Figure 1: Scatterplot of TN (corrected to exclude DCD-nitrogen) and DCD concentrations (g L-1) with linear regression line, 

measured in urine samples collected from three herds of five cows fed with DCD (30 g cow-1 d-1) that was man 
ally mixed with 3 kg dry matter of either grass silage, maize silage or barley concentrate. 

3.2 DCD excreted in urine patches 

Following grazing, the equivalent DCD application rate for the whole experiment was very varia-
ble, with values ranging from 0.2 to 195 kg ha-1 (Figure 2). 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2: Histogram (n = 292) of the equivalent DCD application rates (kg ha-1) in urine patches measured after three herds 
of five dairy cows were fed with DCD (30 g cow-1 d-1) that was manually mixed with 3 kg dry matter of either grass silage, 
maize silage or barley concentrate. 
 
The median equivalent DCD application rates in the three feeding treatments varied between 18.8 
and 34.6 kg ha-1 (Figure 3), i.e. well above the 10 kg DCD ha-1 rate that had been used for DCD 
broadcasting in New Zealand. There was no significant effect (P = 0.4) of treatment on the log-
transformed equivalent DCD application rate. This experiment shows that mixing DCD with differ-
ent feeds should be similarly efficient at delivering high DCD rates to urine patches where high TN 
levels can lead to large N losses. 
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Figure 3: Boxplot of the equivalent DCD application rates (kg ha-1) in urine patches from three herds of five dry cows fed 
with DCD (30 g cow-1 d-1) that was manually mixed with 3 kg dry matter of either grass silage (GS, n = 101), maize silage 
(MS, n =101) or barley concentrate (BC, n = 90) (the three horizontal lines of the box are the 25th, 50th and 75th percentiles; 
lower and upper whiskers connect the smallest and largest values that are not outliers; circles are outliers (i.e. > 1.5 box-
length above the box); stars are extreme cases (i.e. > 3 box-lengths above the box)). 

4. Conclusion and outlook 

This experiment showed that DCD and TN concentrations in excreted urine from DCD-fed cows 
were positively and significantly correlated. Incorporating DCD with supplementary feeds should 
therefore be effective at delivering high DCD rates to urine patches where high TN levels can lead 
to large N losses. No significant feed effect was detected on the equivalent DCD application rate 
measured in urine patches. This result suggests that any of the three feeds tested (grass silage, 
maize silage and barley concentrate) would be similarly effective at quantitatively delivering DCD 
to urine patches. DCD could easily be incorporated into animal feeds and would reduce costs due 
to its targeted delivery in urine patches (compared with DCD blanket application) as well as de-
creasing N losses to air and water. 
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emission and leaching of nitrate from slurry  
application 
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1. Background 

With the increasing industrialization of agriculture and the trend towards ”clusters” of animal pro-
duction in many countries, the concentration and animal density, has become a problem to the 
surrounding environment. So far, this has resulted in the EU nitrate directive and the EU National 
Emission Ceiling, limiting the amount- and emission of nitrogen. In some cluster areas such as 
Denmark and The Netherlands, national legislation is more advanced and this has resulted in an 
accelerated implementation of the directives compared with the rest of EU. This has led to devel-
opment of new environmental technologies such as the SyreN system discussed in this article. 

2. Objectives 

The national legislation in both above-mentioned countries, specifically addresses soil injection of 
slurry. Injection of slurry significantly reduces the ammonia emission from slurry, but it is also an 
expensive method compared to surface application and has drawbacks such as: 
 

 Damage to growing crops 
 Operational problems in heavy- and/or undulated grounds, and under dry soil conditions 
 Risqué of pollution swapping in the form NH3 and N2O 
 Increased traffic on fields and compaction of soils 

 

Thus, a project in cooperation with Aarhus University was initiated to prototype a system using 
acid to control the ammonia emissions without the drawbacks of injection.  

3. Results 

The SyreN system uses a known technique – lowering the pH of the slurry, known as acidification 
[1] – to reduce the ammonia emission.  Concentrated sulphuric acid is used to lower the pH of the 
slurry during application in the field.  The novelty of using acidification in the field is a significant 
reduction in use of acid compared with storage or barn acidification.  This effect is a result of treat-
ing only the liquid fraction of the slurry, avoiding consumption of acid by the dry matter.  In addi-
tion, treatment in the field is flexible and can be adjusted to changing weather conditions, which 
greatly influences emissions.  The dose rate of sulphuric acid can be adjusted to crop need for 
sulphate fertilizer with good economic results. 
 
A special feature of the SyreN system is using the transport container for sulphuric acid (IBC -
Intermediate Bulk Carrier) as an acid tank with the system.  This method creates a safe to use 
system, as there is no refilling / handling of the acid at the user end but only a dry coupler must be 
used. In addition, the IBC is standard approved for public road transportation under the ADR rules. 
The system is positioned in the front hitch of the tractor, which facilitates loading of the IBC tank, 
and offsets weight from the slurry tanker to the tractor. 
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Figure 1: Loading system 
 
3.1 Economy 
The trial results from 4 years of tests in Denmark and Germany has revealed that the amount of 
nitrogen from the reduction in ammonia emission, in combination with a unique way of applying 
needed sulphur as a fertilizer, is profitable. That means that there is a market for the technology  
with application of all slurries regardless of environmental concerns or not [2]. In the period from 
2010 to 2014, + 50 trials with bandspreading have shown an average yield increase of 4% in 
grass and 2,4 kg/ha-1 in wheat.  The economic effect of acidification during application is influ-
enced by the application technology with which it is used.  Broadcasting of slurry is known to have 
a very high emission rate and the use of the system in combination with this technology has the 
highest effect with an average estimated +30 kg nitrogen pr. Ha. [7]. The variation ranges from 
+10 kg to +60 kg nitrogen / Ha.  The combination of bandspreading and acidification is well docu-
mented with a VERA test protocol for emissions from fertilizers [3]. It reduces the ammonia emis-
sion between 40 – 60%, equivalent of +15 kg nitrogen pr. Ha, based on slurry pH of 6.4.  The 
combination of acidification with open slot injection reduces the effect to an estimated +5 kg pr. 
Ha.  A large number of trials by Aarhus University and Leuphana Universität have compared the 
effect of open slot injection system to acidification and has largely concluded that the two systems 
are similar concerning emission and yield increase.  Authors have also tried to determine the ideal 
pH level of the slurry, where the conclusion is that the economical optimal level is pH 6.4, with pH 
6.0 having the better emission reduction. Acidification also makes more P available for plant up-
take [1]. The wider working width using acidification compared to injection as well as increased 
capacity of slurry application makes acidification more profitable than injection.  
 
In addition, different additives can be added to the slurry from the SyreN additive tank system.  
Currently iron sulfate is used for reduction of odor from slurry.  Manganese sulfate- or nitrate in 
combination with a low pH in the slurry is used in areas with manganese deficiency as well as all 
dissolvable micro nutrients can be added to the slurry.  Finally, nitrogen inhibitors are used to re-
duce the nitrification process of the ammonium from slurry.  This is especially recommended for 
maize, beets or all autumn applications, where an increased risk of leaching is present. A re-
search study by SEGES, Denmark [5] – shows an estimated reduction in leaching from nitrogen 
with an average 6 kg ha-1. from maize and spring crops. 
 
Increasing the use efficiency of organic fertilizer has a significant GHG abating effect.  A recent 
LCA study on acidification during field application revealed a reduction of 200 kg CO2 eq pr. Ha [6] 
under Danish conditions using SyreN with bandspreading technology. 
 
The economics of using acidification with SyreN system has a long range of variable parameters.  
In order to accommodate user requirements for estimates of profitability, two sets of software has 
been developed – Alfam model and SyreN Estimater.  The core of the software is the Alfam model 
developed by Aarhus University [7] to estimate the emission from slurry under a given set of cli-
matic conditions in combination with slurry types and application techniques. The software is free 
to use available at www.biocover.dk. The SyreN Estimater calculations are based on a fixed price 
pr. m3 of treated slurry, as most users are custom applicators.  To recommend a charge pr. m3, 
the Danish custom applicator union [8] has conducted a study among its members (102 units 
operational in Denmark pr. 2015).  As expected, the cost is highly variable depending on number 
of m3 slurry offered to the system, where treatment of 20.000 m3 recommends a price of 0.50 Euro 
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pr. m3, excluding variable cost for sulphuric acid. For an individual farmer / user, the cost is less, 
as they typically do not include profits for use of system in their calculations, but rely on the offset 
of nitrogen cost and / or yield increase to make use of the system in a profitable manner. A farm 
estimate based on 1500 Ha swine / dairy farm show a farm income of 32.000 Euro and 19.000 
Euro respectively based on application by a custom applicator [9].   

3.2 Sulphuric acid as fertilizer 

Sulphur deposition in Denmark has dropped from over 300 kg/ha in the early 80ties to just 3.7 
kg/ha in 2013 [10]. This has introduced a growing need for sulphate as fertilizer. From the now 5 
years of operation, we have seen a huge variation in the use of the system depending on local 
needs - the higher the crop need for sulphur, the better the economics.  It is not unusual to see 
yield increases of ½ ton in rape, as it is hard to find fertilizers that satisfy the high consumption of 
sulfate.  A common way to address the need for sulphur in rape, is to replace expensive fertilizers 
such as ammonium sulfate NS 21-24 with a combination of sulphuric acid and conventional ferti-
lizers such as Nitrostar NS 28-5.  This reduces the purchase price more than 25 Euro / ha - and 
enables increased use of sulfate to reach the recommended target rate. 
Sulphur deficiency is also common with grass.  Many farmers are using slurry as the only type of 
fertilizer- or just a low NS supplement is common, resulting in sulphur deficiencies. This kind of 
problem is automatically solved with SyreN system as the level of sulphate as fertilizer is often the 
same level for the targeted pH 6.4 used by the system, where 1.5 liter sulphuric acid / Ha is aver-
age requirement: 
 

 S-need, kg 

pr. ha 

Typical  

amount of 

slurry, ton 

pr. ha 

Needed kg S 

pr. ton 

Liter H2SO4 

pr. ton slurry 

Winter wheat, clay soil 15 30 0,5 0.9 
Spring barley, sandy soil 10 30 0,3 0.6 
Winter rape, clay soil 35 30 1,2 2.1 
Silage grass, irrigated sandy 
soil 

30 40 0,8 1.3 

3.3 Economy in adjustment of N:P rate 

The latest addition to the SyreN system (2013) is the ability to inject anhydrous ammonia into the 
slurry during filling of the slurry tanker. With the extreme pumping capacity available, it is possible 
to distribute the gas absorption to liquid over a very large area, avoiding overheating and potential 
problems with heat- and pressure building. As the slurry tanker is also a closed container system, 
100% absorption of the ammonia is a reality.  

 

Figure 2: Ammonia pressure tank integrated in the slurry tanker 

The combined system, now under the name of SyreN+, adjusts the N:P ratio through addition of 
anhydrous ammonia during the filling of the slurry tanker.  The added ammonia is changed to 
ammonium in the slurry, resulting in a sharp increase in pH value. Only 1 kg / m3 is needed to 
increase the pH above 8.0 [11].  During application, sulphuric acid is added at a rate of 1.6 litter / 
m3 acid to 1 kg ammonia to offset the pH value increase. This system reduces traffic on the field 
with one passing. 
 
A major economic benefit is avoiding over application of phosphorus by being able to adjust the 
N:P ration to a recommended level for crop uptake for both N and P. The reduced use of phos-
phorus is both a major economic and environmental benefit.  A SyreN Estimater example [9] on 
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500 Ha rape, showed a net increase of 6.580 Euro using the SyreN+ anhydrous ammonia system 
compared to using just acid and conventional fertilizer.  

Benefits with SyreN+: 

 Adjustment of nitrogen contends in slurry – reduced traffic on field 
 Surface application or Soil injection 
 Reduced purchase prize of fertilizer 
 All N fertilizer as ammonium – reduced leaching of nitrogen 
 Increased effect from nitrogen inhibitor 
 Liquid surface application of nutrients – fast plant response 
 Ideal system for slurry application in growing crops 

The effect is creating a balanced NPKS nutrient value in slurry, an up to 80% reduction in ammo-
nia emission and binding the nitrogen as ammonium in the soil, reducing leaching of nitrogen to 
aquatic environment. Further, a reduction in CO2 emission through reduced traffic on fields and in 
the fertiliser value chain through using industrial raw materials direct at the end user level. The 
SyreN Estimater software also allows the user to quantify amounts of nutrients to be used and to 
identify the economy in using the system to optimise the effectiveness of organic fertilisers. 

4. Future 

The ability to increase and decrease the pH of slurry based fertilizers, gives a unique potential to 
adjust the nutrient values in slurry. SyreN Crystal is a current project that uses precipitation to 
reduce / adjust the amount of phosphorus in slurry – whereby excess phosphorus from high ani-
mal intensive areas may be economically redistributed to areas of low animal intensity. The slurry 
tanker is used as a tank for precipitation of phosphorus as MAP or struvite. With a slurry tanker 
and the SyreN system, there are no additional abilities needed. MgCl2 is injected into the slurry in 
combination with increasing the pH with anhydrous ammonia. This causes the phosphorus to 
precipitate.  Removing the precipitate material enables adjustment of the N:P ratio.  The precipi-
tated material is gathered in a separate tank within the slurry tanker.  When enough struvite mate-
rial is accumulated, the tank is filled with roughly a 1:1:1 ratio of sulphuric acid, struvite and water. 
This causes the crystals to dissolve and the sulphuric acid is altered to phosphorus acid.  Follow-
ing, the anhydrous ammonia system is use to increase the nitrogen level in the now liquid fertilizer. 
Ideally, the pH is raised to a 4-6 level and increasing the NPKS value to 17-4-0-9.  The liquid is 
filled back into the transport IBC´s and it is now a commercial grade starter fertilizer for maize 
based on organic P.  This process has a potential to reduce the consumption of phosphorus in 
agriculture with 20%. As there are no capital cost for precipitation equipment, it is expected to be a 
profitable solution.  
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TC-O_23 GHG emissions from temperate paddy fields 
under different straw and water managements 
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2 Rice Research Centre, Ente Nazionale Risi. 

chiara.bertora@unito.it 

1. Objectives 

Straw management is a key factor affecting sustainability of rice cropping systems. Furthermore, 
rice straw is a potential source for energy production. Straw and water management techniques 
strongly impact greenhouse gas (GHG) emissions from paddy fields through changes of carbon 
availability and soil redox conditions that regulate the production and release of both methane 
(CH4) and nitrous oxide (N2O) [1]. Three complementary experiments were established to evalu-
ate the implications of alternative straw and water management techniques on CH4 and N2O 
emissions from paddy cultivation during cropping and intercropping periods. 

2. Methodology 

Methane and N2O emissions from temperate rice-cropped soil were measured applying the 
closed-chamber technique [2] on a series of three experiments established within the Italian rice 
area (Pavia, Vercelli, and Crescentino, NW Italy) in the period 2012-2014. Three different crop 
residue management techniques (autumn or spring straw incorporation into soil, straw removal) 
and three water management practices (continuous flooding, dry seeding and delayed flooding, 
rotational irrigation) were evaluated. Main details concerning the set-up of the three experiments 
are provided in Table 1. 
 
Table 1: Main characteristics of the three experiments and short description of treatments. 

Experiment Soil Type Duration 
Straw Manage-
ment 

Water Manage-
ment 

Fertilization 

Castello 

d’Agogna 

Silt-loam, average 

content of C and N 
Field 

2 whole 

years 

SPR Std_FLD MIN  

SPR Late_FLD MIN 

SPR Rot_IRR MIN 

Vercelli 
Silt-loam, average 

content of C and N 
Field 

1 cropping 

season 

AUT Std_FLD MIN 

SPR Std_FLD MIN 

SPR Late_FLD MIN 

REM Std_FLD MIN 

Crescentino 
Silt-loam, high 

content of C and N 
Pot 

1 cropping 

season 

SPR Std_FLD MIN 

REM Std_FLD MIN 

SPR Std_FLD DG+MIN 

REM Std_FLD DG+MIN 

SPR Std_FLD DG_SF+MIN 

REM Std_FLD DG_SF+MIN 

SPR- spring incorporation; AUT- autumn incorporation; REM- removal; Std_FLD- continuous flooding; Late_FLD- dry 
seeding and delayed flooding; Rot_IRR- rotational irrigation; MIN- mineral; DG- digestate (from maize silage, triticale silage 
and 5% rice straw); DG_SF- solid fraction of digestate. 
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3. Results and discussion 

3.1 Castello d’Agogna 

In Figure 1 yearly cumulative fluxes of CH4 and N2O from Castello D’Agogna Experiment, as av-
erage of values of 2012 and 2013 campaigns, are shown. 
 
 

 
Figure 1: Yearly cumulative emissions of CH4 and N2O from Castello D’Agogna Experiment (average 2012-2013).  

 
Reducing conditions, due to flooding, enhanced CH4 fluxes, leading to the highest emissions in 
treatments seeded in water and flooded for the most part of cropping cycle [3]. Delaying flooding 
by approximately one month, not only delayed the beginning of CH4 emissions but also, signifi-
cantly reduced their intensity when present, since incorporated straw was subjected to a period of 
aerobic decomposition and mineralization before flooding. Rotational irrigation on one side pre-
vented any CH4 loss as oxic conditions prevailed during the whole cropping system, but on the 
other side induced high N2O emissions, otherwise limited during flooding due to an inhibition of 
nitrification and to complete denitrification to N2. Combining fluxes in the GWP indicator evidenced 
that CH4 rather than N2O is the main contributor to GWP, indicating that continuous flooding had a 
greater impact on climate change with respect to the alternative water management options. 
 
3.2 Vercelli 
Under continuous flooding conditions, autumn incorporation of straw reduced CH4 emissions with 
respect to spring incorporation. This is due to the fact that crop residue incorporated in autumn 
were more degraded (aerobically) with respect to those incorporated in spring at the time of field 
flooding. The level of emissions produced by treatment AUT was equal to that recorded for REM, 
showing that early incorporation of straw or its removal was not significantly different for CH4 
budget. Methane emissions being equal, both management options disclose other potentially 
opposite environmentally friendly properties. In AUT, in fact, incorporated straw can be effective in 
maintaining proper levels of SOC, while in REM, removed straw could be addressed to a virtuous 
use of its C for energy production.  
Nitrous oxide was produced for all treatments during drainage events, both for favorable redox 
conditions and for mineral N availability, since all drainage events corresponded to a fertilization 
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[4]. Yearly cumulative emissions were the highest when straw was removed from field, while were 
the lowest for autumn incorporation. This behavior suggests straw influences C and N availability 
that in turn plays a pivotal role in controlling N2O emissions: on one hand, residue provides a labile 
C substrate for microbial utilization that can induce N2O emissions when associated to N fertiliza-
tion (as happened for SPR-Std_FLD treatment, with respect to AUT); on the other hand soil incor-
poration of straw induces N immobilization partially preventing N2O emissions [5]. 
 

 
Figure 2: Cumulative emissions of CH4 and N2O from Vercelli Experiment (campaign 2014).  

 
3.3 Crescentino 

Results showed a significant effect of straw incorporation on CH4 emissions. When residues were 
incorporated emission were significantly higher than the corresponding treatment with straw re-
moval, except when only mineral fertilizer was used. The highest emissions occurred in the treat-
ment receiving both straw and solid fraction of digestate, meaning thatCH4 was driven by the 
amount of added C [6]. 
Since the experiment was conducted following a strict protocol and working in pot conditions al-
lowed an optimal control of soil management, flooding was established immediately after fertiliza-
tion. This resulted in the absence of N2O emissions during the whole cycle. Combining this infor-
mation with that arisen from the other two experiments, it appears that correct water management 
which involves flooding immediately after fertilization can be effective in strongly limiting N2O 
emissions. 
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Figure 3: Cumulative emissions of CH4 and N2O from Crescentino Experiment (campaign 2014).  

 

4. Conclusion and outlook 

The best straw practice for reducing GHG losses was the spring incorporation associated with dry 
seeding and delayed flooding. Straw removal was effective in reducing field emissions of CH4. 
Continuous flooding, although preventing N2O fluxes, was the water management option showing 
the worst performance in terms of GHG production, because of enhanced CH4 emissions.  
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1. Objectives 

As part of an ongoing effort in identifying improved systems for future management of manure, an 
environmentally-optimised system was designed with focus on increased utilisation of phosphorus 
(P) in manure. The optimised system comprises a combination of techniques: In-house source-
separation, biogas production, separation of the digestate and thereby obtaining a phosphorus-
rich organic fertilizer, which can be transported to agricultural areas with phosphorous deficiency. 
The objective was to evaluate the environmental consequences of the optimised system [1]. 

2. Methodology 

The evaluation of the environmental impacts of the manure management system was based on 
the consequential Life Cycle Assessment (LCA) approach, explained in [2]. The environmental 
aspects have been evaluated following the manure chain:  
 

 Source-separation of manure from fattening pigs, in-house, directly after excretion 
 Storage of the liquid fraction from the source-separation at the farm and applied to fields 

locally for fertilising 
 Transport of the solid fraction from the source-separation to biogas plants 
 Biogas production, based on a mixture of the solid fraction from the source-separation 

and raw pig slurry in order to obtain the optimal % dry matter input for biogas production 
 Separation of the digested pig manure after the biogas plant 
 Transport of the solid fraction (digested manure) to agricultural areas with P deficiency 
 The biogas is used for energy production, thus replacing and avoiding the energy produc-

tion based on fossil fuels 
 As the manure is applied to fields, the phosphorous content replaces P in mineral fertilis-

er, and the production of the “avoided amount of P mineral fertiliser” is subtracted from 
the system. The amount of Nitrogen (N) and Potassium (K) in the manure, replacing min-
eral fertilisers, is also included. 

 
The optimised system was compared to the typical management of raw pig slurry in Denmark 
today (in-house storage, outdoor storage and application to field), the “reference system”. Flow 
charts for the two systems are shown in figure 1 and 2 below.  
 
The LCA was carried out for manure from fattening pigs. Data represents Danish conditions, e.g. 
manure composition and management, crop cultivation, legislation, separation and biogas tech-
nology.  
 

 
Figure 1: System Boundaries for the reference system (the typical management of pig manure in Denmark today). Dotted 

lines indicate avoided processes. 
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Figure 2: System Boundaries for the optimised manure management system. Dotted lines indicate avoided processes. 

3. Results and discussion 

The results of the LCA of the optimised manure management system compared to the reference 
system (the “usual management of raw pig slurry in Denmark today”) showed thatμ 
 

 The optimised system reduces greenhouse gases by 25-50% (50% when biogas substi-
tutes fossil fuels; lower in the future, where energy production will be based on a mixture 
of fossil fuels and renewable energy sources).  

 The optimised system cuts ammonia emissions by 23-30%.  
 The separation of digested manure after the biogas plant leads to important savings of 

mineral phosphorous fertiliser. In the optimised system, the phosphorous can be trans-
ported to agricultural areas with phosphorous deficit. 

 The energy consumption for transporting the phosphorous-rich solid fraction was insignifi-
cant for the overall results, implying that transportation distance would not hinder the envi-
ronmental benefits of the overall system (100-300 km). 

 There was no significant difference regarding nitrate leaching. 
 

The results are discussed below, all based on the results in [1]. 

3.1 Global warming emissions 

The optimised manure management system reduces the contributions to global warming com-
pared to the reference system: 

 One of the main reasons is that the produced heat and power based on biogas substitutes 
heat based on natural gas and power based on coal, and these have been subtracted from the 
system. Sensitivity analysis for the replaced energy production shows that for future energy 
systems, where heat and power is based on non-fossil sources (wind and solar power), the re-
duction is much lower. Although the benefits regarding global warming emissions will be lower 
in the future, the optimised manure management system will still be an advantage, as biogas 
production is necessary as energy storage in a future energy scenario [3]. 

 The CH4 emissions during the outdoor storage are lower for the storage of the solid fraction 
plus storage of the liquid fraction compared to storage of the manure in the reference system, 
as the CH4 emission factor per kg VS was lower for storage of the solid fraction than for the 
raw non-separated manure, and as it is assumed that the emission factor for the liquid fraction 
is identical to the emission factor for the non-separated manure. This conclusion is only true if 
the solid fraction from the digested manure is covered during storage. There is a significant 
uncertainty related to the emission factors for digested manure (separated as well as non-
separated) due to lack of investigations in this field. Sensitivity analysis shows that the emis-
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sions from the digested manure is crucial for the overall results; insufficient management of the 
solid fraction could lead to increasing the CH4 and CO2 emissions to a level where the opti-
mised manure management will have the same overall level as the reference system. 

 The energy consumption for the separation of the digested manure is insignificant for the over-
all contributions to global warming from the system. 

 There are significant uncertainties regarding losses of CH4 from the biogas plants. Losses 
corresponding to 1% have been assumed for the optimised manure management system. 
Losses up to 5% do not change the overall conclusions. If, however, the losses correspond to 
10%, there is no significant difference between the greenhouse gas emissions from the opti-
mised manure management system compared to the reference manure system.  

3.2 Ammonia emissions and nitrate leaching 

The optimised manure management system has lower NH3 emissions than the reference system. 
The separation of the digested pig manure leads to increased NH3 emissions compared to non-
separated digested pig manure, caused by increased NH3 emissions from storage of the solid 
fraction. Nevertheless, this is counterweighted by reduced NH3 emissions after field application, as 
the separation leads to reduced NH3 emissions from the liquid fraction during and after field appli-
cation; due to the low content of dry matter, the liquid fraction infiltrates very fast in the soil, and 
hence, less ammonia is likely to volatilize as compared to non-separated slurry [4,5]. 
 
Separation of the digested pig manure after the biogas plant does not change the contributions to 
nitrate leaching significantly [1]. 

3.3 Phosphorous; resource consumption and aquatic eutrophication 

In Denmark, the livestock production is very unevenly distributed. In the Western parts of Den-
mark, there is a high density of livestock production, resulting in a surplus of nutrients (relative to 
crop demands), and in contrast to this, there is a nutrient deficit at the farm areas in the Eastern 
parts of Denmark. Transport of the nutrient containing manure is costly, and separation might be a 
solution for this, reducing the transported volume.  
 
The flows of phosphorous in the reference system and the optimised system are illustrated in 
figure 3 and 4 below. In the both systems, P is distributed to the agricultural areas in excess 
amounts. This is due to Danish law; In Denmark, the amount of slurry is applied according to the 
slurry content of N, regardless of the content of P. Accordingly, excess amounts of P is distributed 
to soils in farm areas with a high density of livestock production.  
 
The purpose of separating the digested pig manure after the biogas plant in the optimised manure 
management system is to maximise the utilization of the phosphorous content of the manure. By 
separating, the phosphorous rich solid fraction can be brought to fields to agricultural areas with P 
deficit. Hence, when analysing the P content of the slurry, the slurry can be applied in amount 
corresponding to crop needs, defined as the fertilizer guidelines by Danish authorities. The 
amount of P distributed in excess amounts is significantly lower in the optimised system (30% of 
the P is excess in the reference system; this is reduced to 13% in the optimised system). 
 
The separation type has been carefully selected in order to distribute maximum amounts of P to 
the solid fraction [1]. When implementing a system for optimising utilisation for phosphorous it is 
essential to identify the optimal separation method, recovering as much P as possible in the solid 
fraction, as there is significant difference between the numerous separation methods regarding 
the separation efficiency for P [6]. 
 
The application of manure to fields replaces mineral fertilisers (that is, for the amounts of P not 
applied in excess amounts), and the “avoided production of mineral fertilisers” is subtracted from 
the system. In the reference system, all P is applied to local agricultural areas; however, as P is 
applied in excess amounts, only part of the P actually replaces mineral P fertiliser. The production 
of 0.85 kg mineral P fertiliser is avoided in the reference system whereas 1.05 kg mineral P ferti-
liser is avoided in the optimised system (per 1000 kg manure ex animal). If optimising the separa-
tion after the biogas plant, it will be possible to avoid P being applied in excess amounts (in the 
model, calculations are based on “average technology”, however, the separation efficiency is likely 
to improve in the future). 
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Figure 3: Flows of phosphorous in the reference system.  

 
Figure 4: Flows of phosphorous in the optimised system.  
 
Precise models on P losses from soil and long term consequences of application of P containing 
manure to fields are lacking. A simple model was used for evaluating the contributions to the im-
pact category “Aquatic Phosphorous Eutrophication”, assuming that P losses correspond to 5% of 
the surplus P (i.e. P applied via manure minus plant uptake). More complicated models reflects 
that P losses are mainly corresponding to the P content of the soil (rather than the P applied in 
manure), and when using these, there is no significant reduction of the contributions to the envi-
ronmental impact category “Aquatic Phosphorous Eutrophication”. Long term models are needed. 

4. Conclusion 

Introducing an optimised system for manure management in Denmark, comprising of a combina-
tion of techniques (source-separation, biogas production followed by separation of the digestate) 
could lead to significant reduction of the consumption of mineral P fertilisers in Denmark and re-
duce the total greenhouse gases as well as ammonia emissions from the management of pig 
manure. One key limitation was to assess the fate of phosphorus at the field, due to the lack of 
precise models on phosphorous losses from agricultural soils and on the long-term consequences 
of application of various amounts of organic phosphorous to fields. 
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1. Objectives 

Gaseous losses and air quality are areas of concern in laying hen facilities [1]. Standard method 
for estimating gas losses requires measuring them at exhaust fans. However, the composition of 
the exhaust air may be different from the inside air composition. It was aimed to assessing the 
spatial variability of ammonia (NH3) and greenhouse gas (GHG) concentrations in a laying hen 
facility. 
 

2. Methodology 

The study was conducted in a commercial laying hen building from the Basque Country (northern 
Spain) adapted to Directive 1999/74/EC with 53,000 Lohmann-Brown hens. The house was 17 m 
wide and 66 m long and enriched cages were arranged in 6 rows of 9 tier cages. The lighting peri-
od was 17:7 (light:dark) hours per day. The farm was selected to be representative of the current 
egg production facilities in the Basque Country in terms of management practices.  
Bird mortality, laying rate, productivity, feed intake and conversion efficiency was recorded on a 
daily basis by the producer and provided to the researchers to calculate bird inventory and pro-
ductive parameters. Manure was stored on belts under the cages from 2 to 4 days before being 
discharged. The producer recorded manure removal frequency. 
Ammonia (NH3), nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) concentrations 
were continuously monitored from February to September 2014 by a photoacoustic analyser (IN-
NOVA 1412, LumaSense, Denmark). According to the technical specification of the instrument, 
the detection limit of the measurement was 0.2 ppm for NH3, 0.4 ppm for CH4, 0.03 ppm for N2O 
and 1.5 ppm for CO2.Twelve sampling tubes were distributed into the exhaust fans, inside the 
laying hen cages, on manure belts and in the corridors. Air samples were taken from inlet (1 sam-
pling point), outlet air (3 sampling points), cage level (3 sampling points), belt level (3 sampling 
points) and corridor level (2 sampling points). 
An automated system regulated inside temperature through windows opening, cooling system and 
the activation of 18 fans (Tecno Poultry Equipment, Macronew 3, Italy) set up within a tunnel ven-
tilation system. Five sensors were used to record air temperature and relative humidity in the 
building. One of them was placed outside the house, one of them by the air inlet, other two, close 
to the fans and the other one in a cage. Air temperature and relative humidity were monitored and 
recorded every 15 min using 5 data loggers (Onset, HOBO U12-013, USA) with a precision of 
±0.35ºC and ±2.5% respectively. 
Ventilation rate was continuously measured under the usual rearing conditions of the farm follow-
ing the methodology described by Calvet et al. (2010). The average percentage of operation of 
each fan was obtained every 5 minutes. An electronic data logger system (Binary Devices S.L., 
Datalogger 244, Spain) converted every second the electric signal from each fan into digital data 
on fan status. All on-line sensors were unloaded every 10 days by using specific software. Each 
fan was individually calibrated for airflow rate at different pressure drops. During calibration, the air 
was ducted 30 cm from each fan and the air velocity was measured at 25 different locations in the 
section using a hot wire anemometer (Testo, 425, Germany) [3]. Pressure drop in the building was 
controlled and recorded every 5 min by a pressure drop meter (Veris, PX, USA). 
  

mailto:pmerino@neiker.net


Poster TC Advances in emission prevention 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

393 

 

 

Calculations 

A ventilation performance curve (Eq.1) was obtained according to the average airflow rate associ-
ated to each pressure drop recorded in the building.  

                                                  
7378.0

909.434405.0

2 
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                                                      Eq.1 

where, 

Y = Airflow rate (10
3
m

3
h

-1
) 

X = Pressure Drop (Pa) 

 
Total airflow rate for each hour was calculated by integrating the number of operating fans and the 
individual airflow rate as given in Eq.1 for each pressure drop recorded. 
Gas emissions were calculated by means of a gas balance method in the volume determined by 
the building, according to Equation 2. 

                                                                                           Eq.2 

 
Where E is the emission (mg/h), Coutlet and Cinlet is the outlet and inlet gas concentration, respec-
tively (mg/m3), and V is the ventilation rate in the building (m3/h). 
Emission were expressed both per hen (hens present in the hen house on the measurement day) 
in mg d-1hen-1 or per animal mass as g h-1 500 kg-1 LW (considering for each week the number of 
hens present in the building and the corresponding weight). 

3. Results and discussion 

Results showed that NH3 concentration was significantly higher on manure belts (P < 0.05). Mean 
NH3 concentration on these sites was 3.9 mg NH3 m

-3. Threshold limit value for animal welfare, 
which is established at 25 ppm [4], was not reached during the experimental period.  

Table 1: Ammonia and GHG concentration in different points, at two different seasons. 

Gas concentration, mg m-3 Belt Cage Corridor Outlet Inlet 

NH3      

Warm season 3.5 2.7 2.3 2.3 0.7 

Cold season 4.4 3.8 3.7 3.6 0.7 

CO2      

Warm season 1573 1674 1630 1516 763 

Cold season 2454 2692 2852 2169 891 

CH4      

Warm season 4.5 4.4 4.2 4.1 3.3 

Cold season 3.3 3.1 3.3 2.7 1.3 

N2O 
     

Warm season 0.48 0.48 0.48 0.47 0.46 

Cold season 0.67 0.69 0.69 0.65 0.58 

Warm season: May - September; Cold season: February - April  

  
 
Ammonia concentration at exhaust fans was overall 23% lower than those observed on the belts. 
However, a seasonality effect was observed between both sampling sites (P < 0.05). Ammonia 
concentration at fans was 34 % lower in warm season while the difference was 20% in the coldest 
months (Table 1).  

   outlet inletE C C V
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Figure 1: Ammonia and GHG concentration in different points, at different ventilation percentages. 

 
Carbon dioxide emissions were significantly higher either inside the laying hen cages or in the 
corridors (P < 0.05). Carbon dioxide concentration averaged around 2,200 mg CO2 m

-3 in both 
areas. Carbon dioxide concentrations were also below the threshold limit estimated for animal 
welfare (3,000 ppm). Carbon dioxide concentration was 17% lower at exhaust fans, significantly 
affected by the difference observed in the coldest season (21%).  
Methane and N2O losses did not differ among the selected sampling sites and averaged 3.7 and 
0.57 mg m

-3, respectively. 
The low emission of N2O made difficult the analysis of the obtained data. Regarding CH4, gas 
concentration raised as the ventilation increased, what also happened in the inlet point. This sug-
gests that the data are questionable because the inlet air concentration should not be affected 
(Figure1). 

Table 2: Emission of NH3 and GHG at different ventilation rates. 

Gas Unit % ventilation* 

    0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 

NH3 mg hen-1 d-1 70 113 147 169 162 165 228 194 224 227 

N2O mg hen-1 d-1 1.7 3.3 3.5 3.8 2.9 3.1 3.3 3.7 4.6 5.8 

CO2 g hen-1 d-1 32 53 73 71 63 79 81 71 73 93 

CH4 mg hen-1 d-1 31 59 83 82 74 87 94 80 84 100 

 *100% ventilation = 656,167 m3 h-1 
 
 
 
Although the concentration of all the gases dropped, we realized that the emission increased in all 
of them. The increase of NH3 emission was substantial and reached a high emission earlier than 
other gases when ventilation rate was increased (Table 2). This was aligned with the more mod-
erate decline suffered by the NH3 concentration. This was more appreciated in the emission 
source, which was the manure accumulated on the belt (Figure 1). 
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4. Conclusion and outlook 

Ammonia and carbon dioxide distribution is variable inside the laying hen facilities. Gaseous sam-
pling locations must be consciously analysed if it is aimed at assessing the air quality in terms of 
animal welfare or estimating the gaseous losses at farm level. Seasonality must be necessarily 
considered in this kind of studies. 
It should continue working on the optimization of the methodology of measurement of gases at the 
farm level. It has been appreciated a great difference between the measuring points, as well as at 
different moments. The differences in ventilation and management affected the emission rate. If 
those studies in which this was not take into account, there could be mistakes in reported values 
of emission. In addition, the correct determination of the measurement points and the conditions 
would make studies more comparable. 
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1. Objectives 

The aims of this study were to assess the effects of pig slurry composition, obtained from three 
nutrition assays, on the biochemical CH4 potential (B0) and NH3 emission potential. 

2. Methodology 

A total of 84 slurry samples were obtained from fattening pigs (50-100 kg live weight) housed indi-
vidually in metabolic cages. Animals were fed with 13 different diets that included different types 
and sources of fibre (orange pulp and carob meal, study 1), different sources of protein (soybean 
meal, sunflower meal and wheat DDGS, study 2) and different inclusion levels of fat and fibre 
(calcium soap of palm fatty acids distillate and orange pulp, study 3). Faeces and urine were col-
lected separately during 3 days after 20 days of adaptation to the experimental diet, and stored at 
4ºC. Slurry was later re-composed according to the original faeces:urine excretion ratio. 
 
In vitro potential NH3 emissions (E-NH3) were determined in duplicate in the laboratory following 
the methodology described by Portejoie et al. [1] over 11 days. The ultimate CH4 yield (B0) of each 
slurry sample was determined in triplicate through biodegradability assays in 125 mL bottles over 
100 days at mesophilic conditions (35ºC) according to Vedrenne et al. [2].  
 
Slurries were also analyzed for dry matter (DM), volatile solids (VS), total Kjeldahl nitrogen (TKN), 
ammonium nitrogen (N-NH3), pH and volatile fatty acids (VFA) (all expressed on a wet basis). 
Chemical analyses of samples were conducted in triplicate. Cellulose (CEL) and Hemicellulose 
(HEM) content of faeces were also determined. The shift of excreted nitrogen between faeces and 
urine (F_U-Ratio) was also calculated.  
 
In order to explore the effects of slurry composition on gaseous emissions, correlations between 
slurry characteristics and emissions were determined. Individual and multiple linear regression 
analyses were also conducted to explore these relationships. All analyses were conducted using 
Statgraphics Centurion XVI. 

3. Results and discussion 

3.1 NH3 emission potential 

Ammonia emissions averaged 1.87 g N-NH3/kg of fresh slurry. A high variability was found (CV > 
20%) among different diets. Surprisingly, despite the variability recorded, when exploring the 
whole database from the three studies, no significant relationships were found with the main slurry 
composition parameters (DM, VS, TKN, N-NH3, VFA or pH). At study level (study 2), pH and N-
NH3 content did influence NH3 emissions, with negative and positive correlations, respectively. 
 
For the complete database and at study level, NH3 emissions were negatively correlated (r=-0.6, 
p<0.05) with the F_U-Ratio. This effect has been described before in the literature and is related 
to the nature of the nitrogen present in faeces and urine (mainly organic and mineral respectively). 
Despite this relationship being statistically significant, the linear regression did not provided a good 
prediction (R2<0.4) when considering all data. Nevertheless, if exploring only data from study 1 (in 
which fibre sources of diet were modified) a linear relationship could be identified (Figure 1). 
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Figure 1:  Relationship between ammonia emissions and faeces:urine N excretion ratio for study 1 
 
Faecal content was positively correlated with CEL and HEM (r>0.6, p<0.05). Moreover, if consid-
ering the addition of both, cellulose and hemicellulose content in faeces, the correlation improved 
(r>0.8, p<0.05).  
 
Among others (not presented in this paper, due to their low relevance), the following significant 
multiple linear regression model (R2=0.67) was obtained:  
   − _⁄ = − . + . × ⁄ − . × _ �   Eq. 1 
 
As already reported, the faeces:urine nitrogen partition seems to play a crucial role in ammonia 
emissions, as well as the amount of total Kjeldhal nitrogen available in the slurry.  

3.2 CH4 emissions 

B0 (g CH4 per gram of VS) ranged between 256 and 430 among treatments and was conditioned 
by the type of diet (increasing with diets rich in fat and fibre). Slurry and VS excretion was also 
affected by diet and gave major variations in predicted CH4 emitted (VS excreted times B0) per 
animal and day (66-144 L CH4/day). In both cases, diets rich in fat and fibre resulted in higher 
emissions. 
 
Faeces and slurry pH were positively and strongly correlated with B0 (r=0.72 and r=0.62, respec-
tively, p<0.05). A slight relationship between faeces and slurry pH and VFA content of slurry was 
found, and could be an explanation for this correlation. Nitrogen content of faeces was positively 
correlated with B0 (0.61, p<0.05) and CH4 produced per animal (r=0.77, p<0.01). No other relevant 
correlations with effluent characteristics were found when analysing data from all experiments 
together. 
 
Nevertheless, when looking at individual studies, a positive relationship between CH4 emissions 
and fat and soluble fibre content of slurries was identified (study 1). Moreover a positive relation-
ship was identified in study 2 between fibre content of slurries (both fermentable and non-
fermentable) and CH4 emissions. Finally, fat content of slurries played a key role (study 3) leading 
to higher CH4 emissions when increased.  
 
When looking again at the whole datasheet, the following significant regression models were ob-
tained (R2=0.52 and 0.75 for Eq. 2 and 3 respectively): 
   ⁄ = − + . ×         Eq. 2 
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and  
  �  ⁄ = . − . × � ⁄ + . × ⁄   Eq. 3 

 
Although no clear relationship was found between effluent composition and potential CH4 emis-
sions when looking at the complete datasheet, diet composition was a critical factor. The inclusion 
of different types of fibre and fat changed potential emission per animal by two-fold because of 
changes in B0 of slurry and the amount of excreta produced. 

4. Conclusion and outlook 

Although no relevant relationships were found between effluent composition and potential emis-
sions when dealing with the whole database, some interesting correlations were identified at study 
level. In general terms, the inclusion of different types and amounts of fibre and fat changed po-
tential CH4 emission from manure per animal by two-fold because of changes in B0 of slurry and 
the amount of excreta produced. Regarding NH3, the shift between nitrogen excreted in faeces 
and urine was the only factor that presented a consistent effect for all studies. Among strategies 
studied, it seems that modifying nitrogen sources in the diet resulted in the most effective strategy 
to reduce NH3 emissions from pig slurry. 
 
This work revealed the high variability that can be found in gaseous emissions from slurries de-
pending on their composition and the interaction between factors. Several factors are involved in 
processes leading emissions and, when looking for prediction equations it is difficult to identify 
straight relationships between slurry composition and emissions. 
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1. Objectives 

Biofuels have received much attention as alternative fuels, yet despite being an attractive energy 
source, their production causes environmental pollution. One of the most prominent biofuels is 
ethanol, which though presenting many advantages, there are several disadvantages associated 
with its waste disposal, such as the uncontrolled disposal of vinasse. The objective of this study is: 
To investigate the vinasse’s potentials in biogas, produced by anaerobic digestion process in 
Iran. 
 

2. Methodology 

The following roadmap illustrates the study: 
 
 Literature research (this research is a case study based on some relevant published data in 

literature and scientific articles. It has been conducted on the basis of theoretical data to cal-
culate the potentials of methane production. The sources, consulted for the preparation of 
this paper, were Iranian governmental organizations and producers of sugar cane and ethylic 
alcohol in the world). 

 Recognizing the position of Iran in terms of sugar cane cultivated area and daily production 
of fine ethanol  

 Surveying physical and chemical parameters of vinasse. 
 Calculation of biogas production capacity from vinasse in Iran and selection of the best case 

to use biogas, produced from anaerobic fermentation of vinasse. 
 

 

3. Results and Discussion 

3.1 Sugar cane production status in Iran 

Iran is a sugar cane producer with nearly 60.4 thousand hectares of cultivated area [1].According 
to the last census in Iran, between 2009/2010 crop, 3.035 million tons of sugar cane were pro-
cessed [2], producing 110 thousand liters of fine ethanol per day [3].In 2012, Iran was estimated to 
be a main producer of alcohol from sugar cane in Middle East.  

3.2 What is Vinasse? 

One of the most important but rarely discussed subjects, regarding the negative impacts of sugar 
cane, is vinasse, a by-product of ethanol industry (Fig.1), [4]. 
Vinasse is a contaminant in aquatic and terrestrial environment with high pollution potentials, ap-
proximately one hundred times more than household sewage. It has low pH, high corrosive im-
pact, and high levels of biochemical demand of oxygen (BOD).It also has high organic matter 
content, causing a depletion of oxygen [4].  
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Figure1: Flowchart of ethanol production process and underproduction of sugar cane vinasse [4].  
 

3.3 Physical and Chemical Parameters of Vinasse 

In Brazil, ethanol plants use vinasse as a fertilizer, which is applied directly in the soil, as it is rich 
in potassium. On the other hand, environmental agencies impose some limits to its application [5]. 
In Iran, agricultural soils are salty, therefore, as a fertilizer vinasse cannot be used directly in the 
agriculture. Hence vinasse disposal has become an environmental problem for the plants. Vinasse 
storage in lagoons causes greenhouse gas due to its evaporation. 
An alternative, increasingly on the rise in ethanol industry, is the anaerobic digestion of the organic 
load of vinasse. This process consists of the biodegradation of the organic load of vinasse to pro-
duce biogas and biofertilizer [4].  
Before being disposed in the soil, vinasse should be treated in the Up flow Anaerobic Sludge 
Blanket (UASB) reactor. This kind of treatment will produce bio fertilizers and biogas. Table 1 
shows the physicochemical parameters of vinasse (before and after biodigestion) in São Martinho 
Industry of Sugar and Alcohol [6].  
 
 
Table 1: Physicochemical characteristics of vinasse feed and effluent in Sao Martinho sugar factory biodigestion plant  

Parameter Vinasse (before biodigestion) Effluent (after biodigestion) 

pH value 4.0 6.9 
Chemical oxygen demand, COD in mg/L 29,000 9,000 

Nitrogen total in mg/L 550 600 
Ammonia nitrogen in mg/L 40 220 

Phosphorus as P2O5 in mg/L 17 32 
Sulfate in mg/L 450 32 

Potassium K2O in mg/L 1,400 1,400 

 
According to table 1, the anaerobic digestion of the vinasse will reduce the organic load, but its 
power as a fertilizer will remain the same. It is very important to note that the potassium content of 
the digest after the biodigestion process of vinasse is the same as before, whereas readily-
available nitrogen contents increase. 
According to [5],biogas is composed of methane (40-75%), carbon dioxide (25-40%), and other 
compounds. It can be used as a biofuel in engines with internal combustion. 

3.4 Calculation of Biogas production capacity of vinasse in Iran and selection of the best 
      case in using biogas 

To carry out an economical evaluation of biogas use as a fuel for electrical and steam generation 
or heat production, it is necessary to calculate its production capacity. According to [5], the pro-
duction of 1 liter of alcohol discharges 10 liters of vinasse and with the digestion of 1 m3 of vinasse 
approximately 14.6 m3 of biogas is produced. These values were used to estimate the production 
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of biogas and vinasse in the sugar cane plants, under study, and the total estimation of biogas 
production in Brazil. 
But in Iran, Razi Yeast & Alcohol Co. produces 110 m3/day of alcohol and 1,100 m3/day of vinasse 
from sugar cane. It was calculated that the amount of vinasse, annually generated in the reference 
plant, is about 330,000 m3/year and this amount of vinasse can produce 4,820,000 m3/year bio-
gas. 
According to literature [5] biogas (55% methane) has an energy value of 20.8 MJ/m3 while diesel 
has 36.4 MJ/L. In the composition of biogas, there is approximately 55% of methane (CH4), which 
has a specific mass of 0.714 kg/m3, thus 1 m3 of biogas is equivalent to 0.393 kg methane 
.Therefore, by running a biogas plant in Razi Yeast &Alcohol Co. 2,651,000 m3/year of methane 
can be obtained. According to biogas conversion factor, equal to 0.45 m3 of biogas/kg COD [6], 
anaerobic digestion of vinasse will reduce environmental risks in nature. 
Vinasse can be a source to generate electricity by burning the generated biogas (9.88 kWh/m3 
methane) [7].Iran is potential to produce approximately 5,302,000 m3/year of methane from vi-
nasse in near future, which would result in 52.4 GWh of electricity per year.  
Five alternatives could be presented for the use of the biogas, resulting from vinasse anaerobic 
digestion [6]: 
 

 Case I: Electric power generation with RCE (Reciprocating Combustion En-
gines)  

 Case II: Electric power generation with gas MT (Gas Micro Turbine) 
 Case III: Electric power generation through bagasse co-firing with the biogas in 

the boilers 
 Case IV: The sale of the substituted bagasse (for generation of electric power in 

another unit) 
 Case V: The sale of dried yeasts (use of biogas as fuel in spray dryers) (Fig. 2): 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Presented alternative cases for the utilization of the biogas energy [6]. 

 
Regarding Iranian agriculture properties, combination of cases III and V (i.e. co-combustion with 
bagasse for yeast drying) is the most suitable option. 

4 Conclusion and Outlook 

Among the produced waste, sugar cane vinasse has received special attention, facing endless 
possibilities for its reuse and disposal. The anaerobic digestion process of vinasse in Iran, or the 
use of effluent of vinasse (after digestion) as biofertilizer in the agriculture and production of me-
thane is one of the best alternatives for the sugar cane vinasse reuse and disposal. Evaporation of 
vinasse in the storage lagoons, producing greenhouse gas, is an obsolete manner. Among alter-
native cases for the utilization of the biogas energy, co-combustion with bagasse for yeast drying 
is one of the best alternatives for Iranian sugar cane industry. 
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1. Introduction 

A bedded pack barn is a different type of housing for dairy cows. The common free stall barns with 
cubicles and slatted concrete floors with slurry storage underneath is widely used among Dutch 
dairy farmers and is considered as the reference system. In 2007 the bedded pack barns were 
introduced in The Netherlands by a group of farmers who got inspired by similar alternative hous-
ing systems in the USA and Israel. Bedded pack barns are characterized by a combined walking 
and lying area. This area consists of soft and in most cases organic material that either absorbs or 
converts the deposited faces and urine. Because of this active manure management, bedded 
pack barns perform differently compared to the conventional, reference systems concerning sus-
tainability aspects like economics, animal welfare, milk quality, manure quality and environment. A 
project commissioned by both the ministry of Economic Affairs (EZ) and the Dutch Dairy Board 
(PZ) aimed to evaluate those sustainability aspects of the bedded pack barn.  
One of the aspects of the environmental impact of bedded back barns is the gaseous emissions of 
C- and N-compounds. These can emit in different forms depending on material composition, the 
quality of the degradation processes and external climatic parameters. Most important N- gases 
with environmental impact are ammonia (NH3) that leads to acidification and eutrophication and 
nitrous oxide (N2O) that is a greenhouse gas. Also N2 might emit, but has no negative impact on 
the environment and only represents a loss of valuable nitrogen.  
 
 

 
Figure 1: Example of bedded pack barn with compost as bedding material 
 
 
Gaseous emissions of bedded pack barns have not been measured extensively before. However, 
emissions of deep litter systems for cows and pigs and other type of litter based systems for dairy 
and beef cows have been researched [1]. Also emissions during composting are reported by nu-
merous authors. The combination of composting processes with a constant input of faces and 
urine and frequent tillage of the top layer influences the nutrient losses through gaseous emis-
sions.  This makes an assessment of these types of barns necessary. 
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The objective of this study was to provide insight into the differences of gaseous nitrogen losses 
between two of the most widespread bedding materials (compost and woodchips) applied in the 
Netherlands. 

2. Methodology 

Bedded pack barns in the Netherlands can be divided in two groups. One group uses organic 
materials, mostly compost, as bedding material. Urine is absorbed in the bedding and faces is 
mixed with the compost by daily tillage of the top layer using a cultivator or a similar device. The 
aim of this process is to keep the upper layer dry, by mixing the moist faces and urine with the 
lower bedding layers. The other group also uses organic materials but with the aim to trigger an 
(aerobic) composting process of bedding and manure in the bedding. This latter process should 
produce sufficient heat to evaporate excess moisture and keep the top layer of the bedding dry. 
Wood chips are the most popular bedding material used for this co-compost process. Urine is 
partly absorbed in the solid matrix and partly evaporated. The faces is also mixed with the material 
but the tillage of the top layer also aims at the stimulation of the composting processes. In most 
cases a tractor-driven device is used to intensify the loosening effect. In addition to tillage of the 
top layer farmers sometimes install a (forced) aeration system at the bottom of the bedded pack. 
These aeration systems use blowers either to blow outside air upwards through the bedding mate-
rial or to create a downwards airflow through the bedding by sucking and thereby concentrating 
the air at a single emission point. Temperatures in these composting bedded pack barns can rise 
to above 60oC. 
 
Table 1: Farm data. 

Farm 

# 

Days 

# 

Material 

Bedded pack area 

Bedded pack area 

 m2/cow 

Material 

Walking area 

Walking 

area 

m2/cow 

1 4 Wooden chips (WC) 12,5 Concrete slats 5,0 

2 2 Wooden chips (WC) 15,0 Concrete slats 4,0 

3 2 Wooden chips (WC) 15,0 Concrete slats 4,0 

4 4 Wooden chips (WC) 16,0 Solid asphalt 3,0 

5 2 Wooden chips (WC) 8,5 Concrete slats 1,5 

6 2 Compost (C) 18,0 Concrete slats 4,0 

7 2 Compost (C) 22,0 None 0,0 

8 1 Compost (C) 9,5 Concrete slats 7,0 

9 2 Compost (C) 12,5 Concrete slats 4,0 

 
 
The ammonia emission from the bedding was measured at nine farms (see table 1). Emission flux 
was measured using an open flux chamber several times (n) on different locations in the bedding 
at different days (see table 1 and 2). Ventilation was set at a constant value of 30% of the maxi-
mum capacity resulting in an average air velocity across the emitting surface of 0,57 m/s. This is 
within the range of possible air velocity in a typical naturally ventilated dairy barn. Both incoming 
and outgoing air were sampled during the last 15 minute of a 30 minute period at which the flux 
chamber was placed on the bedding. Air samples were led with a restricted flow (~1000 ml/min) 
through two glass impingers placed in serial and both put in an acid solution. The ammonia emis-
sion was calculated from the average ammonia concentration difference between ingoing and 
outgoing air and the ventilation rate in the sampling device. 
The nitrous oxide emission was measured using the same flux chamber but closed. Nitrous oxide 
concentrations were measured (after filtering out CO2 with soda lime) using a photo acoustic multi 
gas sampler (Innova 1312) at a sampling interval of 2 minutes. Emission was calculated using the 
method presented by [2] and [3]. Averages on farm level have been statistically analyzed with t-
tests using Genstat 17 [4] 
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3. Results 

The results of ammonia and nitrous oxide emission measurements are presented in the table 
below (SE: standard error). Averaged ammonia emission on farm level (SE between brackets) 
from wooden chips bedding was 186,3 mg/m2/h (46,8) and from compost bedding 409,1 mg/m2/h 
(151,8). Average nitrous oxide emissions from wooden chips bedding was 18,8 mg/m2/h (4,6) and 
from compost bedding 14,0 mg/m2/h (6,4).  
 
Table 2: Average ammonia and nitrous oxide emissions per farm. 

Farms n NH3 emission 
(mg/m2/h) 

SE n N2O emission 
(mg/m2/h) 

SE 

1 16 154,2 83,8 13 7,3 1,9 
2 9 163,8 38,4 4 8,3 3,6 
3 9 207,6 39,7 6 25,4 9,2 
4 16 346,5 65,7 7 23,6 5,9 
5 7 59,6 28,0 2 29,6 28,1 
6 10 356,2 105,7 38 27,5 14,2 
7 10 837,8 152,7 1 1,4  
8 5 319,1 80,1 5 22,1 7,2 
9 10 123,2 63,2 8 5,2 1,9 

WC 5 186,3 46,8 5 18,8 4,6 
C 4 409,1 151,8 5 14,0 6,4 

 

4. Discussion 

Flux chamber measurements of ammonia emission from a conventional concrete slatted floors 
barn with slurry pits resulted in an emission of 1200 mg/m2/h [5]. Such a cubicle barn typically 
offers 4 m2 emitting area per cow. According to the measurements, the ammonia emissions per 
m2 of bedding did not differ significantly between compost and wood chips (p=0,16) and were 
both significantly lower than the emission per m2 from the reference system (p=0,01). The rela-
tive emissions per cow of both materials were higher than the reference (figure 1). This means 
that both the number of m2 per cow and the emission from the (concrete) walking area play an 
important role in the establishing of total emission from the barn (based on flux chamber meas-
urements). To reduce ammonia emissions from a bedded pack barn one can therefor either try 
to influence the emission from the bedding or from the (concrete) walking area. One option to 
reduce ammonia emissions is to use a solid floor with a lower emission per m2 as is used on 
farm 4.  
 

Figure 2: Relative emission per cow of ammonia (left) and nitrous oxide (right) of the two bedding materials. 

 
The N2O emissions per m2 of bedding did not differ significantly between compost and wood 
chips (p=0,56). The calculated N2O emission factor for a slurry based reference systems is 0,23 
kg N2O per cow per year [6]. The relative emission per cow is given in figure 1. All farms pro-
duced per cow more N2O than the reference system, up to almost 19 times more but only for 
wood chips the average emission per cow was significantly higher (p=0,02). This higher emis-
sion of N2O from organic bedding compare to a slurry based system is probably caused by the 
more intensive microbiological processes that take place in the bedding. In these processes, 
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N2O is produced during both the nitrification an denitrification processes when both aerobic and 
anaerobic circumstances are simultaneously present in the composting mixture. Also tempera-
ture, pH and oxygen availability play an important role and may partly explain the small differ-
ences in N2O emissions between wood chips and compost.  
 
Increase of available area per cow and use of soft organic bedding material to improve cow wel-
fare does lead to higher gaseous losses of nitrogen from housing both through ammonia and ni-
trous oxide. However, environmental assessment of these kind of housing systems should also 
include storage and application. 

5. Conclusion  

Ammonia emission per m2 from a compost bedding is more than two times higher than from a 
wooden chips bedding but both significantly lower than from the reference system. Increase of 
available area to improve cow welfare but leads to higher ammonia emissions per cow compared 
to the slurry base reference system. Nitrous oxide emissions were 8 to 16 times higher than the 
reference system. Total nitrogen losses per cow from housing increased. Losses during storage 
and application should be evaluated in the future.  
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1. Objectives 

Cattle-slurry management became a priority in many livestock farms and slurry treatment is used 
to increase the fertilizer value of slurry and/or minimize its environmental impact. Indeed, signifi-
cant emissions of ammonia (NH3) and greenhouse gases (GHG) as nitrous oxide (N2O), carbon 
dioxide (CO2) and methane (CH4) can occur during and after slurry application to soil. Application 
of acidified slurry or liquid fraction (LF) obtained by solid-liquid separation are two alternatives to 
raw slurry application that have proven to be efficient to minimize ammonia emissions. However, 
few is known about its effect on GHG emissions. 
 
The aim of the present work was to assess the efficiency of cattle slurry treatment by acidification 
and/or solid liquid separation to mitigate ammonia (NH3) and greenhouse gases (GHG) emissions 
following surface application to a sandy loam soil. 

2. Methodology 

Raw slurry (S) from a commercial dairy farm located close to Lisbon (Portugal) was first treated by 
centrifugation to obtain a liquid fraction (LF). Half of S and LF were then acidified to pH 5.5 by 
addition of concentrated sulphuric acid leading to acidified slurry (AS) and an acidified liquid frac-
tion (ALF). Slurries’ composition is presented in Table 1. These slurries were then applied to a 
Portuguese sandy loam soil (39º 49' 17'' N 07º 27' 44'' W; Haplic Cambisol; 38% coarse sand, 
38% fine sand, 15% silt and 9% clay) at a rate of 80 mg N kg-1 dry soil (equivalent to  
240 kg N ha-1) and an aerobic incubation was performed during 92 days at 25 ºC in 2 L kilner jars.  

Table 1: Composition of the slurries used and amounts applied to soil (N = 3).  

Parameters 
Slurries 

S AS LF ALF 

Slurry composition     

pH (H2O) 7.2a 5.5b 7.2a 5.5b 

Dry matter (g kg-1) 113a 116a 21b 25b 

Total C (g C kg-1) 74.7a 76.0a 15.4b 16.5b 

Total N (g kg-1) 3.8a 3.3b 2.5c 2.2c 

NH4
+-N (g N kg-1) 1.3a 1.3a 1.2a 1.2a 

NO3
--N (mg N kg-1) 0.1b 1.6ab 0.9ab 2.1a 

Application rate     

mg C kg-1 dry soil 1570b 1869a 498d 588c 

Within rows, values presented with different superscripts are significantly different (P < 0.05) by Tukey test.  
 
Six treatments three times replicated were carried out: 1. soil only (Control); 2. surface application 
of S followed by soil incorporation (S-I); 3. band application of S (S-S); 4. band application of AS 
(AS-S); 5. band application of LF (LF-S); 6. band application of ALF (ALF-S).  
 
Two independent incubations were performed to follow NH3 and GHG emissions. 
 
 NH3 fluxes: Kilner jars (L = 100 mm, H = 210 mm) were filled with 0.75 kg dry soil (H = 70 

mm) and treatments were then applied as above described. Water holding capacity was ad-
justed at 60% and controlled regularly. Ammonia fluxes were measured during the first 14 
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days of incubation using the acid traps, containing 50 mL of 0.05 M orthophosphoric acid. Ac-
id traps in each jar were replaced after 5, 22, 29, 45, 69, 94, 166, 220 and 333 hours of the 
beginning of the experiment.  

 GHG fluxes: a second independent set of Kilner jars was prepared to measure the GHG 
emissions in each treatment following the same procedure described for the measurement of 
NH3 fluxes. Methane, N2O and CO2 were measured using the close chamber technique fol-
lowed by quantification by gas chromatography, using a GC-2014 (Shimadzu, Japan). Gas 
measurements were carried out at days 1, 3, 4, 5, 8, then every two days up to day 36 and 
once a week up to day 92.  

 
Cumulative emissions were estimated by averaging the flux between two sampling occasions and 
multiplying by the time interval between the measurements. More information about the experi-
mental protocol can be obtained in [1].  

3. Results and discussion 

3.1 Nitrogen emissions 

Significantly higher (P < 0.05) NH3 emissions were observed in S-S treatment relative to all other 
amended treatments during all the measurement period (Figure 1). Incorporation of raw slurry led 
to a significant decrease of NH3 emissions relative to S-S treatment but the lowest NH3 emissions 
were observed in treatments amended with acidified slurry, LF or acidified LF. The cumulative 
NH3 emissions from AS-S were significantly lower (P < 0.05) in 86% relative to S-S treatment 
(Figure 1). During the measurement period, the daily NH3 fluxes from LF-S treatment were similar 
(P > 0.05) to those observed in Control. No differences (P > 0.05) were observed between ALF-S 
and LF-S treatment relative to NH3 emissions indicating that LF acidification is not required since 
raw LF application already minimizes NH3 emissions relative to raw slurry. As observed here, 
lower NH3 emissions from LF amended soil than raw slurry were reported by other authors and 
they attributed this difference to a greater infiltration of LF in soil [2, 3]. Furthermore, a significant 
immobilization of NH4

+ ions derived from LF might have occurred leading to a lower NH3 volatiliza-
tion [4]. As previously reported [5, 6], slurry acidification seems to have a strong potential to mini-
mize NH3 emissions after soil application.  
 

 

Figure 1: Mean value of the cumulated amount of ammonia emitted during the experiment (N = 3). Values quoted with 
different letters are significantly different (P < 0.05) by Tukey test.  

 
Lower N2O fluxes were observed in acidified treatments (AS-S and ALF-S) relative to non-
acidified (S-S and LF-S, respectively) treatments. Significantly higher or similar N2O emissions 
were observed in S-I treatments relative to S-S indicating that slurry incorporation might enhance 
N2O emissions. The highest values of cumulative N2O emissions were obtained in S-I, LF-S and 
ALF-S treatments (Figure 2). It is to refer that the total amount of N2O released from ALF-S was 
significantly higher than in S-S and AS-S. Application of acidified slurry led to the lowest N2O 
emissions, namely a significant (P < 0.05) decrease of N2O emissions relative to S-I. This result is 
in line with a previous study [7] using acidified pig slurry and a delay or inhibition of the nitrification 
process might be the main reason for such decrease. 
The N losses (NH3 + N2O) by gaseous emissions were significantly reduced by 59% in acidified 
cattle-slurry comparatively to non-acidified cattle-slurry. However, a combined treatment - separa-
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tion + acidification - did not bring any benefit relative to NH3 and N2O emissions since similar re-
sults were observed in acidified LF and non-acidified LF. Soil application of acidified cattle-slurry 
rather than non-acidified LF might be motivated by the lower costs associated to acidification 
compared to solid-liquid separation.  

 
 
Figure 2. Mean value of the cumulated amount of nitrous oxide emitted during the experiment (N = 3). Values quoted with  
 different letters are significantly different (P < 0.05) by Tukey test.  
 

3.2 Carbon emissions 

Higher CO2 fluxes were observed over the first 8 days of the experiment in all treatments, with 26 
and 45% of the total CO2 emissions occurring during this period, followed by a reduction until the 
end of the measurements. Cumulative CO2 emissions were lower in 32% when S-S was applied 
relative to LF-S (Figure 3). Also, the cumulative CO2 emissions were lower (P < 0.05) in 52% 
when ALF-S was applied relative to LF-S amended treatment (Figure 3). More than 60% of the 
applied C was released as CO2 in the LF-S treatment whereas in all the other amended treat-
ments, less than 35% of the applied C was released.  
 

 

Figure 3. Mean value of the cumulated amount of carbon dioxide emitted during the experiment (N = 3). Values quoted 
with different letters are significantly different (P < 0.05) by Tukey test.  

 

Cattle-slurry application increases the soil microbial activity and consequently CO2 emissions after 
amendment due the organic matter decomposition. Compared with non-acidified slurries, slurry 
acidification reduced CO2 emissions because it decreases microbial activity and consequently 
oxygen consumption, sulphate reduction and methanogenesis [8].  
 
Methane emissions were only observed in S-I and S-S treatments during the first 4 days following 
soil application, being in agreement with previous studies [9] who reported that CH4 emissions 
occurred during a short period. Furthermore, it is generally assumed that most of CH4 released 
from slurry amended soil is due to the volatilisation of the CH4 dissolved in the cattle-slurry (pro-
duced during storage). It has been seen that slurry acidification reduces the methanogenesis and 
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consequently CH4 production and emissions during slurry storage [6], what justifies the lower CH4 
emissions observed in AS-S relative to S-S. Most of the dissolved CH4 initially present in S and 
AS should have been released during the separation process explaining the absence of CH4 
emissions in LF-S or ALF-S treatments. 
 

 
Figure 3. Mean value of the cumulated amount of methane emitted during the experiment (N = 3). Values quoted with  

different letters are significantly different (P < 0.05) by Tukey test 

4. Conclusions 

Our results showed that slurry acidification is a good solution to minimize NH3, N2O and CH4 
emissions following soil application. Furthermore, LF application rather than raw slurry led to a 
significant decrease of NH3 emissions but has no impact on N2O emissions. However, acidification 
of LF has no positive impact on gaseous emissions. Further studies at farm scale are required to 
validate our results and, on the other hand, a more safe and cost- effective solution for slurry acidi-
fication needs to be developed.  
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1. Objectives 

In this experiment, we aimed to assess the effect of:  
 

 Partial substitution of urea (U) by organic amendments at seeding: pig urine (PU), pig 
urine with the nitrification inhibitor 3,4 dimethylpyrazolephosphate (DMPP, PUI), compost 
from the solid phase of pig slurry (PCOM); 

 Two different irrigation systems: sprinkler and drip; 
 

on greenhouse gas (GHG) emissions, crop yield and yield-scaled N2O emissions (YSNE) in a 
maize (Zea mays L.) crop.  

2. Methodology 

The study was carried out at the “El Encín” field station (Madrid, Spain). All the irrigation and ferti-
lizer treatments were assigned in a three-replicated completely randomized design. All plots (ex-
cept the control) were fertilized with 180 kg N ha-1 (120 kg N ha-1 as organic fertilizers at seeding –
PCOM, PU, PUI- and 60 kg N ha-1 as urea at dressing, one month after seeding). In the case of 
urea, the entire N rate (180 kg N ha-1) was applied at dressing (broadcasted on surface in sprin-
kler plots and by fertigation on drip irrigation plots). A control (C) with no N fertilization was also 
included. Maize was seeded on 7th May 2014 (resulting in a plant population of 7.5 plants m-2) and 
harvested on 24th October 2014. Irrigation was applied in drip plots by a surface drip irrigation 
(emitters with nominal discharge of 4 L h−1, 0.33 m apart, 48 irrigation events) and by an installed 
12m x 12m sprinkler irrigation system at a height of 2.5 m, in the case of sprinkler plots (32 irriga-
tion events). A total amount of 688 L m-2 of water was applied in both systems. 
 
Greenhouse gas emissions were sampled by the static closed chamber method, and quantified by 
gas chromatography. Gas samples were taken twice per week during the first month after fertiliza-
tion events. Afterward, gas sampling was performed weekly or every two weeks, until the end of 
the crop period. To minimize any effects of diurnal variation in emissions, samples were taken at 
the same time of day (10am –12 pm). Yield-scaled N2O emissions were calculated by dividing 
total N2O emission by N uptake in aboveground biomass [1]. 

3. Results and discussion 

3.1 Greenhouse gas emissions 

3.1.1 Nitrous oxide emissions 

Nitrous oxide emissions ranged from -0.1 to 9.8 mg N2O-N m-2 d-1 (U, 24th June) (Fig. 1a, b). 
Emission peaks were observed after fertilization, with N2O fluxes subsequently decreasing until 
the end of the experiment. Cumulative fluxes were significantly reduced when U was partially sub-
stituted by organic amendments in sprinkler irrigation plots, but not when U was applied by fertiga-
tion. Considering all N-fertilized treatments, only PUI significantly decreased cumulative N2O loss-
es (60 % abatement, P<0.001) when compared to U. Even though the effect of application of pig 
urine with DMPP has been rarely tested, these results are consistent with the field studies of [2] or 
[3], who found an effective mitigation of N losses from cattle urine when it was applied with the 
nitrification inhibitor dicyandiamide (DCD). The use of DMPP instead of DCD could be considered 
as a more advisable alternative under high-temperature conditions, in which DCD has shown high 
instability [4]. 
Drip irrigation significantly reduced N2O cumulative losses by 63% relative to sprinkler irrigation 
(P<0.001). The use of high water efficiency irrigation systems (e.g. surface drip irrigation) has 
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shown a potential for mitigating N2O losses in previous studies as a result of lower denitrification 
rates [5, 6]. 
 

 
 
Figure 1: Nitrous oxide (N2O) fluxes throughout maize cropping cycle in a sprinkler-irrigated plots and b drip-irrigated plots 

in the different fertilizer treatments (control, C, urea, U, compost, PCOM, pig urine, PU, pig urine with the nitrific 
tion inhibitor DMPP, PUI). Vertical bars indicate the standard errors of the mean. 
 

3.1.2 Methane and carbon dioxide emissions 

All treatments were net CH4 sinks (Fig 2a). Uptake capacity was significantly increased in U and 
PUI treatments, and under sprinkler irrigation (P<0.001). These results showed that in spite of 
higher NH4

+-N availability expected in U and PUI, no inhibitory effect of CH4 oxidation was ob-
served. The competitive inhibition of the enzyme responsible for CH4 oxidation (CH4 monooxy-
genase) with the NH3 monooxygenase has been previously reported [7, 8]. Conversely, a positive 
correlation between soil NH4

+ and CH4 oxidation was observed by [9]. Regarding irrigation effect, 
soil methanotrophic activity increases to a value close to field capacity, then decreases when the 
water content increases [8]. This may explain why CH4 uptake is higher in sprinkler irrigation plots. 
Carbon dioxide cumulative fluxes (Fig. 2b) were increased in sprinkler when compared to drip 
irrigation system (P<0.001). As expected, the fertilizer treatment that provided a C source (PCOM) 
led to greater CO2 fluxes than the rest of treatments (P<0.001). 
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Figure 2: Cumulative a methane (CH4) and b carbon dioxide (CO2) fluxes in the different fertilizer (control, C, urea, U, 

compost, PCOM, pig urine, PU, pig urine with the nitrification inhibitor DMPP, PUI) and irrigation treatments. Di- 
fferent uppercase letters within columns indicate significant differences in the irrigation factor, while different low- 
ercase letters within columns indicate significant differences in the fertilizer factor, by applying the Tukey's honest 
significance test at P<0.05. Vertical bars indicate the standard errors of the mean. 
 

3.2 Maize yields and Yield-scaled N2O emissions 

Considering all fertilized treatments, only PUI did not decrease grain yield when compared to U. 
By contrast, PCOM and PU decreased grain yield by 33 and 26%, respectively (P<0.001). Urea 
also resulted in the highest biomass production, which was 21, 34 and 31% greater than that of 
PUI, PU and PCOM, respectively. These results emphasize the need to accurately calculate the 
available N for the crop when organic amendments (e.g. compost) are applied. The use of DMPP 
with pig urine increased grain (15%, 0.05<P<0.10) and biomass yields (21%, P<0.05) compared 
to urine alone, which is consistent with the meta-analysis of [10]. The irrigation system did not 
affect grain yields, even though biomass production was 32% higher (P<0.001) in drip-irrigated 
plots. 
The N2O efficiency of a cropping system, in a context of increasing food demand, should be ex-
pressed in terms of YSNE [1] (Fig. 3). This index decreased when DMPP was used with pig urine 
compared to urine alone, while PCOM resulted in the highest N2O-N emitted per kg of N uptaken. 
Higher biomass production and lower N2O emission in the drip irrigation system contributed to 
significantly abate (P<0.001) the YSNE ratio in these plots. Partial replacement of urea by PUI 
could be considered as a sustainable management practice in terms of the abatement of GHG 
losses and YSNE, leading to crop yields potentially acceptable to farmers. In this sense, PCOM or 
PU did not result in an optimum mitigation-adaptation balance. The employment of an improved 
irrigation system (i.e. surface drip) showed a high effectiveness in the mitigation of N2O losses and 
YSNE, without affecting grain yield and even enhancing biomass production. In spite of the lower 
CH4 oxidation potential, this management practice resulted in a lower global warming potential 
than the conventional sprinkler irrigation system. 
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Figure 3: Yield-scaled N2O emissions of the different fertilizer (control, C, urea, U, compost, PCOM, pig urine, PU, pig urine 

with the nitrification inhibitor DMPP, PUI) and irrigation treatments. Different uppercase letters within columns in-
dicate significant differences in the irrigation factor, while different lowercase letters within columns indicate signif-
icant differences in the fertilizer factor by applying the Tukey's honest significance test at P<0.05. Vertical bars 
indicate the standard errors of the mean. 

4. Conclusion and outlook 

The partial replacement of urea by organic N sources is an environmentally advisable strategy, 
but an optimum balance between mitigation of GHG losses and adaptation of an irrigated maize 
crop in Mediterranean areas requires the use of nitrification inhibitors (e.g. DMPP) with liquid or-
ganic sources. Drip irrigation system also showed promising results in terms of abating yield-
scaled N2O emissions and global warming potential, in spite of the risk of decreasing CH4 uptake.  
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1. Objectives 

OptiBarn is granted in the framework of the FACCE-ERANET+ initiative “Climate Smart Agricul-
ture” and investigates region-specific, sustainable adaptation strategies for dairy housing, focusing 
on an optimised climatisation of naturally ventilated buildings (NVB) in order to adapt to climate 
change. Appropriate construction methods and management of the buildings can improve thermal 
control for increased productivity, improved animal welfare and reduced emissions. 

2. Project and methods description  

OptiBarn runs from December 2014 to September 2017. Scientists from four countries, six insti-
tutes and various disciplines are involved. Companies and stakeholders support the project. Indi-
cators for an optimisation of barn climate in NVB under climate change are developed by:  
 
 Barn-specific assessment of the influence of outdoor climate on the indoor conditions: Numer-

ic simulations, physical modelling in a boundary layer wind tunnel and field studies in selected 
barns are conducted to assess the effects of boundary conditions on the climate in NVB. 

 Region-specific risk analysis on how often extreme weather situations will occur in the future: 
Data from weather stations and climate simulations are analysed with regard to heat stress. 

 Monitoring animal-individual stress responses to the indoor conditions: Field studies and ex-
periments under lab conditions are conducted to propose a sophisticated heat stress scale. 

 Development of engineering solutions: New building configurations, ventilation system designs 
and indoor climate control strategies are investigated. 

 Modelling tools to assess environmental and economic effects of adaptation alternatives: The 
effects of different building and management factors on the thermal control capacity of dairy 
buildings are quantified and the overall risks are highlighted. 
 
 

 
 

Figure 1: Project layout with five interacting work packages (WP) and external advirory board. 

 
 The paper informs on the early state of the project and on-going tasks in the five work packag-

es (cf. Figure 1). Preliminary results of a first case study in WP 1 related to aims 1 and 5 are 
shown: 6 consecutive days in August 2014 with 10 minutes temporal resolution and four sam-
pling points (2.7m height) in a barn in Northern Germany. The following analysis techniques 
are used:Spatial anomaly: Spatial averages ̅ over all sampling points are calculated. Anoma-
lies are defined per sampling point and time step as deviations from the spatial averages = − ̅). 
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 Temperature-Humidity-Index: We used the definition according to CIGR glossary 2009 [1]:  =  . ∗ + . ∗ ∗ − . + .   . 
Here T is the air temperature in degree C and H the relative humidity in percentage. 

 Correlation function: We calculated the lagged Pearson correlation � = , +  
between time series x(t) of the first variable at times ti to tf and time series y(t+d) of the second 
variable at times ti+d to tf+d. The delay d was varied from 10 minutes to two days. The correla-
tion for each delay is plotted in dependence of the delay to obtain the correlation function. 

3. Results and discussion  

3.1 Status of the project 

OptiBarn was launched with a kick-off workshop on 1st and 2nd of December 2014. Work packages 
1, 2 and 5 started immediately, 3 and 4 recently. The following tasks are completed or on-going: 
WP 1: Five barns were selected for case studies in Germany, Spain and Israel. Aggregation of 
information on barn construction, farm design, management and typical climatic boundary condi-
tions is ongoing. Long term observations of certain key variables (e.g., minimum and maximum 
daily temperature or wind speed) for the selected reference barns were investigated to identify 
relevant extreme outdoor weather conditions or episodes and to create an outdoor climate refer-
ence dataset for the calibration of the climate models. High resolution climate simulations were 
collected and are currently complemented to build an ensemble of anticipated future climate con-
ditions. The development of a computational fluid dynamics (CFD) model that considers barn ge-
ometry, animals and climate input is ongoing in collaboration with WP2. Wind tunnel experiments 
are scheduled to improve measurement techniques and experimental plans.  
WP 2: First CFD simulations to investigate the potential of using passive earth-air heat exchange 
ventilation were conducted. Ongoing experiments in a climate chamber consider the convection 
heat removal in relation to airflow speed and temperature for developing an integrated sensing 
method for optimal design and control of livestock housing ventilation. Later, with input from WP 3, 
animal wellbeing shall be detected under complex thermal conditions affected by multi-thermal 
parameters. A setup to investigate precision zone ventilation configurations for an optimal thermal 
environment in the Animal Occupied Zone (AOZ) and to remove most pollutant air effectively near 
to the emission sources for cleaning treatments is currently developed.  
WP 3: First experiments were conducted to select sensors (physiological or behavioural) for stress 
in dairy cows on hot days. A setup to investigate the impact of the dynamics of barn climate and 
physiological parameter (e.g., age) on the cow individual stress level is currently developed.  
WP 4: Collection of farm management data for the case study barns started. 
WP 5: The basic information and data exchange structure was established. A project homepage 
www.optibarn.eu provides general information and will later inform on key results. 
 

3.2 First case study on climate parameters and gas concentrations 

First studies indicate that even for symmetric buildings the air flow inside the barn is spatially het-
erogeneous and non-stationary [2]. Similar temporal and spatial fluctuations are found for temper-
ature, humidity and gas concentration [3]. The time series of the spatial anomalies for wind are 
shown in Figure 2 as an example. 
  

http://www.optibarn.eu/
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Figure  2: Left: Deviation of air speed in m/s from the spatial average over 6 days at four measurement points. The green  
…………  line indicates the temporal average of the spatial anomaly. The dominant direction of the incoming wind (S-SW)    
                 is indicated by the arrow. Right: A wind rose of the external wind speed and direction for the measurement 
                period. 
 

Figure 3 shows the spatial anomalies for ammonia, methane, relative humidity and temperature 
exemplarily for the front left point, while Figure 4 summarises the normalised average anomalies 
for all variables at the four measurement points. The front left part of the barn is characterised by 
medium air speed, humidity and ammonia values, low temperature and high methane values. The 
back left part shows high air speed, low temperature, humidity and methane and medium ammo-
nia concentration. The back right part is characterised by low air speed, methane and ammonia 
concentration, high temperature and medium humidity. In the front right part all variables are sig-
nificantly higher than the corresponding spatial average.  

Figure  3: Analogous to Figure 2 time series of ammonia in ppm, methane in ppm, relative humidity in % and temperature in 
                K for the front left measurement point.  

 
Figure  4: The subplots show a normalised average spatial anomaly for the variables in the following order: wind speed, 
………  …temperature, relative humidity, methane and ammonia. Normalisation is done dividing by the maximal value for  
                 the variable over the four points. The positions of the subplots indicate the measurement points in a plan of the  
                barn (dimensions: 96m x 34m).  

 
Amplitudes and signs of the spatial anomalies vary over time as shown in Figures 2 and 3. The 
recorded variations in the indoor climate parameters depend on the size and position of openings 
and on the outdoor climate, particularly on the wind (cf. previous studies [3, 4]). Spatial variations 
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are likely induced by the turbulence of the air flow. However, the dynamics of single climate varia-
bles follow those of the air flow with different shaping and delay. A possible reason is the impact of 
the animals, which are sources of temperature, humidity, small-scale turbulence and emissions, 
and affect the barn climate in various ways and at various time scales.  
The strong interaction between animals and barn climate suggests that there is a functional rela-
tion between air flow, heat stress and emission rates. In order to investigate this implication we 
consider the correlation between wind speed, gas concentrations and temperature-humidity indi-
ces (THI) as a measure of heat stress. As an example, we use the front, right measurement point 
which is characterised by particularly high values for all variables. Simultaneous measurements of 
temperature, humidity, wind and gas concentrations show a low instantaneous correlation (i.e., 
Pearson correlation for lag zero in Figure 5). All values obtained are negative. These results con-
firm that high temperature and humidity inside the barn usually come along with low wind speed. 
Moreover, low wind speed results in an increase of gas concentrations since gas exchange is 
reduced. However, the instantaneous correlation also suggests that first there is a decrease of 
gas concentrations if temperature and humidity values increase which is counterintuitive. A possi-
ble explanation may be the speed-up of chemical decomposition processes.  
In order to further assess the relations between the different variables, subsets of the time series 
(time frames) at the same sampling point were considered to calculate the correlation function 
(Figure 5). If we take into account theses delays, the revealed functional relations differ from those 
which the instantaneous correlation suggests. The correlation values are significantly higher than 
for the instantaneous correlation. 

 
Figure 5: Correlation function for temperature-humidity-index THI with wind and gas concentrations (left) and wind with 
……… …THI and gas concentrations (right). The THI   (cf. section 2) is defined according to CIGR report 2006 [1]. 
 
For the correlation between THI and gas concentrations we found a pronounced daily cycle, while 
for wind the correlation function oscillates with lower frequency. Probably this is related to the fact 
that temperature, humidity and gas concentrations have a daily cycle while wind does not have a 
pronounced periodicity at the time scales considered here. The maximal positive correlation be-
tween gas concentrations and climate parameters is always obtained with about 12 hours delay. 
This is likely a result of the interplay of different dominant frequencies (e.g., day-night rhythm or 
milking times) which determine the dynamics of the barn climate variables. 

4. Conclusion and outlook  

In this study we found, for the selected boundary conditions, a particular region in the barn (front 
right) with high values of all considered barn climate variables. The dynamics of temperature, 
humidity and gas concentrations follow that of the air flow on average with about half a day time 
delay, probably caused by the dynamics of air exchange and by the responses of the animals.  
The spatial and temporal dynamics of barn climate variables highlight the necessity to develop 
smart ventilation concepts for naturally ventilated barns to reduce emissions and animal stress. An 
in-depth study on the effects of outdoor conditions and building design on the barn climate and its 
interaction with the housed animals is essential. In OptiBarn functional relations and typical time 
delays in the interactions (response times), general spatial and temporal pattern in the barn cli-
mate and animal individual stress reactions are investigated. The interdisciplinary approach and 
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continuous validation under commercial conditions are crucial for a holistic view on the interaction 
between barn climate, animals and environment in dairy husbandry systems. 
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1. Objectives 

Mass amounts and contents of solid manure and its liquid fraction are important for nutrient bal-
ances and emission inventories and for planning of stables, logistics and storage space capaci-
ties. These farm fertilizers are usually inhomogeneous so that accurate determination of its mass 
and contents is complex. An alternative to measuring or thumb numbers are balancing models 
based on practical animal feed and performance data. 

2. Methodology 

Focus of the proposed mass balance computational model is the separation of mass amounts in 
faeces and urine (Fig. 1). For mammals, the excretions faeces and urine must be determined 
separately, taking into account the amount of bedding material and their absorption potential for 
urine as well as rotting losses (OM) and gaseous losses (NH3). The amounts of seepage from 
stable manure and usual operational water inflows to the liquid fraction are also considered. For 
calculating the mass amount of faeces and urine the digestibility coefficients of the energy contain-
ing organic raw nutrients (crude protein, crude fat, crude fiber, nitrogen free substances) are re-
quired. These figures are derived from feed value tables. Digestibility coefficients are components 
of the energy calculation of a feed calculation and are determined sufficiently exact in a variety of 
feeding trials or can be derived by estimating equations. For poultry, faeces and urine are excret-
ed together. The amounts of poultry manure are calculated with the digestibility of organic matter 
in the feed and the excreted crude ash (ash in the feed minus ash in animal product) taking into 
account the amount of bedding material as well as rotting and gaseous losses. 
 

 
Figure 1:  Flow chart of the model for determining the mass amount of solid manure, its liquid fraction and mineral contents 
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For different animal categories and production methods the calculations are performed for solid 
manure and its liquid fraction, respectively. Based on animal performance and feeding data the 
mass amount of rotted solid manure and its liquid fraction are derived. The amount of nutrients per 
animal place and unit of time and the content values per mass are calculated. The calculated 
quantities and contents are expected average values. Water additives e.g. milking parlour water, 
courtyard drain must be added as unaccounted amounts to the liquid fraction. 

3. Results and discussion 

Key factors in the calculation model are the assumed amounts of feed, their nutrient content and 
digestibility (Table 1a, Table 1b) that meet the requirements for the assumed animal performance. 
In the following chapters (3.1, 3.2) examples of the results are given. 

Table 1a: Factors influencing the mass amount of solid manure, its liquid fraction and nutrient contents: feed and bedding 

Influence variable Characteristic parameter 

feed type, feed amount (e.g. kg DM/(animal . a) amount of faeces and urine (e.g.kg FM/a) 
contents in feed (e.g. kg N/kg DM) e.g. nitrogen content (e.g. kg N/kg FM) 
digestibility of the feed (dimensionless); 
performance; nutrient contents in animal products 
(e.g. kg ECM/(dairy cow.a); kg N/kg FM) 

nutrient excretion (e.g. kg faeces FM/a) 

bedding depending on animal category and production system amount of bedding material (e.g. kg FM/d) 
nutrient contents in bedding material (straw) (e.g. kg N/kg FM) nutrient contents in solid manure 

(e.g. kg N/kg FM)  
bedding absorption of urine (straw) (kg urine/kg FM); 
1,8 kg urine/kg bedding fresh mass (straw) 

amount of liquid fraction (e.g. kg FM/a) 
nutrient contents in solid manure 

 

Table 1b: Factors influencing the mass amount of solid manure, its liquid fraction and nutrient contents: storage 

Influence parameters during storage 
  Loss ratios (seepage + rotting) during storage (dimensionless parameters) 

  

Fresh 
mass 

Crude 
ash 

Organic 
matter 

N P K 

Seepage losses 
Fresh solid manure 0.15 0.06 0.02 0.10 0.02 0.24 

Deep litter solid manure - - - - - - 
Rotting losses (gaseous) 

 
      Cattle Pigs Poultry  ) 

Horses, 
sheeps, 
goats 

    

Fresh solid manure - - 0.20 0.30 0.35 0.40 0.45 - - 
Deep litter solid manure - - 0.12 0.30 0.35 - 0.45 - - 

Liquid fraction - - - 0.30 0.35 - 0.45 - - 

3.1 Rearing young cattle 

Table 2 shows the calculated mass amounts of solid manure, its liquid fraction and their contents 
for heifer husbandry. For grassland farms, a differentiation according to acreage and fertilization 
intensity (intensively and extensively) was calculated (results not shown). For extensively produc-
tion feed from "conservation areas" with lower crude protein and und energy contents was as-
sumed. The mass amounts of the different rearing sections are yielded by multiplying the values 
of the overall process (Table 2) with the proportional factors from Table 3. 

Table 2: Mass amount of solid manure and its liquid fraction for rearing young cattle by grassland farms  
(first calving at 27 months) 

Straw  
kg FM/ 
(animal

.
d) 

Type of manure Mass amounts Contents 
FM DM OM N P K N P K 

kg/animal g/kg FM 

 Faeces 8805 1585 1255 40.7 14.1 24.0 4.6 1.6 2.7 

  Urine 10085 202     - 87.9 2.0 108.2 8.7 0.2 10.
7 

3.0 Fresh solid manure 15693 3838 3279 91.9 18.3 101.8 5.9 1.2 6.5 
3.0 Rotted solid manure 12333 3083 2558 57.9 17.9 77.4 4.7 1.5 6.3 
3.0 Liquid fraction 9651 212 66 41.0 1.5 85.1 4.2 0.2 8.8 

6.8 1) Fresh solid manure 24493 6717 5865 157.2 23.5 201.2 6.4 1.0 8.2 
Rotted solid manure 24053 6013 5161 110.1 23.5 201.2 4.6 1.0 8.4 

FM: fresh mass; DM: dry mass; OM: organic matter; 1) Amount of bedding material to absorb the excreted urine com-
pletely 
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Table 3: Age based proportional factors 1) in relation to the overall process for rearing young cattle  
(first calving at 27 months; 625 kg LM, 580 kg mass gain) 

Life age [month] Proportional factor 

 1 to 27 1.0000 

 1 to  6 0.1042 

 7 to 12 0.1994 

 13 to 24 0.5348 

 25 to 27 0.1616 

1) By multiplying the values for the overall process with the proportion factor, the mass amounts of each section are cal-
culated; factors based on feed consumption 

3.2 Piglet production 

Examples of the calculated mass amounts of solid manure, its liquid fraction and their contents for 
piglet production with 28 piglets per animal place and year are shown in Tables 4 to 6. The results 
are divided into the total process (together: dry sow, gestation and farrowing; Table 4) and the 
sub-processes calculation for dry sow plus gestation and farrowing (Table 5, 6), respectively. If 
liquid feeding is used this results in higher mass amounts of urine and the liquid fraction of solid 
manure. 

Table 4: Mass amount of solid manure and its liquid fraction for piglet production (28 piglets up to 8 kg live mass, dry sow 
plus gestation and farrowing together, 264 kg live mass gain (piglets + live mass gain sow) per animal place and 
year (animal place = 1 sow), N-/P-reduced feed 

Straw 

kg FM/ 

(AP · d) 

Type of 

manure  

Mass amounts Contents 

FM DM OM N P K N P K 

kg/(AP·a) g/kg FM 

  Faeces  942  235  190  5.2  3.8  1.9  5.6  4.1  2.0 
  Urine  1116  22  -  18.7  1.0  8.0  16.8  0.9  7.1 
0.9 Fresh solid manure  1861  536  460  16.8  4.8  10.1  9.0  2.6  5.4 
0.9 Rotted solid manure  1721  430  359  10.6  4.7  7.7  6.2  2.7  4.5 
0.9 Liquid fraction  1169  24  9  7.3  0.6  6.2  6.3  0.5  5.3 
1.3 Fresh solid manure  2270  670  580  22.0  5.2  13.8  9.7  2.3  6.1 
1.3 Rotted solid manure  2147  537  453  13.8  5.1  10.5  6.4  2.4  4.9 
1.3 Liquid fraction  968  22  12  4.6  0.3  5.2  4.8  0.4  5.4 
1.7 1) Fresh solid manure  2678  803  700  27.1  5.7  17.5  10.1  2.1  6.5 
1.7 1) Rotted solid manure  2877  719  616  19.0  5.7  17.5  6.6  2.0  6.1 

AP: animal place = place · (no. of animals/(place · year)); FM: fresh mass; DM: dry mass; OM: organic matter 
1) Amount of bedding material to absorb the excreted urine completely 

Deviations of the calculated mass amounts result (up to 20 %) by changes in the following input 
parameters: 

 

 amount of feed intake 

 composition of feed intake 

 nutrient and mineral content of the feed 

 admixtures of bedding material and feed residues 

 other bedding materials (assumed: wheat straw) 

 decomposition rates of dry matter during storage  
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Table 5: Mass amount of solid manure and its liquid fraction for piglet production (28 piglets up to 8 kg live mass, dry sow 
plus gestation, 264 kg live mass gain (piglets + live mass gain sow) per animal place and year (animal place = 1 
sow), N-/P-reduced feed 

Straw 

kg FM/ 

(AP · d) 

Type of 

manure  

Mass amounts Contents 

FM DM OM N P K N P K 

kg/(AP·a) g/kg FM 

    
 Faeces 593 148 122 3.0 2.4 1.1 5.0 4.0 1.8 
 Urine 765 15 - 11.5 0.5 4.7 15.0 0.7 6.1 

0.9 Fresh solid manure 1319 386 335 11.3 3.0 7.1 8.6 2.3 5.4 
0.9 Rotted solid manure 1236 309 261 7.1 3.0 5.4 5.8 2.4 4.4 
0.9 Liquid fraction 784 16 7 3.9 0.3 3.5 5.0 0.3 4.5 
1.3 Fresh solid manure 1641 491 430 15.0 3.3 9.8 9.2 2.0 6.0 
1.3 Rotted solid manure 1572 393 335 9.5 3.3 7.5 6.0 2.1 4.7 
1.3 Liquid fraction 625 14 9 2.0 0.1 2.9 3.2 0.2 4.7 

1.7 1) Fresh solid manure 1783 538 471 16.6 3.5 11.0 9.3 1.9 6.2 

1.7 1) Rotted solid manure 1924 481 415 11.7 3.5 11.0 6.1 1.8 5.7 

AP: animal place = place · (no. of animals/(place · year)); FM: fresh matter; DM: dry matter; OM: organic matter 
1) Amount of bedding material to absorb the excreted urine completely 

Table 6: Mass amount of solid manure and its liquid fraction for piglet production (28 piglets up to 8 kg live mass, farrow-
ing, 264 kg live mass gain (piglets + live mass gain sow) per animal place and year (animal place = 1 sow), N-/P-
reduced feed 

Straw 

kg FM/ 

(AP · d) 

Type of 

manure  

Mass amounts Contents 

FM DM OM N P K N P K 

kg/(AP·a) g/kg FM 

  Faeces  349  87  68  2.3  1.5  0.8  6,5  4.2  2,3 

  Urine  351  7  -  7.2  0.5  3.3  20.6  1.3  9.3 

0,9 Fresh solid manure  542  151  125  5.2  1.7  2.8  9.5  3.2  5.2 

0.9 Rotted solid manure  486  121  98  3.3  1.7  2.1  6.7  3.5  4.4 

0.9 Liquid fraction  385  9  3  3.6  0.3  2.8  9.4  0.9  7.2 

1,3 Fresh solid manure  628  179  151  6.5  1.8  3.7  10.3  2.9  5.9 

1.3 Rotted solid manure  575  144  117  4.1  1.8  2.8  7.1  3.1  4.9 

1.3 Liquid fraction  342  8  3  2.9  0.3  2.5  8.5  0.8  7.2 

1,7 1) Fresh solid manure  895  266  229  10.5  2.2  6.5  11.7  2.4  7.2 

1.7 1) Rotted solid manure  953  238  201  7.3  2.2  6.5  7.7  2.3  6.8 

AP: animal place = place · (no. of animals/(place · year)); FM: fresh mass; DM: dry mass; OM: organic matter 
1) Amount of bedding material to absorb the excreted urine completely 

4. Conclusion and outlook 

Mass amounts and contents of solid manure and its liquid fraction can be approximately calculat-
ed with a mass balance approach based on feed, digestibility parameters and animal perfor-
mance. In the future, a model of formulating and analyzing rations for different animal categories 
will be integrated in the computational model. 
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1. Objectives  

Biochar is a product based on pyrolysis of biomass [1]. It was suggested that its use might con-
tribute to the mitigation of ammonia (NH3) emissions from livestock production [2]. The aims of the 
present study were to investigate whether the supplementation of a commercial additive based on 
biochar (“Carbon Futter”, manufactured by EM Schweiz) to the feed contributes to the mitigation of 
NH3 emissions from weaned piglets and broilers. Several approaches were applied to measure 
the emissions from slurry and the manure, respectively, produced by animals fed with the biochar 
supplemented feeds compared to animals receiving non-supplemented rations. Moreover, param-
eters related to animal performance and health were studied. 

2. Methodology  

2.1 Feeding experiment with weaned piglets 

A total of 80 weaned piglets with a body weight of 8 kg were used in the experiment. They were 
housed in 16 pens with partially slatted floor. Eight replicates of five piglets each were assigned to 
both dietary variants without (DPC) and with 3% of the additive based on biochar (DPBC), respec-
tively. They received the experimental diets ad libitum over 28 days up to a live weight of approx. 
18 kg. During this period, live weight gain, feed intake and feed conversion were measured.  

2.2 Feeding experiment with broilers 

For the experiment with broilers, a total of 1600 birds (Ross PM3) divided into four groups of 400 
birds were used. Two groups received a diet without (DBC) and two groups a diet with 2% of the 
additive based on biochar over 36 days (DBBC). Straw pellets were used as litter material 
(1.2 kg/m2). A covered veranda was accessible after 22 days. The investigations encompassed 
live weight gain, feed intake and feed conversion, slaughter performances, mortality, litter quality 
and lesions of foot pads and hocks. 

2.3 Collection of excreta and emission measurements 

During 6 days, the slurry was collected from one pen of each variant DPC and DPBC. A part of the 
collected slurry was stored over 33 days. An aliquot of the slurry from group DPC was supple-
mented with 3% of a commercial biochar and stored separately. This variant is denoted DPBC+. 
The broiler manure was collected at the end of the production cycle. 
For the emission measurements, one liter of the non-stored slurry was filled into trays (surface 
0.12 m2) for both of the variants DPBC and DPC and placed onto the soil of the experimental plot 
covered with grassland. The trays were used in order to mimic an emitting surface which scoops 
its maximum emission potential. The stored slurries DPBC, DPC, and DPBC+ and the broiler ma-
nures DBBC and DBC were spread onto the sward covering a surface of 1m2. The canopy height 
was 5 to 8 cm. The applied amount corresponded to 30 m3 ha-1 and to 7 m3 ha-1 for slurry and 
manure, respectively. The aim of these two treatments was to mimic the normal procedure of slur-
ry and manure application in the field. 
The measurements were carried out with wind-tunnels which were placed over the emitting sur-
faces. The determination of NH3 air concentrations were carried out using automated impinger 
sampling devices. They were sampling air at approx. 0.7 L/min, which was drawn through a 
threaded midget impinger (volume = 22 mL) containing 15 mL of a sodium acetate buffer solution 
of pH 4. Ammonia is converted to ammonium in the acid solution. The NH4

+ content was meas-
ured using commercial test kits (Hach-Lange, LCK 304) and a photometer (DR 2800 VIS, Hach-
Lange GmbH, Rheineck). The measurements lasted over 3 days (slurry) and 6 days (manure). 
Each variant was carried out in 3 replicates. 
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3. Results and discussion 

3.1 Performance 

Weaned piglets: The piglets fed with (DPBC) and without supplementation (DPBC) of the additive 
did not exhibit statistically significant differences in daily weight gain, feed intake and feed conver-
sion. Although, the feed intake of the group DPBC was numerically higher (Table 1).  

Table 1: Daily weight gain, feed intake and feed conversion of weaned piglets fed a diet supplemented with 3% of a com-
mercial additive based on biochar (DPBC) or a control diet (DPC). SE: standard error 

 Average DPBC Average DPC SE 

Daily weight gain (g d-1) 360 334 37.1 

Feed consumption (g d-1) 563 529 51.5 

Feed conversion  1.58 1.62 0.05 

 
The mortality of the piglets was relatively high due to problems related to diarrhea at the beginning 
of the experiment. The losses were not associated to the feeds. Detailed results on the perfor-
mances can be obtained from [3]. 
 
Broilers: The daily weight gains differed only slightly during the entire production period (Table 2). 
Thus, the live weights after 36 days were 2226 g and 2208 g for the variants DBBC and DBC, re-
spectively. Feed consumption was slightly higher for the group DBBC compared to DBC. The feed 
conversion index exhibited very low differences over all phases of the growing period.  

Table 2: Daily weight gain, feed intake and feed conversion of broilers fed a diet supplemented with 2% of a commercial 
additive based on biochar (DBBC) or a control diet (DBC).  

 Average DBBC
 a

 Average DBC
 a

 

Phase of the fattening period (day) 10 21 28 36  10 21 28 36 

Daily weight gain (g d-1) 25.4 43.9 54.5 60.7  26.1 45.6 54.5 60.2 

Feed consumption (g d-1) 35.4 60.1 73.6 95.1  36.9 61.6 73.9 96.5 

Feed conversion index 1.39 1.37 1.35 1.57  1.38 1.35 1.36 1.60 
a 

Standard errors are not given due to the low number of replicates
 

 
The slaughter performance of the two groups (weight at slaughter, dressing percentage and car-
casses quality) was almost equal. The mortality rate was 1.5% for the variant DBBC and 1.8% for 
DBC. The causes for mortalities did not differ between the two groups. The quality of the litter was 
assessed on day 28 and 35. It was considered as slightly humid for the group DBBC on both occa-
sions while for DBC the litter was considered as dry on day 28 and slightly humid on day 35. Ap-
prox. 20% and approx. 30% of the litter surface were crusted for DBC and DBBC, respectively. 
The results of the evaluation of the foot pad and hock lesions are given in Table 3. Lesions of the 
foot pads occurred more frequently than of the hocks. In general, the birds of the group DBBC ex-
hibited more lesions for both foot pads and hocks than the group DBC. This might be due to the 
differing quality of the litter (higher moisture content for DBBC) as mentioned above. 

Table 3: Percentages of degree 1 lesions at the foot pads and the hocks of broilers fed a diet supplemented with 2% of a 
commercial additive based on biochar (DBBC) or a control diet (DBC) at day 29 and 35 of the experiment  

 Average DBBC Average DBC 

 foot pads hocks foot pads hocks 

No lesions at day 29 15% 93% 25% 75% 

Lesions of degree 1 at day 29 85% 7% 75% 25% 

No lesions at day 35 0% 50% 0% 65% 

Lesions of degree 1 at day 35 100% 50% 100% 35% 

 
Within the experiments, an effect of the use of biochar as a feed additive did not significantly influ-
ence most parameters related to the performance of the animals. This contrasts to findings from 
other studies e.g. [5,6]. 
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3.2 Emissions 

The cumulated NH3 emissions of slurry exposed in trays measured during 3 days did not differ 
between the groups of weaned piglets DPBC and DPC. It reached approximately 10 g N/m2 which 
corresponds to a loss of approx. 15% of applied TAN (Figure 1). This is within the range reported 
by [4] for field applied pig slurry. The trends of the emission observed in the current experiment 
differ from the curves observed in field measurements on application of slurry which exhibit a 
strong decline after the first day. This discrepancy might be due to the slurry exposed in trays and 
not spread onto the soil. 
Similarly, the slurry stored over 33 days and applied onto the sward exhibited comparable emis-
sions for all treatments (Figure 2). Neither the biochar used as a feed additive (DPBC) nor the addi-
tion of biochar to the slurry obtained from the control (DPBC+) seemed to influence the release of 
ammonia. The emission level was significantly lower as compared to the slurry exposed in trays. 
 
 

 
Figure 1: Cumulated NH3 emissions of slurry exposed in trays obtained from weaned piglets fed a diet supplemented with 

3% of a commercial additive based on biochar (DPBC) or a control diet (DPC) in g N/m2.  

 
 

 
Figure 2: Cumulated NH3 emissions of slurry spread onto grassland. The slurry was obtained from weaned piglets fed a 

diet supplemented with 3% of a commercial additive based on biochar (DPBC), a control diet without (DPC) or DPC 
with addition of a commercial biochar (DPC+) and stored for 33 days before spreading. Emissions are given as g 
N m-2. 

 
Similar to the slurries, the use of biochar as a feed additive did not influence the emission level of 
the broiler manure. Table 4 gives an overview on the cumulative emissions and the emission flows 
at day 3 of the measurements.  
 
The three experiments on NH3 emissions suggest that the use of biochar was ineffective as a 
measure to mitigate ammonia emissions. This is in contrast to similar studies [2,7] which found a 
potential for emission mitigation. It has to be mentioned that the experimental approach of the 
present study for assessing the emissions was rather simplifying: (i) wind-tunnels are not appro-
priate to produce quantitative results since they strongly influence the environment above the 
emitting surface [8]; (ii) the experimental approach only encompassed the emission stage of appli-
cation. However, under real world conditions the use of biochar and a feed supplement would act 
over the entire emission cascade which includes housing, manure storage and application. There-
fore, the results of the present study cannot be considered as conclusive. 
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Table 4: NH3 emissions at day 3 of slurry from weaned piglets and of manure from broilers fed a diet supplemented with 
commercial additive based on biochar (DPBC, DBBC and a control diet without (DPC, DBBC) with or without storage 
over for 33 days before application. DPBC+ denotes addition of a commercial biochar to slurry DPC. Cumulated 
emissions are given as g N m-2 and the flows as µg N m-2 s-1 

 Cumulative losses at day 3 Flow at day 3 

 g N m-2 µg N m-2 s-1 

Slurry from weaned piglets without storage, DPBC 9.7 78 

Slurry from weaned piglets without storage, DPC 10.0 57 

Slurry from weaned piglets with storage, DPBC 2.4 3.8 

Slurry from weaned piglets with storage, DPC 2.3 1.7 

Slurry from weaned piglets with storage, DPBC+ 2.5 2.9 

Broiler manure without storage, DBBC 0.8 0.8 

Broiler manure without storage, DBC 0.8 0.7 

4. Conclusion and outlook  

To our knowledge, this is the first study which investigated the impact of biochar included in a 
commercial feed supplement or mixed to slurry before storage on ammonia emissions. Overall, an 
emission mitigation effect could not be found. Moreover, biochar did not seem to influence the 
performance and health parameters of weaned piglets and broilers. This contrasts to results pub-
lished earlier and to experiences reported from the practice. However, additional studies under 
more realistic conditions are required for a conclusive evaluation of the potential of biochar regard-
ing ammonia emission mitigation in livestock production. 
It has to be noted that biochar might exert other positive effects in livestock production systems [1] 
which were not investigated in the present study. In order to benefit from such effects it seems 
likely that biochar should be introduced at a prior stage of the emission cascade, i.e. via feed or in 
the housing system. This would increase the potential to activate multiple useful effects. To con-
firm this hypothesis further investigations are required. 
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1. Objectives 

Odorant emissions following land spreading of animal slurry cause nuisance for local surroundings 
and can hamper further expansion of animal production locally. Studies of odorous emissions 
following land spreading of animal slurry are currently scarce, especially on full-scale applications 
[1]. Here, results from 2 field studies are reported and discussed with objectives of assessing: 
 

 The influence of dynamic flow rate on the odorant concentrations and emissions. 
 The difference in emission patterns for different types of slurry and application technology. 
 The duration of gaseous emissions. 
 The dominant odorants after slurry applications. 

2. Methodology 

In the first study, emissions from full-scale land spreading of: 1) cattle 2) pig 3) mink and 4) anaer-
obic digested (mixed) slurry were examined, with application rates of 53, 32, 38 and 53 ton/ha 
respectively. The second study was carried out in spring 2015 where the effect of acidification of 
pig slurry on odorous emissions was evaluated (application rate 30 ton/ha).  
In both experiments, dynamic chambers were used to supply a constant flow across the soil sur-
face and to simulate the wind effects on gaseous emissions. The dynamic chambers were de-
signed on the basis of CFD modelling, ensuring that the wind profile within the chamber was rela-
tively uniform. Measured VOC emissions included carboxylic acids, aldehydes, alcohols, ketones, 
phenols, indoles and organic sulfur compounds. A time resolved, high sensitivity Proton-Transfer-
Reaction Mass Spectrometry (PTR-MS) was employed for capturing the fast change of VOC, H2S 
and NH3 emissions after the land spreading of manure slurry. The PTR-MS was run under stand-
ard conditions during all the measurements, with the drift tube voltage of 600 V, the drift tube tem-
perature of 60 °C and the drift tube pressure of 2.1~2.2 mbar. Thus the E/N number was con-
trolled at around 135 Td during all the measurements. Selected ions were monitored with dwell 
time between 200 and 2000 ms during each measurement cycle. Masses and dwell time selection 
for monitoring was based on previous experiences with odorant compounds from slurry samples 
and animal buildings.  Since only the PTR-MS was used for the experiments, the qualification and 
mass assignment was also based on experiences and relevant literatures for odour measure-
ments of slurry samples and animal buildings [2]. For the quantification, the concentrations (in 
ppbv) measured by the PTR-MS were first corrected for the field background and then further 
corrected according to the corresponding reaction rate constant for each available compound.  
In order to investigate the influence of flow rate on odorants concentrations and therefore total 
emissions, two pre-tests were conducted under two different conditions. In the first pre-test, the 
chamber flow rate was adjusted within a relatively short period (within 2 hours, cross comparison) 
after the slurry was applied, with the assumption that the slurry emitting conditions were un-
changed during the short period. In the second pre-test two different flow rates were set in two 
identical dynamic chambers for a period of 20 hours after the 1st pre-test was finished, with the 
purpose of testing the longer-term emission effects.  

3. Results and discussion 

3.1 Influence of dynamic flow rate on odorant concentrations 

Figure 1 shows an example of the acetic acid concentration dependence test on flow rate under 
the 2nd condition. The test revealed only little dependence of the acetic acid concentration on the 
two different flow rates, with the estimated difference in area (below the curves; pointing to x-axis) 
of around 13%, regardless of the flow rate. Other odorants agreed well with the trend observed for 
acetic acid, meaning the higher flow rate will end up with higher emission rates. In fact, the test 
under the 1st condition showed the similar tendency, with ammonia showed the highest depend-
ence of the concentration regarding air flow rate. However, the decrease of ammonia concentra-
tion was still within 30%, even the flow rate was as high as 3 times. 
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In summary, the odorant concentrations were not affected significantly by the air flow rate, indicat-
ing that for given emitting surface conditions, a high air flow rate may cause higher emissions. 
 

 
Figure 1: Influence of air flow rate in dynamic chambers on acetic acid concentration. 

3.2 Estimation of total emissions 

The emission rate (mg h-1) was estimated based on the concentration and corresponding flow rate 
for each slurry application. Table 1 shows the total emission (mg) within the first day after slurry 
was applied for selected compounds. It should be noted that only limited data (3 hours) from the 
second study were included in Table 1 due to an instrument failure. The raw cattle slurry applica-
tion in the first study emitted less VOCs and H2S, when compared to raw pig slurry application. 
Emissions of sulfur-containing compounds were not in the high range for any slurry types except 
for mink slurry application, although this conclusion was kept temporary for the pig slurry applica-
tion, with which the first 3~5 minutes was lost after the pig slurry was applied, due to the technical 
difficulties (lack of people to move chamber efficiently, to make connections and to start the air 
flow). Due to the very strong wind when the pig slurry was applied, H2S might be lost significantly 
during the first 2 minutes, with the high volatility of H2S [3].  

Table 1: Total emission (mg) for selected compounds during the first day after slurry was applied. For the comparison of 
pig slurry with acidification to raw pig slurry, only the first 3 hours data were available due to instrument failure. 

 
4-MP – 4-methyl-phenol. 

 
The raw cattle slurry application generated comparably higher ammonia emission than other types 
of slurry, while the mink slurry application gave the second highest ammonia emission. Both raw 
pig slurry and mink slurry applications emitted very high emissions of carboxylic acids, while pig 
slurry application also gave very high emission of 4-methylphenol (a very smelly compound) but 
mink slurry application gave comparably higher emissions of H2S and methanethiol. 
When acidified slurry application was compared to the raw slurry application, the acidification 
seemed to reduce ammonia emission significantly especially for cattle slurry. While the acidified 
pig slurry emitted lower amounts of acetic acid compared to the raw pig slurry, the observed trend 
for cattle slurry was opposite. Thus the influence of acidification on emissions of volatile acids 
needs to be further investigated. For both slurry types, acidification seemed to increase the emis-
sion of 4-methylphenol significantly and H2S (Table 1). 
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Figure 2: Emission rate (of the area dynamic chamber covered) of Acetic acid for selected types of slurry applications. (a) 
 pig slurry, raw; (b) cattle slurry, raw; (c) digested slurry; (d) mink slurry. The arrows indicate the starting time of 

the slurry application. 

 

 
Figure 3: Emission rates (of the area dynamic chamber covered) of selected compounds for pig slurry (raw) application. (a) 

Butanoic acid; (b) Hydrogen sulfide; (c) 4-methylphenol; (d) Ammonia. 

3.3 Emission pattern comparison 

Figure 2 shows an example of emission rate of acetic acid for selected slurry applications. High 
emission peaks of acetic acid were observed for both pig slurry and mink slurry applications, com-
pared to cattle slurry and digested slurry applications. A peak was typically observed during the 
afternoon of the day after slurry was applied. This may due to the higher air temperature during 
the afternoon period. 
Figure 3 shows examples of emission rates of selected compounds for raw pig slurry application. 
Different compounds showed different emission trends. Emission of H2S showed small peaks 
immediately after the slurry was applied (in this case the first 5 minutes was unfortunately lost), 
while emission peaks from other compounds were observed to have slower response. Emission of 
butanoic acid gave a significantly peak during the afternoon of the day after the slurry was applied, 
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while 4-methylphenol only generated a small emission peak. This may due to the higher vapour 
pressure of butanoic acid, compared to 4-methylphenol at the same temperature. 

3.4 Odour contribution 

Different slurry types and application methods may contribute to odour significantly different, ac-
cording to measured real-time odorants concentrations and time scale considered. However, 
some of the important odorants could be generalized for most of the slurry types, due to either the 
low odour threshold value (OTV; ppbv) of the odorants [4] or the relative high concentration of the 
odorant. The most common odorants observed included: 4-methylphenol (OTV: 0.02 ppbv); Buta-
noic acid (OTV: 0.2 ppbv); Skatole (OTV: 0.005 ppbv); Trimethylamine (OTV: 0.03 ppbv); Penta-
noic acid (OTV: 0.4 ppbv) and 3-methylbutanoic aicd (OTV: 0.09 ppbv); Acetic acid (OTV: 6.2 
ppbv); Propanoic acid (OTV: 5.7 ppbv); 4-ethylphenol (OTV: 0.4 ppbv); H2S (OTV: 0.8 ppbv) and 
methanethiol (OTV: 0.03 ppbv).  

4. Conclusion and outlook 

Two studies using dynamic chambers on emissions of odorous compounds after slurry application 
were conducted. Pre-tests revealed that the odorant concentrations were not significantly de-
pendent on air flow rate applied, meaning high flow rate causing high odorant emissions.  Different 
slurry types were associated with significant differences in odorant emissions, depending on com-
pound and conditions in the field. Cattle slurry may give higher ammonia emission (depending on 
slurry compositions; [5]), but contributes generally lower carboxylic acids and phenols, compared 
to pig slurry. Pig slurry and mink slurry was found to contribute highest amount of carboxylic acids 
and phenols. Sulfur compounds were found only at low concentrations, after a few minutes of 
slurry application. Odorants usually gave another emission peak on the afternoon of the day fol-
lowing application, especially for carboxylic acids, probably due to the temperature change in the 
soil (not measured). Different odorants contributed to the odour depending on slurry type, applica-
tion methods, field conditions, and time scale. Major odorants may include: 4-methylphenol, car-
boxylic acids, skatole, trimethylamine and sulfur compounds. 
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1. Objectives 

The objectives of the present work were: 
 
 to estimate the quantity of solid manure likely to be stored in temporary field heaps for cattle, 

pig and poultry farms and, 
 to specify the farmer practices when storing the solid manure in temporary field heaps. . 

2. Methodology 

2.1 Estimation of solid manure likely to be stored in temporary field heap. 

Solid manure from cattle production. The French cattle breeding is characterized by a diversity of 
farms specializing in dairy and/or meat production, composed of one or more buildings housing 
different categories of cattle (cows, calves, young cattle, replacement heifers, ...) under specific 
housing systems (slurry or litter systems). Based on the 2010 Agriculture Census [1] the estima-
tion of solid manure is done by distributing the number of head of the different cattle species (Ta-
ble 1) according to a set of type of housing (tie or free stall with litter floor). The quantity of manure 
produced by cattle under each different type of housing is a technical value [2] expressed in tone 
per livestock unit (LU) and per year without considering the housed period. The animal Livestock 
Unit value for each cattle species is given table 1. In France, according to the region, the housed 
period ranges from 180 to 240 days for dairy cattle and from 60 to 180 days for other cattle. The 
total manure produced in France by cattle was thus obtained with the use of an appropriate set of 
statistical and technical data which allowed to multiply the quantity of manure (t/LU year) with the 
number of heads of the different categories of cattle according to the housed period. 
Solid manure from poultry production. In France each type of poultry (Laying Hens, Broiler, Turkey 
Guinea Fowl) is kept under a wide variety of production systems that range from standard to quali-
ty production (Outdoor, Red Label, Organic, AOC) which differ mainly by the duration and type of 
livestock feed. These different types of production involve different types (solid manure, droppings 
or slurry) and quantities of manure per animal. The total solid manure (solid manure and drop-
pings) produced by the different poultry species was estimated by multiplying the statistical num-
ber of heads [3] with the quantity of manure per head established by a farm survey [4]. The main 
data and references used in this study are listed Table 1. 
Solid manure from pig production. The French pig production is well standardized and mainly 
conducted on slatted floor with slurry production. According to the 2010 Agriculture Census the pig 
production on litter concerns less than 10% of the places of sows, weaners or fattening pigs. In 
this study the estimation of solid manure produced by the pig farms was done by multiplying the 
statistical number of places on litter for the sows, the weaners and the fattening pigs [1]. with the 
technical quantity of solid manure given for the 3 categories of pig (Table1).  

2.2 Survey of temporary field storage practices.  

A questionnaire covering management aspects relevant to temporary field storage (shape and 
dimension of the field heap, time and period of field storage,…) was sent to some of the profes-
sional organization (Chambers of Agriculture, Technical Institutes) to provide technical data for 
storage in the field.  

3. Results and discussion 

3.1 Estimation of the quantity of solid manure likely to be stored in temporary field heaps 
for cattle, pig and poultry farms  

The total solid manure produced by the cattle, pigs and poultry in French farms is estimated at 
around 66 million tons per year. Under the current regulations in France, about 80% of this ma-
nure (55 million tons) is likely to be stored in temporary field heaps (Table 2). Around 94% of it is 
produced by cattle, 5% by poultry and 1.5% by pigs. The amount of cattle manure likely to be 
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stored in field heaps (52 million tons, Table 2) comprises: (i) about 36 million tons of solid manure 
produced by loose housing on deep litter, mainly from dairy cattle (c.a. 27%) and other cattle (c.a. 
60%), (ii) about 8.5 million tons of solid manure produced in tie-stall by suckler cattle (c.a. 37%), 
dairy cows (c.a.35.6%) and other cattle (26.5%) and (iii) about 7 million tons of solid manure from 
free stall bedding area on litter mainly produced by dairy cattle (c.a. 59%). The remaining manure 
from cattle is solid manure from free stall cubicle house (about 12 million tons) mainly present in 
farms specializing in milk production. This last solid manure is not allowed to be stored in tempo-
rary field heaps.  
The amount of solid manure and droppings produced by poultry are estimated at about 2 million 
tons of solid manure and about 0.8 million tons of droppings. Solid manure is produced at around 
48% by broilers, at 31 % by turkey and at 21% by other poultry (guinea fowl, duck, geese,…). 
About 66% of poultry manure comes from standard farms and the remaining from quality farm 
(Outdoor, Red Label, Organic, AOC). Droppings are produced at 82% by laying hens for con-
sumption eggs, the rest of droppings being from laying hen for hatching eggs. The quantities of 
manure from pig farms are estimated at around 0.8 million tons and are produced at 63% by fat-
tening pigs, at 25% by sows and at 12% by weaning pigs.  
 
Table 1: Quantity of fresh solid manure produced according to the species and the type of housing [2], [4] 

Animal specie Type of housing Quantity of manure 

Cattle 
Dairy cow (1.1 LU1) 

Suckler cow (0.85 LU) 
Beef <1 year (0.3 LU) 

Beef 1-2 years (0.6 LU) 
Beef>2 years (0.8 LU) 

Tie-stall 
Litter floor 
Free stall 

Whole deep litter 
Litter lying area 

Litter cubicle 

 
15 t/Lu year 

 
13.5 t/Lu year 
6.5 t/Lu year 
16 t/Lu year 

Poultry 
Laying Hens2 

Broiler3 
Turkeys3 

Guinea Fowl3 

 
Cages or litter floor 

Litter floor 
Litter floor 
Litter floor 

 
17 kg/animal/year or 1.15 

kg/animal 
1.2 to 1.9 kg/animal 
9.4 to 15 kg/animal 
1.5-1.9 kg/animal 

Pig 
Sows (1 animal cycle/year) 

Weaners (6.5 animal cycles/year) 
Fattening pigs (3.3 animal cycles/year) 

 
Scrapped litter or Accumulated litter 

 
1763.5 kg/animal cycle 

36 kg/animal cycle 
242.5 kg/animal cycle 

1 Livestock Unit,  2 in cages and alternative systems,  3 standard or quality (organic, label,…) production 
 
 
Table 2: Total amount of solid manure likely to be stored in temporary field heap in France from cattle, pig and poultry  

   farms and distribution by type of animal (in million tons) 

Cattle  
National  

Amount 
Dairy cattle Suckler cattle  

Beef  

(< 1 year) 

Beef  

(1-2 years) 

Beef  

(> 2 years) 

Tie-stall 8.5 3.0 3.2 0.7 0.7 0.8 

Whole area on litter 36.1 6.7 10.1 5.4 6.9 7.2 

Bedding area on litter 6.9 4.1 0.8 0.5 0.8 0.8 

Poultry 
National  

Amount 
Broiler Turkey Other poultry  

Laying hen 

(eggs for 

consumption)  

Laying hen 

 (hatching 
eggs) 

Solid manure 1.9 0.λ  0.6  0.4  - - 

Dropping 0.8 - - - 0.6 0.2 

Pig 
National 

Amount 
Weaning Pig Fattening Pig Sow 

Manure 0.8 0.1 0.5 0.2 

 
 
Under the current French regulations most of solid manure can be stored directly in field. Howev-
er, in some cases, on-farm storage can be necessary to respect the 2 months of storage in the 
farm set by the French regulation. Thus, dairy manure should be stored on farm before field stor-
age if the building cleaning frequency is less than two months for health reasons (mastitis).  
In poultry, due to a production cycle of less than two months, manure from broiler farms under 
standard production (0.6 million tons) requires an on-farm storage before the field storage.  
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In pig farming, an on-farm storage may be necessary if manure cleaning frequency (accumulated 
or scrapping) is less than 2 months.  
However, the lack of accurate data on cleaning frequencies doesn’t allow to estimate manure 
amount likely to be stored in field without on-farm storage for pigs and poultry. It is thus consid-
ered in this study that all pig manure can be stored in the field. All poultry manure is considered 
storable in field directly or following an on-farm storage; in the absence of statistical data on ma-
nure drying devices, the resulting total values were retained.  
 
According to the Figure 1 cattle manure likely to be stored in field is heterogeneously distributed 
over the country. However, solid manure from suckler cattle housed in tie-stall is mainly produced 
in regions where tie-stall is more dominant than other stall type (Auvergne, Franche Comté, …). In 
the other regions the solid manure from loose housing on deep litter is the main manure likely to 
be stored in field. This deep litter manure is on average 67% of the regional amount but this pro-
portion is even higher for some regions where it reaches about 90%, (Centre, Picardie, Cham-
pagne Ardenne). Solid manure from bedding area on litter is mainly produced by dairy cows (Bre-
tagne, Pays de la Loire, Basse Normandie) due to a greater number of places in this mode of 
stalling. Some regions such as Bretagne, Bourgogne, or Auvergne have a larger amount of ma-
nure produced by dairy cows or lactating cows while other regions, Loire and Champagne Ar-
dennes, have to manage manure from all the different animal categories.  
In poultry, the largest quantities of manure likely to be stored in field are located in areas of high 
poultry production (Bretagne, Pays de la Loire, Rhône Alpes and Aquitaine). The region of Bre-
tagne and Pays de La Loire predominantly manage broiler manure and to a lesser extent, laying 
hen droppings while the region of Rhone Alpes mainly manages laying hen droppings.  
The regions producing the most pig manure are the region of Bretagne and Pays de la Loire. This 
information is important because it implies that the characteristics of storable manure to the field 
should vary from one region to another.  
All these results are very useful to map and characterize the threat of temporary field heaps stor-
age to water quality according to the Nitrate Directive regulations.  

 
Figure 1:  Geographical distribution of solid manure likely to be stored in temporary field heap in France 

3.2 Farmer practices when storing the solid manure on field  

There is very little statistical or technical data on temporary field manure storage practices. The 
questionnaire comebacks from the profession were very limited (3 for cattle and 2 for poultry) and 
do not allow to draw conclusions about temporary field manure storage practices. Instead, the 
questionnaire returns reflect the expected diversity of storage practices for cattle manure. The 
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responses indicate various practices. The manure field heap is shaped according to the trailer 
used for transporting manure from farm to field. Heap height is between 1.5 and 2 meters with a 
circular or rectangular base, a width of 2 to 3 meters and of variable length (3 to more than 40 
meters) as a function of the amount of manure to be stored. Storage times reported vary from 1 to 
4 months or 8 to 10 months depending on the region. For poultry, storage times in the field are 
probably short but are not specified in the questionnaire. The field storage is generally deformed 
and obtained by a simple manure discharge without heap shaping. No response was given about 
the period of storage. 

4. Conclusion and outlook 

The estimation of the French national amount of solid manure likely to be stored in temporary field 
heaps (55 millions of tons) show that the main source is cattle farms (94% of the quantity) fol-
lowed by poultry and pig farms. A distribution of the manure according to the animal species and 
the type of building allows specifying the different solid manures likely to be stored in temporary 
field heaps in the different geographical regions. These results are very useful to map and charac-
terize the threat of the temporary field heaps storage to water quality according to the Nitrate Di-
rective regulations. The study was also an opportunity to update the amount of solid manure to be 
managed in France by the main livestock production ie cattle, pig and poultry farms. The value of 
63 million tons obtained in this study is lower than the values currently used (90 million tons, [5]) to 
address national regulations on environmental issues or to guide sustainable development actions 
like the valorization of manure by anaerobic digestion. For example, this new data would be useful 
for emissions inventory if we consider the impact of the type of solid manure on gaseous emis-
sions [6]. Finally, despite the impact on environment, there is still a lack of data on the practices of 
the field heap storage. 
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1. Objectives 

Housing cattle generates large quantities of slurry. Besides being a valuable source of nutrients, 
slurry can also be a source of pollution after field application (nitrous oxide and methane emis-
sion). The objective of this research was i) to investigate if the nitrification inhibitor dicyandiamide 
(DCD) degrades in cattle slurry during anaerobic storage (soil research has long shown that DCD 
degrades quickly in soil but the stability of DCD in slurry is unknown) and ii) to test whether anaer-
obic cattle slurry amended with DCD long term during storage can be considered as a new effec-
tive and practical mitigation measure to reduce greenhouse gas (GHG) emissions from land-
spreading of slurry. 

2. Methodology 

2.1 DCD stability 

Experimental units consisted of cups filled with 40 mL of cattle slurry (5% dry matter) and organ-
ised as follows: two treatments (slurry no DCD, slurry + DCD) × five sampling times (1, 6, 13, 22 
and 41 days) × four replicates incubated under anaerobic conditions at 15°C (randomized block 
design). In the DCD solution treatment, 1 mL of a 18.2 g L-1 DCD solution was added to slurry (1 
mL of deionised water was added to the slurry control). DCD was extracted from all treatment × 
time combinations with water. DCD concentration was measured by HPLC analysis and UV-Vis 
detection (215 nm) [1]. The relationship between time and DCD concentration was examined by 
regression analysis. 

2.2 GHG emissions 

The field experiment was conducted in autumn (October-November) on a permanent grassland 
site (Johnstown Castle, Ireland). The soil (0-10 cm) was a moderately drained loam. Three treat-
ments were investigated: slurry no DCD (33 m3 ha-1, 96 kg total N (TN) ha-1, 45 kg NH4-N ha-1), 
slurry + DCD (33 m3 ha-1, 18 kg DCD ha-1) and an untreated control. Each treatment was replicat-
ed three times in a randomised block design. Treatments were applied with a syringe as a simu-
lated bandspread application, with two lines of slurry 20 cm apart inside the pre-installed collar of 
gas chambers. Slurry from the slurry + DCD treatment was spiked with DCD and stored anaerobi-
cally (15°C) for six months before lanspreading. Gas emissions (daily and cumulative fluxes) of 
nitrous oxide (N2O) and methane (CH4) were measured using the static gas chamber method (0.4 
m × 0.4 m size). Gas samples were collected on fifteen occasions over 35 days and analysed by 
gas chromatography (GC). Differences in cumulative net fluxes (value from untreated control sub-
tracted) between slurry no DCD and slurry + DCD were examined by a two-way ANOVA. The size 
of the data set made it difficult to check that the model assumptions were met and therefore a 
distribution-free permutation test was used for the overall ANOVA test for treatment differences. 

3. Results and discussion 

3.1 DCD stability (incubation study) 

DCD concentration in the slurry + DCD treatment remained relatively stable over the 41 days of 
the incubation study, close to the calculated initial concentration of 444 mg L-1. Its variation (be-
tween 435 and 482 mg L-1) with time was not significant (P = 0.3) (Fig. 1). Similarly, DCD in the 
slurry + DCD treatment that was incubated for six months (the exact same slurry was used in both 
incubation and field studies) and later applied to grassland plots did not show any sign of degrada-
tion as the DCD concentration (551 mg L-1) remained close to the calculated initial concentration 
(542 mg L-1). The stability of DCD in anaerobically stored (for up to six months) cattle slurry has 
never been investigated before to our knowledge. This finding indicates that it is feasible to directly 
add DCD to slurry tanks at the commencement of storage 
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Figure 1: Variation of DCD concentration with time (± one deviation of standard error (SE), n = 4) in the slurry + DCD  

treatment. (All incubations were carried out at 15°C). 

3.2 GHG emissions (field study) 

Mean daily N2O-N fluxes ranged in the untreated control from -1.4 to 18.0 g N ha-1 d-1, in the slurry 
+ DCD treatment from 1.3 to 36.4 g N ha-1 d-1 and in the slurry no DCD treatment from 1.2 to 
207.9 g N ha-1 d-1 (Fig. 2a). Slurry application in the slurry no DCD treatment resulted in a sharp 
increase in the N2O-N flux from the day following application until about three weeks post-
application. In contrast, application of the slurry + DCD treatment did not cause any large N2O-N 
peak.  
 
 

a. 

 

 

b. 

 

Figure 2: Mean daily greenhouse gas fluxes of a. N2O-N and b. CH4-C (± SE, n = 3) from a pasture soil under three  
   treatments: untreated control, slurry no DCD (33 m3 ha-1, 96 kg TN ha-1, 45 kg NH4-N ha-1), slurry + DCD  

(15 kg DCD ha-1). 
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The cumulative N2O-N net losses calculated after subtracting the control value (145 g N ha-1) were 
significantly higher (P = 0.008) in the slurry no DCD treatment (793 g N ha-1) than in the slurry + 
DCD treatment (95 g N ha-1). This result shows that i) DCD was still active and effective at lower-
ing emissions and ii) the composition of slurry was not altered in a manner that would have 
caused an increased N2O-N flux. In fact DCD reduced N2O losses by 88%, similarly to other stud-
ies [2]. 
 
On the day of application, the daily CH4-C fluxes were higher in the slurry no DCD treatment (3285 
in g C ha-1 d-1) than in the slurry + DCD treatment (1888 g ha-1 d-1). Within 24 h, daily CH4-C fluxes 
in these two treatments dropped to the levels observed in the control and they remained low until 
the end of the experiment. The cumulative CH4-C net emissions calculated after subtracting the 
control value (-14 g C ha-1) were higher in the slurry no DCD treatment (1634 g C ha-1) than in the 
slurry + DCD treatment (942 g C ha-1). The cumulative CH4-C net emission in the slurry + DCD 
treatment were 42% lower than in the slurry treatment but this difference was not significant at the 
0.05 significance level (P = 0.1). The origin of the short-lived spike of CH4 is likely to originate from 
the degassing of slurry. This finding is in line with other research that previously found DCD de-
creased CH4 emissions from anaerobic soils under rice production [3], but reasons for this remain 
unclear. Further work is required with more replicates and a less conservative statistical test to 
investigate the effect of DCD on CH4 emissions. 

 

4. Conclusion and outlook 

DCD incubated in anaerobic cattle slurry for up to six months did not degrade and effectively re-
duced N2O and CH4 emissions from land-spread slurry by 88% and 43% respectively in grassland 
during autumn, when there is a higher risk of high N2O emission. The results suggest that DCD 
can be mixed directly in slurry tanks any time before landspreading is planned, but further work 
will be required at a larger scale to mimic real farm storage conditions. This finding opens up op-
portunities for the addition of DCD to slurry and possibly other organic farmyard wastes during 
storage as an effective GHG migration measure following landspreading. 
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1. Objectives   

The present study has two objectives: (i) to quantify greenhouse gas emissions and N losses from 
conventional composting and vermicomposting and link this with properties of starting material; (ii) 
to determine the effect of earthworm abundance on greenhouse gas emission from vermicom-
posting of urban waste.  

2. Methodology 

Two independent experiments were carried out to address the two objectives. The first experiment 
was conducted to quantify N losses and greenhouse gas emission during composting and ver-
micomposting. On the other hand, the second experiment was initiated mainly to determine the 
effect of earthworm density on greenhouse gas emissions during vermicomposting of different 
urban waste.  
 
Experiment I: Vegetable waste was collected from the food processing industry, and mixed thor-
oughly with wheat straw at two ratios namely; 5:1 and 10:1 (vegetable:straw) to produce starting 
material with different carbon to nitrogen ratios. The chemical properties of the starting materials 
are presented in Table 1. Conventional composts were then prepared from the two mixtures (mix-
ture A and B) (Table 1) in 60 litres polyethylene reactors. 5 kg (fresh weight basis) of each mixture 
was put in the reactors, and the moisture content was adjusted to 50-60 % by spraying water. The 
reactors were insulated with 5cm foam to minimize heat loss during composting. Vermicompost 
was prepared from the same materials (Table 1). Adult earthworms (Eisenia fetida) were added in 
each container at stocking rate of 2 kg earthworm m-2 (equivalent to 350 g earthworms per con-
tainer). The moisture content in the vermicompost bin was kept at moisture content of 80-85 %.  
 
Experiment II: In order to determine the effect of earthworm abundance on N losses and green-
house gas emissions, vermicompost was prepared from different quality of urban and agricultural 
waste (i.e vegetable waste, pre-decomposed cattle manure and wheat straw) (Table 1). Ver-
micompost was then prepared as described earlier in experiment I, and adult Eisenia fetida were 
applied at stocking rates of 1 kg m-2 and 3 kg m-2, which were equivalent to 175 and 350 g 
earthworms per container, respectively.  
   
Table 1: The characterstics of starting materials used in the experiment. 

Treatment Code Mixing ratio 1 
(vegetable:straw) 

Total C Total N C/N N-NH4 N-NO3 

  
---------  g kg-1 DM---------  
 

  
-------- mg kg-1 DM---------- 

 
 Experiment I 

Mix A 5:1 
443.8 14.5 30.6 

6220.5 119.7 

Mix B 10:1 
425.9 17.9 23.8 

8160.5 91.5 

Experment   (vegetable:cattle manure: straw) 

Mix A 5:0:1 
443.8 14.5 30.6 

6220.5 119.7 

Mix B 10:0:1 
425.9 17.9 23.8 

8160.5 91.5 

Mix C 4 :1: 0.25 
391.4 19.5 20.1 

1038.8 269.0 

Mix D 3:1:0 
382.1 26.9 14.2 

1440.3 478.0 
1 fresh weight basis;  DM = Dry matter   
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Gas sampling  
Gas samples were taken from the sealed composting reactors ??????? every two days for the 
first week and twice a week until the end of the experiment. Gas samples were collected from five 
time points (0, 20, 40, 60 and 80 minutes), and analyzed using Gas chromatography (Bruker 450-
GC 2011). The emission rate in mg kg-1 drymatter day-1 was calculated as:      
  = ∆∆ ∗ ∗ ∗ ∗ 7 ∗  � ∗  ℎ  ∗                            Eq.1 

 
Where ΔC is the change in concentration of gas in time interval Δt, V and A are the headspace volume (liter) and 
reactor surface area (m2), M is the molecular weight of the gas interest (16, 44 and 44 for CO2, CH4 and N2O, 
respectively), Vs is the volume occupied by 1 mole of a gas at standered temprature and pressure (22.4 liter), P is the 
atmospheric pressure (mbar), Po is the standard pressure (1013 bar), T is the tempraure inside the chanber during the 
deployment time in Kelvin, W is the initial dry matter of the composting material. 
 
Cummulative fluxes in mg kg-1 dry matter were then calculated using trapezoid technique as: 
  �   = + ∗ −

                                  Eq.2 
 

Where fa and fb are fluxes in mg kg-1 dry matter day-1 at day a and b; db and da are the dates of measurements.  
 
How was CO2 equivalent calculated – what GWPs were used for CH4 and N2O? Probably best 
to include this briefly here in the methods section. 

3. Results and discussion 

3.1. Greenhouse gas emissions from composting and vermicomposting   
The cumulative greenhouse gas emissions from different composting methods and starting 
materials are presented in Table 2. The cumulative C-CO2 emission was significantly (P<0.01) 
effected by different composting methods, mixing ratios and their interaction. Use of earthworms 
for composting increased cumulative C-CO2 by 40 % in mixture A and 9 % in mixture B compared 
to conventional composting. High C-CO2 emission from vermicompost indicated higher decompo-
sition and carbon turnover in earthworm working substrates than conventional compost. The effect 
of earthworms on C-CO2 emission was more noticeable in mixture A (40%), and it may sugessted 
that earthworms are able to feed on relatively recalcitrant carbon which have been difficult to 
decompose by microorganisms. The C-CO2 emission in the present study was consistence with 
the increase in temperature in both composting methods. During conventional composting and 
vermicomposting, peak C-CO2 emission was observed within 24 hrs, and it decreased gradually 
with composting time. The decrease in C-CO2 emission with composting time indicates utilization 
of readily degradable carbon compounds by microorganisms [1]. 
 
The peak C-CH4 emission was observed within few days (< 2 days), and it decreased rapidly 
thereafter. The decrease in C-CH4 emission with time was rapid during conventional composting 
compared to vermicomposting. The sharp decrease in C-CH4 production was observed after 4 
days during conventional composting while it was observed after 10 days during vermicomposting. 
Similar patterns of C-CH4 emission have been reported during conventional composting of animal 
manure [1, 2]; however, C-CH4 production pattern during vermicomposting has not been studied 
previously which could support or contrast with our findings. Our study demonstrated that cumula-
tive C-CH4 emission was not significantly different (P>0.05) between composting methods; how-
ever, the effect of starting material on C-CH4 emission was highly significant (P<0.01). Cumulative 
C-CH4 production in mixture A was lower than Mixture B, and could have resulted from better air 
circulation in mixture A (i.e highly straw amended mixture). Moreover, relatively high concentration 
of easily available carbon in mixture B could be responsible for high C-CH4 production. This study 
also showed that use of earthworms for composting decreased cumulative C-CH4 by 22% and 
26% in mixture A and mixture B, respectively.  
 
The cumulative N-N2O emission was significantly different (P<0.05) between composting methods 
and mixing ratio of starting materials (Table 2). The highest N-N2O emission was observed during 
conventional composting and when bulking agent was added in small quantity (mixture B). Use of 
earthworms decreased N-N2O emissions by 25% and 36% in mixture A and B, respectively. The 
possible explanation for low N-N2O emission from vermicompost is due to burrowing activities of 
earthworms that offset N2O production.  
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Table 2: Cumulative greenhouse gases emission after 40 days of household waste composting and vermicomposting.  

 Treatments code  
C-CO2 

 
N-N2O 
 

C-CH4 
 

CO2 equivalent (kg tonne-1 DM) 
 

 

 
kg tonne-1 DM 

 
N2O 

 
CH4 

 

Total 
(CO2 not included) 

 

Total 
(CO2- included) 
 

T_mix A 111.8 (4.25) 0.008 1.0 (0.05) 2.4 25.8 (1.25) 28.3 (1.92) 140.1 (6.05) 

T_mix B 123.7 (2.60) 0.066 1.3 (0.08) 19.7 31.5 (2.00) 51.2 (2.16) 174.9 (9.42) 

V_mix A 157.5 (0.83) 0.006 0.8 (0.07) 1.8 20.0 (1.75) 21.8 (2.64) 179.4 (1.81) 

V_mix B 134.5 (3.31) 0.042 0.9 (0.20) 12.6 23.3 (5.00) 35.8 (1.56) 170.3 (2.13) 

ANOVA           

Mix  *** *** ** *** ** * *** 

Method  ** * NS * NS *** *** 

Method*mix *** NS NS NS NS NS *** 

 
Values in parentheses indicated standard error of the mean (n=3); ***, **,* represent significant difference at P<0.001; 
P<0.01 and P<0.05, respectively; NS = non significant difference; T = conventional composting; V= vermicomposting; 
mix A = 5:1 (waste:straw ratio); mix B = 10:1 (waste:straw ratio); DM = Dry matter 

3.2. Carbon and nitrogen mass balances during composting and vermicomposting  

Table 3 indicates C and N mass balances during composting and vermicomposting of urban 
waste. The C loss accounted about 36 % and 40 % of the initial carbon content during conven-
tional composting and vermicomposting, respectively. Carbon loss as C-CO2 accounted 25-30 % 
of initial total C during conventional composting while it ranged between 31-33 % during ver-
micomposting. The C loss as C-CH4 was very small in all substrates regardless of composting 
method. Only 0.19-0.22 % and 0.17-0.20 % of initial total C was lost from conventional compost-
ing and vermicomposting, respectively. Our study showed that vermicomposting reduced N loss 
significantly (P<0.05) compared to conventional composting. The use of earthworms for compost-
ing reduced N loss by 10 % in mixture A and 21 % in mixture B.      
            
Table 3: Carbon and nitrogen mass balances during composting and vermicomposting of household waste  

Treatments 
code   

C balance N balance 

 Total  C 
Retained 

C loss 
(C-

CO2) 

C-loss 
(C-

CH4) 

Carbon unac-
counted 

Total N 
retained 

N loss (N-
N2O) 

N-
unaccounted 

 ----------------------% of initial carbon---------------- -------% of initial nitrogen------ 

T_mix A  63.3 25.0 0.2 11.5 81.1 0.1 18.8 

T_mix B 60.8 30.3 0.2 8.7 76.8 0.4 22.8 

V_mix A 59.5 33.6 0.2 6.7 83.6 0.04 16.3 

V_mix B 58.4 31.3 0.2 10.1 81.5 0.3 18.2 

ANOVA        

Method ** ** NS NS * * * 

Mix  * * NS NS ** ** NS 

Method*mix NS ** NS NS NS NS NS 

Values in parentheses indicated standard error of the mean (n=3); **,* represent significant difference at P<0.01 and 
P<0.05, respectively; NS = non significant difference; T = conventional composting; V= vermicomposting; mix A = 5:1 
(waste:straw ratio); mix B = 10:1 (waste:straw ratio); N = Nitrogen; C = Carbon; DM = Dry matter matter  

3.3. Effect of earthworm abundance on greenhouse gas emissions  

The analysis of variance showed that increasing earthworm density increased cumulative C-CO2 
emission from vermicompost significantly (P<0.05) (Table 4). This indicates high decompostion 
rates of substrates with increasing earthworm density. Increasing earthworm density increased 
cummulative C-CO2 emission by 4%, 14%, 2% and 5% in mixture A, B , C and D, respectively. 
Cummulative C-CH4 emission varied significantly (P<0.001) between starting materials; however, 
a significant (P>0.05) effect of earthworm density on cumulative C-CH4 emission was not 
observed. The present study also showed that substrate quality influenced cumulative N-N2O 
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emission (P<0.001), but no significant effect of earthworm density (Table 4). The highest N-N2O 
emission was observed during vermicomposting of pre-decomposed cattle manure (mixture C and 
D), and this could be due to high N-NO3 concentration in cattle manure (Table 1), which is the 
most important factor for production of N2O through denitrification process. Increasing earthworm 
density (3 kg m2) increased N2O emission by 60% and 33% in mixture B and D, respectively 
compared to low density (1 Kg m2). Interestingly, when more straw was added (i.e mixture A and 
C), the effect of earthworm density on N2O emission was negligible.  
 
Table 4: Cumulative greenhouse gases emission and total greenhousegas emission after 45 days of vermicomposting .                       
………...of household waste. 

Treatments code 
C-CO2 

 
N-N2O 

 
C-CH4 

 
CO2 equivalent (Kg tonne-1 DM) 

 

 

 
kg tonne-1 DM 

 
N2O 

 
CH4 

 

Total 
(CO2 not included) 

 

Total 
(CO2- included) 

 

VH- Mix A 155.0 0.007 0.9 2.1 23.0 25.1 180.1 

VH- Mix B 129.5 0.03 1.8 10.3 43.8 53.9 183.3 

VL- Mix A 149.4 0.007 1.3 2.1 32.0 34.1 183.5 

VL- Mix B 113.3 0.02 2.0 4.8 49.5 54.3 167.5 

VH- Mix C 116.7 0.05 0.08 14.6 2.0 16.6 133.3 

VH- Mix D 95.4 0.2 0.09 56.6 2.3 58.9 154.3 

VL- Mix C 113.9 0.05 0.10 15.5 2.5 18.0 131.9 

VL- Mix D 90.6 0.1 0.14 41.7 3.5 45.2 135.8 

ANOVA           

Mixture   ** ** *** *** *** *** *** 

Density  * NS NS NS * NS * 

Density* mixture NS NS NS NS NS NS NS 
Values in parentheses indicated standard error of the mean (n=3); ***, **,* represent significant difference at P<0.001; 
P<0.01 and P<0.05, respectively; NS = non significant difference; VH = earthworm density at 3 kg m-2; VL = earthworm 
density at 1 kg m-2; mix A = 5:1 (waste:straw ratio); mix B = 10:1 (waste:straw ratio); mix C = 4:1:1/4 
(waste:manure:straw ratio); mix D =3:1:0 (waste:manure:straw mixture); DM = Dry matter matter  

4. Conclusions   

The present study demonstrated that use of earthworms for composting is an effective method to 
reduce total N loss and greenhouse gas emissions. Use of earthworms for composting has a sig-
nificant potential to reduce N2O and CH4 emissions, and we observed that earthworms reduced 
N2O emission more effectively in low C:N ratio substrates. This study also showed that earthworm 
density does not influence CH4 and N2O emissions from vermicompost; however, it was possible 
to observe that higher earthworm density accelerated the decomposition rate (C-CO2 emission). 
Furthermore, our study showed that vermicomposting is an efficient method to accelerate the 
decomposition of waste with high C:N ratio. In general, N loss and GHG emissions from ver-
micompost decreased when straw is added as bulking agent.  
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1. Objectives 

Shallow closed slot injection of slurry in bare soil is an effective method to reduce ammonia emis-
sion from land spreading of animal slurry (Moseley et al., 1998; Nyord et al., 2010). In Denmark, 
injection of slurry in bare soil is traditionally done by a robust spring tine mounted with an attached 
slurry hose, placing the slurry in the slot created by the tine. However, on areas with huge 
amounts of crop residues on the soil surface, e.g. maize stubble and residues from catch crops, 
the risk of residues building up in front of the tines is high. Samson Agro (Vestermarksvej 25, DK-
8800, Viborg, Denmark) has developed a new injector system based on disc coulter tines, which 
cuts the crop residues and covers the applied slurry effectively without mixing the slurry with the 
soil. 
In corporation with Samson Agro a series of trials were conducted in autumn 2014. The aim of the 
trials was to examine the optimal setting of the discs compared to the slurry hoses in order to get 
the maximum reduction of ammonia emission. 

2. Methodology 

The trial was made first time in the beginning of November 2014 and repeated two weeks later. 
Field trials were carried out at Aarhus University, Research Centre Foulum on loamy sand (9 % 
clay, 11.2 % silt, 40.5 % fine sand 34.8% coarse sand and 4.4 % organic matter). Soil water con-
tent was 23.9 and 24.2% (vol/vol) respectively at the experiment 1 and 2, which was close to field 
capacity. The soil surface was covered by cereal stubbles. Slurry was applied with a commercial 
slurry trailer from Samson Agro equipped with a new developed disc injector with the discs 
mounted in two rows. Slurry applied was cattle slurry with the following characteristics: pH = 7.3, 
total nitrogen (N) = 3.6 g/l, ammonia N = 2.5 g/l, content of dry matter = 5.6 %. The following four 
treatments were compared: 
 
1. Surface application, no incorporation (reference) 
2. Slurry injected right after the discs at the first row where slurry was placed in the slit 
3. Slurry placed randomly on the soil surface in front of the discs at the front row 
4. Slurry placed exactly between the discs on the soil surface in front of the discs at the front row 
 
Experimental setup of the slurry injector is shown in Figure 1. 
 

  
Figure 1: Disc slurry injector. To the left: slurry applied in front of the discs which could either bee between discs or right  
    in front of the discs. To the right; slurry placed right after the discs.     

In both experiments dynamic chambers are used to supply a constant air flow flushing soil surface 
and to simulate the wind effects on gaseous emissions. The dynamic chambers were designed on 
the basis of CFD modelling ensuring that the wind profile with in the chamber was relatively uni-
form with an air exchange of 14 times per minute. The chambers were 0.5*0.5*1.75 m height, 
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width and length respectively. In front of the chambers a 0.5 m long funnel with an opening of 
0.2*0.2 m ensured relatively uniform wind movement through the chamber, for more details see 
(Nyord et al., 2012). Ammonia emission was measured 72 hours after application (two replications 
per treatment) by impingers (gas washing bottles), with 50 ml 0.02 M boric acid solution which 
were changed after 1, 4, 8, 24, 48 and 72 hours following slurry application.  
30 ton of slurry was applied per hectare. Discs on the injector were operating in 10 cm below soil 
surface. Air temperature in the measuring periods varied between 2.2 and 8.9 ºC. Weather condi-
tions were relatively similar in the two experiments. 
Differences in ammonia emission depending of the application method were tested using ANOVA. 
Pairwise multiple comparisons with trails hose application according to the Holm–Sidak method to 
isolate treatments that differed from the others, using SigmaPlot 12.5 (Systat Software Inc., 2011).  

3. Results and discussion 

Ammonia emissions following surface application are measured at relatively low level in this trial, 
especially when it is considered that the emission is determined by the wind tunnel method, which 
has been reported to overestimate the emissions (Misselbrook et al., 2005). Here it should be 
taken into consideration that the air temperature generally was low in the measuring periods. As 
seen in Figure 2, ammonia loss pattern between treatments were similar between the two trials 
and could be explained by the almost identical soil and climate circumstances in the experiments. 
It indicates that the measuring method is likely to have worked successfully at both trials and that 
the effect of the incorporation is consistent.  
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Figure 2: Average ammonia emission given as % of applies ammoniacal N. Black bars represent the loss at the first  
    experiment and grey the second experiment. Error bars indicate standard deviation (n=2). 

Figure 3 shows, that the loss is approximately halved by injection, when slurry is placed in front of 
the discs, in comparison with trail hose application. This is in good correspondence with the 62 % 



Poster TC Advances in emission prevention 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

445 

 

 

reduction compared to surface applied slurry, found in (Wulf et al., 2002). Here, cattle slurry was 
incorporated right after surface application at a working depth of approximately 10 cm, which is 
similar to the treatments where slurry was placed in front of the disc injector.  
Slurry placed behind the discs during injection reduces ammonia losses even greater to about 85 
% of the loss following trail hose application. There is no statistically significant difference at the 
95% level, between the three injection methods. However, the trend is clear: slurry placed behind 
the discs reduces ammonia loss more than placement in front of the discs. The explanation is 
probably that the slurry placed in front of the discs will be placed throughout the entire volume of 
the worked soil, leaving a proportion of the slurry on the soil surface or in the very top soil. From 
this ammonia can evaporate especially in a dynamic chamber setup with no precipitation in the 
measuring period possible, due to the covering of the emission area. Precipitation could lead to 
deeper infiltration of the ammonia N into the soil and thereby preventing evaporation. Opposite 
when slurry is placed behind the discs in the slot created by the discs on the first row and then 
covered by soil from the discs mounted on row two. This kind of injection is more similar to the 
system described in (Balsari et al., 2005; Weslien et al., 1998). In these papers, an emission re-
duction of 84 and 94% respectively, compared to surface application, was reported, which corre-
sponds well with the 84% found in this trail.  
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Figure 3: Average ammonia emission given as % of applied ammonia N. Numbers indicates average reduction in  
    emission relative to Trail hose application. Letters indicates significant differences (95 % level). Error bars  
    indicate standard deviation (n=4). 

4. Conclusion  

Soil injection of cattle slurry was found to be very effective to reduce ammonia emission compared 
to surface application. The most effective injection method seems to be placement of the slurry 
right behind the discs. However, no significant difference was found I comparison with the two 
treatments were slurry was placed in front of the discs. 
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1. Objectives 

It is estimated that nitrogen (N) losses from fertilized crops range between 50-70% of applied N, 
depending on management practices, climate and soil conditions. Ammonia (NH3) emissions fol-
lowing land application of animal manures give rise to a significant proportion of the total NH3 
emissions from agricultural sources [1]. Additionally, the increased amount of N and soluble or-
ganic carbon (SOC), associated with the application of slurries, may favour the emission of nitrous 
oxide (N2O) and also affect the balance of other greenhouse gases (GHG) such as carbon dioxide 
(CO2) (e.g. [2]). A large effort has been made to develop cost-effective strategies to reduce N 
losses avoiding, as much as possible, pollution swapping. In recent years, animal feeding strate-
gies have been developed aiming to increase the N use efficiency of agrosystems. Most of this 
research has focused on NH3 abatement but little is known about the combined effect of animal 
feeding on NH3 and GHG emissions following slurry application [3]. The main objective of this 
study was to evaluate the effect of five different feeding strategies on the emissions of NH3, N2O 
and CO2 from a grassland soil fertilized with pig slurries. 
 

2. Methodology 

A greenhouse experiment was carried out in the ETSI Agrónomos of the Technical University of 
Madrid between 29th November and 8th January. Five types of pig slurry (Table 1) were surface-
applied in a complete randomized block design with three replicates to a grassland (Lollium 
perenne) soil (Calcic Haploxerepts), previously collected from the field, air dried and sieved (2 
mm). This soil has a clay loam texture (28% clay, 17% silt, and 55% sand) in the upper horizon (0-
28 cm). The soil was packed after dried into small PVC containers (26 cm inner diameter). A soil 
with no fertilizer applied was used as a control. Headspace samples for GHG analysis were taken 
following the procedure of Abalos et al. [4] from a closed static chamber (7.96 l). Concentrations of 
GHG were determined by gas chromatography. Ammonia emissions were measured by a dynam-
ic chamber (same dimensions as for GHG) connected to a chemiluminescence analyser.  
 
Statistical analysis was performed using Statgraphics Plus 5.1 (Manugistics 2000). The normal 
distribution of the data was checked using the Kolmogorov–Smirnov test. Differences between 
treatments were analyzed using analysis of variance (ANOVA,p<0.05). The least significant differ-
ence (LSD) test was used for multiple comparisons between means. For non-normally distributed 
data, the Kruskal–Wallis test was used on non-transformed data to evaluate differences atp<0.05. 
Schaich–Hamerle analysis was then used as a post hoc test.  
  

mailto:a.sanz@upm.es
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Table 1: N applied, N content and pH of applied slurries. “PSControl” refers to a slurry coming from pigs fed 
………..with barley (40%), wheat (45%) and soybean (10%); “Ga” refers to slurries produced by pigs fed 
………..with a mixture of “Garrofa” a by-product of the Carob tree (Ceratonia siliqua) (7.5 and 15% for 
………..Ga7.5 and Ga15, respectively); wheat (45%); barley (28 and 16 % for Ga7.5 and Ga15, respec-
………..tively) and soybean (13 and 16 % for Ga7.5 and Ga15, respectively). “Pn” refers to slurries pro-
………..duced by pigs fed with a mixture of orange pulp (7.5 and 15% for Pn7.5 and Pn15, respectively); 
………..wheat (45%); barley (30and 20%, respectively) and soybean (12 and 14 % for Pn7.5 and Pn15, 
………..respectively). 

Treatment N applied (kg N 
ha-1) 

Total N (g kg-1) Ammonium N (g kg-1) pH 

PSControl 100 9.91 5.32 8.89 
Ga 7.5 100 7.97 3.75 8.38 
Ga 15 100 9.72 4.35 8.20 
Pn 7.5 100 8.71 4.53 7.93 
Pn 15 100 7.84 3.41 8.08 

 
Soil samples were taken ten times during the experiment to determine the concentrations of min-
eral N (ammonium, NH4

+ and nitrate, NO3
-) as well as SOC. The total biomass of plants was also 

measured and total N and C determined. 
 
Finally, additional analysis was carried out at the School of Environment, Natural Resources and 
Geography (Bangor University) on the liquid fraction of the slurry to quantify the content on certain 
compounds that have been shown to be potential nitrification inhibitors (e.g. hippuric and benzoic 
acid). 

3. Results and discussion 

Application of slurries increased (P<0.05) N2O emission in all cases compared to the control (from 
98% to 96% for PSControl and Pn7.5, respectively). The type of pig slurry had an effect on these 
emissions. Incorporation of by-products in the animals’ diet decreased (P<0.05) N2O emissions 
from applied slurry by 37 and 56% for Ga and Pn, respectively (Figure 1). This was probably re-
lated to the higher NH4

+-N of PSControl (Table 1) which would have been probably nitrified. Nitrifi-
cation was thought to be the main pathway in the production of N2O since soil conditions were 
favorable to this microbial process (average WFPS of 63%). Additionally, the concentration of 
NO3

- was negatively correlated with that of NH4
+ (R2 0.96) and positively with N2O emissions (R2 

0.89).  
Application of slurries enhanced soil respiration (i.e. CO2 fluxes) in all cases (64% on average), 
although lower for PSControl (35%) (data not shown), possibly due to a reduction of plant biomass 
as a result of plant damage following slurry application.  

 
Figure 1: Cumulative N2O emissions (mg N2O-N m-2) over the 42 day experiment. “PSControl” refers to a slurry coming 

from pigs fed with barley (40%), wheat (45%) and soybean (10%); “Ga” refers to slurries produced by pigs fed 
with a mixture of “Garrofa” a by-product of the Carob tree   (Ceratonia siliqua) (7.5 and 15% for Ga7.5 and 
Ga15, respectively); wheat (45%); barley (28 and 16 % for Ga7.5 and Ga15, respectively) and soybean (13 
and 16 % for Ga7.5 and Ga15, respectively). “Pn” refers to slurries produced by pigs fed with a mixture of or-
ange pulp (7.5 and 15% for Pn7.5 and Pn15, respectively); wheat (45%); barley (30and 20%, respectively) 
and soy-bean (12 and 14 % for Pn7.5 and Pn15, respectively).  
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Control is soil without any N fertilizer added. Ammonia emissions were also enhanced by slurry 
application. Similarly than with N2O, PSControl produced the highest emissions (36 and 23% 
higher than Ga and Pn, respectively) (Figure 2). Again the higher NH4

+ concentration measured in 
soil treated with PSControl may have led to increased volatilization rates. 

 

Figure 2: Cumulative NH3 emissions (kg NH3-N ha-1) over the 42 day experiment. “PSControl” refers to a.slurry coming 

from pigs fed with barley (40%), wheat (45%) and soybean (10%); “Ga” refers to slurries produced by pigs fed 
with a mixture of “Garrofa” a by-product of the Carob tree (Ceratonia siliqua) (7.5 and 15% for Ga7.5 and 

Ga15, respectively); wheat (45%); barley (28 and 16 % for Ga7.5 and Ga15, respectively) and soybean (13 

and 16 % for Ga7.5 and Ga15, respectively). “Pn” refers to slurries produced by pigs fed with a mixture of or-

ange pulp (7.5 and 15% for Pn7.5 and Pn15, respectively); wheat (45%); barley (30and 20%, respectively) 

and soybean (12 and 14 % for Pn7.5 and Pn15, respectively). Control is soil without any N fertilizer added. 

 
Several authors have observed an effect of certain N compounds present in the urine (e.g. hippu-
ric acid) over both NH3 and N2O losses from urine treated soils. Whitehead et al. ([5]) provided 
indirect evidence that urine composition may affect N2O emissions. They observed that the 
presence of hippuric acid in urine caused the higher NH3 volatilization among the tested treatments. 
On the other hand, Kool et al. ([6]) measured decreased N2O emissions in soils treated with urine 
containing relatively high amounts of hippuric acid. In our study, PN slurries were those with the 
higher contents of hippuric acid (data not shown), and resulted in a non-significant (P>0.05) effect 
on NH3 emissions but a significant (P<0.05) effect in reducing N2O losses. Conclusion 
 
Inclusion of by-products from the Mediterranean agro-food industry in the animals’ diet could ef-
fectively decrease both N2O and NH3 emissions from N application. Partial substitution of soybean 
and barley by “garrofa” and orange pulp in the diet reduced NH3 and N2O from slurry application 
under controlled conditions. These preliminary results show the potential of alternative feeding 
strategies to reduce some of the environmental problems associated with agriculture, and for de-
creasing the external dependency of N imports for feeding animals in Spain.  Further research 
under field conditions is needed to confirm these results. 
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TC-P_16 Ammonia emissions following crop-based and 
manure-based digestate applied to maize, with 
or without a nitrification inhibitor 

Smith, K.E.1; Rollet, A.J.2; Taylor, M.J.2; Bowden, A.1; Bennett, G.2; Williams, J.R.1  
1 ADAS Boxworth, Battlegate Road, Boxworth, Cambridge, CB23 4NN, UK 
2 ADAS Gleadthorpe, Meden Vale, Mansfield, Notts., NG20 9PD, UK.  

kate.smith@adas.co.uk 

1. Objectives 

To quantify ammonia emissions and crop available nitrogen supply from crop-based digestate and 
manure-based digestate, applied to maize, with or without the nitrification inhibitor Dicyandiamide 
(DCD). 

2. Methodology 

Replicated field scale experiments were conducted at two sites, Gleadthorpe (Nottingham) and 
Fakenham (Norfolk), on sandy loam textured soils. The organic materials were applied at two 
timings: in April 2014 (pre-drilling) and May 2014 (post-drilling i.e. topdressed onto the growing 
crop). The liquid organic materials were applied by bandspreading (using the ADAS purpose-
designed small plot applicator) and fibre digestate was surface broadcast. Treatments at both 
sites, were:  
 

1. Untreated control (i.e. zero N-inputs) 
2. Cattle slurry 
3. Manure-based digestate  
4. Crop-based digestate: separated liquor (Fakenham) whole digestate (Gleadthorpe) 
5. Separated fibre from crop-based digestate (pre-drilling application only) 
6. Crop-based digestate, with nitrification inhibitor dicyandiamide (DCD). DCD was applied 

at a rate of 10 kg/ha, and was mixed in with the digestate before application. 
 
At both sites, ammonia (NH3-N) emissions were measured, using small scale wind-tunnels (Lock-
yer, 1984), for 7 days following the application of organic materials. Maize yields were measured 
on each plot, using a specialist plot harvester. Additional plots received applications of manufac-
tured fertiliser nitrogen (N) (0-200 kg/ha N in 40 kg/ha increments). The fertiliser N replacement 
value of the different organic material applications were calculated by comparing the maize yields 
and N offtakes on the organic material treatments with those on the manufactured fertiliser N 
plots. Differences between treatments were tested using Analysis of Variance (ANOVA) followed 
by Duncan’s multiple range post hoc test, in Genstat (16th Edition).  

3. Results and discussion 

3.1 Properties and nutrients supplied by organic materials 

Representative samples of the organic materials were collected at application and analysed for 
dry matter, pH, total N and readily available N (i.e. ammonium-N – NH4-N) (Table 1). Applications 
of cattle slurry and manure-based digestate supplied similar amounts of total N (90-112 kg N/ha) 
and NH4-N (52-59 kg N/ha), however the pH of manure-based digestate was 0.4 units (at Faken-
ham) and 0.8 units (at Gleadthorpe) higher than cattle slurry. Crop-based digestate (either as 
whole digestate at Gleadthorpe, or separated liquor at Fakenham) supplied more total N (142-180 
kg N/ha) and NH4-N (77-163 kg N/ha) compared to cattle slurry or manure-based digestate. The 
pH of the crop-based digestate, was 0.3 units (at Fakenham) and 0.8 units (at Gleadthorpe) higher 
than cattle slurry. Notably, the amount of NH4-N supplied by crop-based fibre digestate differed 
between sites, this was due to the contrasting fractionation methods used to separate the fibre 
fraction. Specifically the fibre fraction from crop-based digestate applied at Gleadthorpe which was 
separated using a belt and centrifugal supplied, c.120 kg NH4-N /ha, (exceeding the amount sup-
plied by either cattle slurry or manure-based digestate). While the fibre fraction from crop-based 
digestate applied at Fakenham, which was separated using conventional farm slurry separation 
equipment, supplied the lowest amount of NH4-N, <10 kg/ha. 
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Table 1: Summary of organic material analyses applied at Fakenham and Gleadthorpe experimental sites. 

 Units Cattle slurry 
Manure-based  

digestate 

Crop-based      

digestate 

Fibre crop 

based          

digestate 

Application 

rate 
t or m3/ha 30 30 30 40 

Fakenham 

Dry matter % 7 5 8 16 

pH  7.8 8.2 8.1 8.3 

Total N kg/ha 90 98 142 230 

Ammonium-N kg/ha 52 59 77 6 

Gleadthorpe 

Dry matter % 8 8 8 22 

pH  7.5 8.3 8.3 8.5 

Total N kg/ha 91 112 180 270 

Ammonium-N kg/ha 56 59 163 121 

 
 
3.2 Fakenham - Ammonia emissions and crop yield  
Ammonia-N (NH3-N) losses following the application of separated digestate fibre at <1% of N-
applied were lower (P <0.05) than from all other treatments reflecting the low ammonium-N con-
tent of the digestate fibre (c.2% of total N applied) (Figure 1). Ammonia-N losses following the 
application of cattle slurry were lower (c.15% of total N-applied) than other treatments (P <0.05). 
The greater NH3-N losses following the application of crop-based digestate and manure-based 
digestate may be a reflection of the higher pH of these materials. DCD had no effect (P >0.05) on 
ammonia emissions from crop-based digestate. 
 
 

 
 

Figure 1: Ammonia volatilisation losses (% of total N-applied) following the application of organic manures at Fakenham 

………….either pre-maize drilling (viz. pre) or post-maize drilling (viz. post). 
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3.3 Gleadthorpe - Ammonia emissions and crop yield  
Ammonia losses following the application of crop-based digestate and crop-based digestate 
+DCD were significantly greater (P <0.05) at c.40 and c.35 % of total N applied, respectively, than 
losses following the application of cattle slurry (22 % of total N applied) (Figure 2).There were no 
differences in NH3-N volatilisation losses from manure-based digestate (27 % of total N applied) 
and cattle slurry (22 % of total N applied) (P >0.05). DCD had no effect on ammonia emissions 
from crop-based digestate. The higher ammonia emissions from the crop-based digestate applica-
tions may be a reflection of the higher pH of the digestate compared to the cattle slurry and ma-
nure based digestate. Application timing had no effect (P>0.05) on ammonia losses from any of 
the liquid organic material applications. 
 

 

Figure 2: Ammonia volatilisation losses (% of total N-applied) following the application of organic manures at Gleadt m 

………….horpe either pre-maize drilling (viz. pre) or post-maize drilling (viz. post). There was a significant difference in 

m ……….ammonia losses among liquid organic materials (P <0.01). 

 

 

At Gleadthorpe, maize was harvested on 3 October 2014 and dry matter yields calculated (t/ha) 
(Figure 3). Overall mean dry matter yields were c.1 t/ha greater from organic materials applied 
pre-drilling compared to post-drilling.  
 
 
Maize yield responded to N-fertiliser application and a linear+exponential curve was fitted (Figure 
2). The economic optimum N-rate was not reached this was despite applying up to 200 kg N/ha. 
There was no significant difference in the nitrogen use efficiency (NUE) (%) between different 
manure types (P > 0.05). However, reflecting dry matter yields, the overall mean NUE of pre-
drilling application of organic manures at 50% was greater (P <0.01) than post-drilling (overall 
mean NUE = 30%) application.  
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Figure 3: Maize yield at harvest (t/ha dry matter) following the application of organic manures at Gleadthorpe, either pre- 

m ……….maize drilling (viz. pre), post-maize drilling (viz. post) or following the application of nitrogen (N) fertiliser m 

………….(ammonium nitrate), i.e. N-response treatments. The black line, represents the fitted yield (line m 

…………..ar+exponential curve), note: N-optimum not reached. 

 

4. Conclusion and outlook 

In summary the results indicate: 
 

 At both sites, Ammonia volatilisation losses were greater following the application of 
crop-based digestate than following cattle slurry applications which may reflect the 
higher pH of the digestate. 

 At Gleadthorpe, N-use efficiency of the organic materials was higher when applied pre-
drilling, reflecting N-supply coinciding with crop requirement. 

 
These results emphasise the need to develop strategies to reduce ammonia emissions from di-
gestate applications. This information is essential to maximise the fertiliser N-value of digestate 
and to promote the sustainable use of organic materials in agricultural systems.  
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TC-P_17 Limiting nutrient losses and improving product 
quality during storage of cattle manure by  
composting and ensiling 
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Objectives 

Storage of cattle farmyard manure (CFM) on the field might cause nutrient leaching [1]. Therefore, 
Flemish farmers are not allowed to store manure (i) on the field between 15/11 and 15/01, and (ii) 
longer than 1 month during the rest of the year. It is evaluated whether composting and ensiling 
can reduce nutrient losses, and optimize the quality of CFM as fertilizer and soil improver. 

Methodology 

Storage experiments were conducted during April-June 2014. Four CFM treatments consisting of 
the same volume (24 m³) were compared: (1) untreated storage on the field, (2) composting on 
the field (2 times turned and covered with a semipermeable fabrics cover), (3) composting on a 
concrete floor (2 times turned and covered) and (4) ensiling on a concrete floor. During the exper-
iment, mineral N enrichment in the soil for the field treatments, gaseous emissions and product 
quality were monitored. 

Results 

Composting CFM resulted in a more homogeneous product with a lower volume compared to the 
untreated CFM. However, the differences in product quality between untreated storage and com-
posting on the field were small. We observed a lower amount of NH4

+-N in the 0-30 cm soil layer 
under the compost pile compared to the untreated pile, possibly due to more leaching and miner-
alization under the untreated pile. Further research is being conducted to confirm those results. 
The composted pile on the concrete floor was wetter than the one on the field, likely because of 
absorption of run-off water. This resulted in a better composting process and a trend toward high-
er gaseous emissions. However, little differences in product quality between composting on the 
field and on the concrete floor were observed. 
Ensiling CFM on a concrete floor resulted in a lower temperature compared to composting, due to 
a limited organic matter decomposition. The losses of organic matter, dry matter and nitrogen 
were smaller during ensiling the CFM. The silage end-product had a higher NH4

+-N and moisture 
content and was more heterogenic than the compost. High CH4-emissions were noticed when 
opening the silage. 

Conclusion  

Composting CFM resulted in less mineral N leaching from the pile to the soil underneath com-
pared to untreated storage. The composted CFM is more easy to transport and spread than the 
untreated and ensiled CFM. Ensiling the CFM resulted in a product in which organic matter and 
nutrients were better conserved during composting. Differences in product stability are currently 
assessed by an incubation test in which N-mineralization is measured in soil amended with the 
different products. 
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TD-K Bioresource utilization in context with regional 
development 

Narodoslawsky, M.; Maier, S.; Eder, M. 

Institute for Process and particle technology, TU Graz,  

narodoslawsky@tugraz.at 

1. Objectives 

Bio-resources are becoming increasingly contested as food demand as well as pressure to pro-
vide energy and materials from them are growing. A rational utilisation of bio-resources is however 
a pre-condition for a successful bio-economy in Europe which in turn is a crucial element for 
achieving sustainable development.  
Rational use of bio-resources must take their environmental, societal and technological functions 
as well as the chances and restrictions posed by their diversity and properties into account. As a 
matter of fact all these aspects show considerable deviation from fossil resources that constitute 
current dominant resources. This implies that technical approaches as well as logistics and busi-
ness models of industry will have to change profoundly if bio-resources shall play a major role in 
supporting European economic and social development. 
Based on the analysis of services of bio-resources in a bio-based economy, their particular prop-
erties and the characteristics of current state technologies the paper develops systemic ap-
proaches to utilise bio-resources within the framework of sustainable development, with particular 
focus on the regional context of their utilization. 

2. Methodology 

The paper builds on the results of a discourse among European experts within the framework of 
the European Sustainable Energy Innovation Alliance (eseia). This discourse was initiated by the 
political discussion about the role of bio-energy within the encompassing framework of the Euro-
pean Strategic Energy Technology Plan (SET Plan) [1], taking the requirements of a European 
Bio-economy into consideration [2]. The discourse is summarized in a “Discourse Book” [3]. The 
argument within this discourse book starts from particular properties of bio-resources that require 
special focus on the spatial context of bio-resource utilization, analyzes the functions of bio-
resources in ecological, economic and societal dimensions as well as the current state of technol-
ogies and finally lead to recommendations regarding the integration of bio-resource utilization in 
(regional) planning processes. The current paper is a short overview of the argument in the dis-
course book. 

3. Results and discussion 

3.1 Contested bio-resources 

Bio-resources are an important way to convert natural income in the form of solar radiation into 
material goods. There seems to be no other group of resources that can fulfil such a wide variety 
of demands as bio-resources, providing food and feed to energy to material products. There is 
however no other group of resources that entail so direct and large scale impact on society and 
the environment for its provision and that so clearly highlight the general conundrum of sustaina-
ble development, namely living within “limited infinity”.  Bio-resources require as a basic produc-
tion factor area, which is limited as our planet has a limited surface. Besides that it requires other 
ingredients, namely fertile environmental compartments, be they soil or water bodies.  
Seen from the vantage point of converting solar energy into energy embodied in materials, the 
generation of bio-resources by the process of photosynthesis is not a particularly efficient process. 
Maximum theoretical conversion rates of solar radiation into bio-resources are between 4.6 for C-
3 plants (e.g. wheat) and 6 % for C-4 plants (e.g. corn). Conversion rates in real agriculture are 
however much lower at about 50 % of these theoretical values. This compares with conversion 
rates of about 60 to 75 % from solar radiation to heat for thermal solar collectors. It is this low effi-
ciency of converting solar radiation into useful energy from bio-resources (regardless if used for 
nutrition or technical purposes) that makes “living in limited infinity” particularly obvious: bio-
resource generation rate is limited by the limitation of the production factors, most notably arable 
land and forest area. This rate may however be sustained over (practically) infinite time if human 
society learns to manage these production factors cleverly. 
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Land as a basic production factor for most bio-resources is strictly limited on our planet. This 
means that any competition for bio-resources will inherently end up as a competition for land. On 
top of that different actors vying for most bio-resources have different preferences regarding the 
form of resource the use: the food sector needs crops of various kinds, pulp & paper as well as 
construction industry need wood from forests whereas the chemical sector has the broadest port-
folio of resources. This leads to direct competition between sectors, such as the competition for 
crops between the food sector and bio-fuel industry, but also to a competition between different 
forms of land use. Forests providing resources for energy provision or pulp &paper industry may 
compete with fields that provide crops for food or bio-fuel. 
One of the major differences to other (in particular fossil) resources is the wide variety of bio-
resources. This does not only concern the wide variety of plants and animals that man has do-
mesticated for his purposes. It also applies to by-products and wastes from industrial and societal 
processes using primary bio-resources. 
The intense competition for bio-resources (and hence for fertile land) applies in particular to the 
relative small number of primary agricultural crops and wood from forestry. There is however an-
other kind of bio-resources that is outside the current pattern of competition: secondary bio-
resources that are by-products or wastes from agricultural, industrial or societal processes. Their 
use does in general not add to the direct competition for land although it may influence the fertility 
of land. In general their use is either in the form of a cascade (prolonging the value chain of a pri-
mary resource within society) or parallel to a valuable crop (using parts of plants that are usually 
not entering the markets such as straw and corn cobs) or additional (using land that is underuti-
lised or otherwise not cultivated). As a rule of the thumb overall global flow of secondary bio-
resources is in the order of magnitude of the current flow of agricultural products. These resources 
therefore offer a significant chance to alleviate the future resource burden.  

3.2 Logistical features of bio-resources 

The most obvious dissimilarities between bio-resources and fossil resources are their different 
logistical parameters. If bio-resources have to play a more prominent role in energy provision and 
industry this means a radically changed economic and logistical structure of resource provision. 
Bio-resources are characterised by high humidity and/or low transport density and generally lower 
energy content. In many practical cases therefore transport volume will become limiting for the 
collection logistic of these resources. The differences between fossil resources and bio-resources 
are poignant: there is a factor of 24 between the energy density of straw and light heating oil.  
The logistical challenge becomes even more visible if different means of transportations are fac-
tored in. According to their energy efficiency (and strongly influenced by their particular ratio of 
empty weight to load capacity) transport systems require different energy to transport a load a 
certain distance. If we set the limit of the energy used to transport a resource to its utilisation site 
arbitrarily to 1 % of the contained energy and take energy density and the available transport vol-
ume into account, we obtain the following results [4]: 
 

 In case of manure, straw and corn silage 1 % of the energy contained in a tractor trailer 
load will power a tractor (as the most common short distance means of transportation on 
farms) 5.7, 12 or 18 km respectively; 

 1 % of the energy contained in a wood chips and split logs load will power a truck for 40 
and 100 km respectively; 

 For wood pellets and corn a train will go for 475 and 525 km respectively using 1 % of the 
transported energy content; 

 An ocean going ship loaded with crude oil however will travel 7.800 km with 1 % of the 
energy contained in its cargo. 
 

These numbers highlight the spatial context of resource use: whereas it is fully rational to establish 
a global fossil economy as transport from source to utilisation plays almost no role, the use of bio-
resources must become regional and possibly even local. This is particularly true for secondary 
bio-resources as they are characterised by especially disadvantageous logistic parameters. 

3.3 Functions of bio-resources 

Any attempt to balance the utilisation of bio-resources sustainably must be based on an analysis 
of the services that bio-resources have to fulfil for global sustainable development. This requires 
defining the social, economic and environmental services that bio-resources may provide and to 
analyse which of them can or cannot be performed by other resources or what the restrictions on 
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other resources are to provide them in a sustainable way. Table 1 provides an overview on the 
services provided by bio-resources to society, economy and the environment. Priority should be 
given to utilisation of bio-resources to provide services that may not be provided by other re-
sources. 

Table 1: Services of bio-resources 

Type of service Service Possible other resources 

Social Nutrition None 

Jobs and development for rural regions None 

Social stability for rural regions None 

Economic Stability for energy distribution grids Smart grids, hydro power, pumped 
hydro power, hydrogen, compressed 
air energy storage, (fossil resources) 

Transport fuel Electricity (using battery storage), 
hydrogen, synthetic fuels, (fossil 

resources) 

High temperature industrial heat Hydrogen, (fossil fuels) 

Feedstock for synthetic materials and 
plastics 

(fossil resources) 

Feedstock for conventional bio-based 
products 

None 

Environmental  Reduction of greenhouse gas emis-
sions 

Wind and hydro power, solar thermal 
systems, photovoltaic, oceanic pow-

er, geothermal energy  

Preserving soil fertility None  

Preserving water and nutrient cycles  None 

Preserving bio-diversity None 

 

 

3.4 Guidelines for using bio-resources in the regional context 

The logistical properties of bio-resources as well as the services they have to provide define their 
strong dependence on spatial context. The following notions can be seen as heuristics guiding a 
regional discourse about utilising bio-resources based on the properties, technological aspects 
and service provision priorities presented earlier in this article. 
 
3.4.1 “Refinerize” conventional sectors  
Bio-resources are the only possible basis for sectors that conventionally utilise wood and crops 
such as pulp & paper, timber or oils and fats industry but also the food sector. These sectors pro-
vide products that cannot easily be replaced by other goods or services and render decent profits 
along their value chain. Moreover such industries have established well organised logistical sys-
tems and provide jobs and income as well as skills and qualification for employees. Putting priority 
to serving these sectors is sensible and in the case of the food sector even obligatory. 
The sectors themselves, however, have to evolve into flexible bio-refinery systems based on their 
main resource but accommodating other (secondary) bio-resources provided by their spatial and 
economic context. This strategy serves two objectives: 
 

 Employing existing logistic systems as well as skills and technological infrastructure to re-
alising the rule of fully utilising sustainably available bio-resources and 

 Offering a broader portfolio of goods and services from available bio-resources thus add-
ing to the necessary flexibility of markets, accommodating possible shifts in preferences 
of consumers in a sustainable bio-based economy. 

 
3.4.2 Give priority to material goods  

Material goods provide higher added value on the resource than energy services as they offer 
opportunities for longer and more complex value chains. As a rule of the thumb value added to 
resources increases with longer value chains as well as with more complex products. Their provi-
sion therefore will bolster the economic viability of a bio-economy. The range of such products 
however is wide, from simple solid biomass fuel such as wood pellets to gaseous and liquid biofu-
els to bio-plastics to complex pharmaceutical products.  
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3.4.3 Retain as much material as possible close to productive land 

Preserving the productivity of the primary resource land is to a large extent depending on closing 
material cycles and returning nutrients to the land. This requires that any part of bio-resources that 
is not converted into material goods (be they nutritional or for other purposes) shall be recycled to 
fields, grass land and forests. As most of the waste flows generated by the utilisation of bio-
resources have particularly unfavourable logistic parameters their transport distances must be 
kept short. This demands that technologies conditioning bio-resources for further use or transport 
as well as technologies conditioning bio-waste shall preferably be realized de-centrally, close to 
the origin of bio-resources. 
 
3.4.4 Use intersections of distribution grids as a means to fully utilise bio-resources 

Technologies like thermal biomass utilisation and anaerobic digestion have a narrow product port-
folio: Thermal biomass utilisation may provide heat and power (in case of CHP) and biogas can be 
up-graded to bio-methane or used in a CHP to generate heat and power. All these products may 
be distributed via distribution grids. The optimum location for these technologies therefore is 
where these grids intersect [5]. Particularly advantageous in this respect are tri-valent technolo-
gies. These are technologies that produce bio-methane either from anaerobic digestion in combi-
nation with gas cleaning or from biomass gasification with catalytic conversion to synthetic natural 
gas, besides electricity and heat. These technologies can serve all energy distribution grids, from 
heat to electricity to gas. These technologies should be operated according to the electricity grid 
requirements, switching to gas cleaning and injection into the gas grid whenever no electricity is 
necessary to stabilise the grid and serve heat customers via heat storage systems fed during the 
CHP mode. 
The necessary proximity of heat users to thermal bio-energy providers gives raise to another type 
of bio-refinery: de-central bio-refineries converting secondary or under-utilised bio-resources to 
intermediate “platform” materials, improving quality and transport properties and conditioning 
these bio-resources for processing in central large scale bio-refineries.  

4. Conclusion and outlook 

Bio-resources are inherently contextual resources, their rational utilization requires taking their 
local and regional environmental, social and economic context into account. They are also highly 
contested resources as the food, energy and chemical sector compete for them. This competition 
will push the energy as well as the industrial sector more and more to utilize lower quality bio-
resources that are either by-products or wastes from other uses. As these resources have even 
less advantageous logistical properties than crops and high quality forest products, this will in-
crease the spatial connotation of bio-resource utilization systems. 
Increased reliance on agricultural and forest by-products and harvest residues open however 
more scientific challenges. Their use is only sustainable when their withdrawal does not impair the 
fertility of land. If the withdrawal is too high, soil quality may suffer, putting further use of the basic 
resource land into jeopardy. The definition of sustainable withdrawal rates as well as the right way 
to re-integrate residues from technical uses of bio-resources to maintain soil quality will become a 
major challenge for rational and sustainable bio-resource utilization in future. 
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1. Objectives 

The aim of this study is to assess the environmental, economical, health, societal, and legislative 
aspects of co-digestion of livestock manure with organic residues in the Netherlands [1]. The re-
sults of this study are used by the ministries of Economic Affairs and of Infrastructure and the En-
vironment in an evaluation of the policy on co-digestion of manure in 2015. 

2. Methodology 

The assessment was based on a literature review, analysis of statistical and administrative data, 
evaluation of permits of co-digesters and discussion sessions with stakeholders. The study fo-
cused on:  
 
 the added value of co-digestion in terms of sustainable energy production, the use of or-

ganic wastes, the reduction of greenhouse gas emissions and manure surpluses;  
 the risks of co-digestion to the health and safety of humans, animals and the environment; 
 measures that could be taken to reduce these risks; and 
 regulations for co-digestion and the ability to enforce these regulations, and measures to 

improve their enforceability. 

3. Results and discussion 

3.1 Co-digestion 
Digestion is a method for sustainable energy production. Biomass can be digested to produce 
biogas containing methane (CH4). The biogas can be refined to ‘green gas’ (having the quality of 
refined natural gas) or can be used in its unrefined state to generate electric power and heat. In 
the context of this article, co-digestion is defined as ‘any form of digestion of animal manure mixed 
with plant and/or animal-derived co-digestion wastes, with a minimum manure share of 50% 
(w/w)’. The digestate produced by the co-digestion process can be used as an organic fertilizer. 
Energy rich organic wastes that are used for this process are called co-digestion materials. The 
composition and fertilizer value of digestate is dependent of the composition of the manure and 
the added co-digestion materials.  
 
Many factors and actors influence co-digestion (Figure 1). Bio-physical, technological, and man-
agement factors affect the co-digestion process and the production and quality of biogas and di-
gestate. The markets for energy rich organic wastes and energy, legislation and societal aspects 
determine the economic viability and the acceptance by society of co-digestion. 

3.2 Economy and policy goals 

Digestion of manure and co-digestion materials contributes to three policy goals: (i) sustainable 
energy production, (ii) reduction of greenhouse gas emissions to the atmosphere and (iii) 
utilisation of the energy contained in organic wastes. Co-digestion also provides employment and 
generates income for the companies involved in the co-digestion chain.  
 
Interest in the digestion of manure and co-digestion materials grew after governmental subsidy 
schemes for renewable energy were introduced from 2003 in the Netherlands. Various subsidy 
schemes were used which stimulate amongst others energy production by co-digestion. Over the 
2010–2013 period, average annual subidies amounted to 55 to 60 million euros. The government 
also stimulated co-digestion by subsidising the construction of plants, providing information and 
funding research. After 2010, the growth of the number of co-digestion plants stagnated due to 
rising prices of co-digestion materials, falling electricity prices and changes to subsidy schemes for 
renewable energy. There are currently about 100 co-digesters in the Netherlands and this number 
has been stable during the last years (Figure 2).  
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Figure 3 shows the increase in use of manure and organic residues for co-digestion. About 3 per-
cent of the total amount of cattle and pig slurry manure is digested annually. The main co-
digestion materials used are silage maize, silage grass, grain residues, glycerin from biodiesel 
production, spent grain for brewery and bioethanol production, and wastes from the food and feed 
industry. In the absence of co-digestion, co-digestion materials can find uses as raw material for 
livestock feed, compost (followed by use as organic fertiliser), or would have been incinerated. 
 
 

 
 
Figure 1: Schematic presentation of co-digestion of manure and co-digestion materials to biogas and digestate and the 
………….factors and actors that affect co-digestion. 

3.3 Environment and spatial planning 

The digestion of manure and co-digestion materials has both favourable and unfavourable effects 
on the environment. The favourable effects derive from the three policy goals defined for co-
digestion, that is, sustainable energy production, reduction of the greenhouse gas emissions to 
the atmosphere and utilisation of wastes (see previous section). The unfavourable effects derive 
from the potential inclusion of risk bearing components for humans, animals, crops and the 
environment in the co-digestion materials and possible leakages of biogas from stationary and 
operating co-digestion plants and handling, transport and storage of manure and co-digestion 
materials. 
 
About half of the 155 types of energy rich organic wastes that have been authorised for co-
digestion have passed an environmental test on contaminants and pathogens [2]. This means that 
the concentrations of environmentally harmful contaminants in these wastes are below the 
standards specified in the Fertilisers Act. Those intending to use the other half have to be able to 
show upon inspection that they meet the environmental requirements, that is, that the 
concentrations of heavy metals and organic micropollutants in the co-digestion materials meet the 
standards specified in the Manure and Fertilisers Act. 
 
When authorised co-digestion materials are used and the rules and regulations are complied with, 
the risks for human, animal, crop and the environment due to the use of the digestate as a organic 
fertiliser are neglectible. By contrast, the risks may be large if non-authorised, contaminated 
wastes are mixed with the co-digestion materials. Waste from animal orignes (animal byproducts) 
have to be authorized for use as co-digestion material in accordance of European legislation on 
animal byproducts. The Netherlands Food and Consumer Product Safety Authority (NVWA) is the 
authority who controls uses of animal by products and other co-digestion material within the frame 
work of the Fertilizer act. Nearly 30% of the co-digestion plants inspected by the NVWA in 2013 
and 2014 were found to use co-digestion materials which did not meet legal provisians in force. 
Several batches of organic wastes found at the location of digestion plants were declared wastes, 
because of excessive concentrations of heavy metals (especially nickel and chromium). The 
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National Police Services Agency concluded from their inspections that co-digestion is attractive for 
illegal waste dumping activities. In response to this outcome, the responsible State Secretary of 
the Ministery of Economic Affairs indicated in 2014 that companies appointed co-digestion 
materials have to be certified. This is the first step towards ensuring that no contaminated organic 
wastes are used. The next step can be certification of appointed co-digestion materials.  
 
There have been several media reports of complaints by citizines living near co-digestion plants 
about odour nuisance and discomfort by traffic due to transport of co-digestion materials, manure 
and digestate. The capacity of digestion plants has grown steadily since the start of subsidised 
renewable energy production by digestion, which has led to questions about suitable locations and 
operational management, and the safety of such plants.  Inconvenience to people living near the 
plants and environmental impacts could be reduced by further professionalisation of the co-
fermentation sector. External and internal communications must be improved; the biogas sector 
association is already working on this. 
 
Adding co-digestion materials to manure means that extra phosphate (about 2.7 million tons P2O5 
in 2013) is supplied in animal manure. Digestate of co-digestion ranks under animal manure. As a 
result, the total manure production in terms of phosphate rose from 167 to 170 million kg P2O5 in 
2013. The volume of digestate exported in 2013 has been estimated at about 1 million kg 
phosphate. On a national scale, the effects of co-digestion on ammonia emissions, nitrate 
leaching and soil fertility are limited compared to those of untreated animal manures. 
 

 

Figure 2: Location of co-digestion plants in the Netherlands. 

3.4 Health and safety  

The effects of co-digestion on the health and safety of humans and animals include (i) 
occupational health risks to employees of co-digestion plants, (ii) the risks to the external safety of 
citizins living near these plants and (iii) the inconvenience to citizins living near the plants due to 
odour nuisance. The permits for co-digestion plants rules the planning, the construction and 
operation of the plant. These rules foresee in an acceptable risk. 
 
The risks of co-digestion to the health and safety of humans and animals mostly relate to the 
transport, handling, storage and composition of the biogas, manure, digestate and co-digestion 
materials. Biogas is flammable and contains hydrogen sulphide (H2S), ammonia (NH3), carbon 
dioxide (CO2) and CH4, high concentrations of which are poisoning or asphyxiating to humans and 
animals. These gases may also be formed in stored manure and digestate.  
 
The risks of co-digestion are greater for the employees actually working at co-digestion plants 
than for citizins living near them. The safety of co-digestion plants can be improved by increasing 
the risk awareness of employees and by training on safe working conditions.  
 
When authorised co-digestion materials are used, the risks of pathogenic micro-organisms being 
spread as a result of co-digestion processes or from the digestate are comparable or less to those 
of non-digested manure which are considered to be manageble low risks. 
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3.5 Implementation, enforcement and compliance 
The implementation of the policy on co-digestion involves agencies of the Ministries of Economic 
Affairs and of Infrastructure and the Environment, as well as provincial authorities, municipalities 
and regional environmental services. If incidents occur at digestion plants, agencies of the 
Ministries of Security and Justice and of Health, Welfare and Sport also become involved. The 
tasks are clearly defined, but competence of enforcing agencies do overlap to some extent. More 
collaboration and exchange of information could result in synergy. 
 
The implementation of and enforcement on permits and legislative regulations for co-digestion are 
difficult in practice. Not only because of frequent changes in subsidy schemes and the market for 
co-digestion materials which affects the operation of the plan. Also the large number of parties 
involved in the co-digestion chain hinders enforcement. Next, numerous laws and regulations 
apply on planning, construction and operational use of co-digestion plants. Lastly the fragmented 
organisation of the inspection and limited powers of inspectors hinders enforcement.  
 

 
 

Figure 3: Input to co-digestion installations as manure (left figure) and organic residues (right figure) in The Netherlands. 

 (Source: Statistics Netherlands, The Hague). 

4. Conclusion and outlook 

Co-digestion of manures with co-digestion materials contributes to renewable energy generation, 
reduction in greenhouse gas emissions and recycling of organic wastes, but the contributions to 
the totals are relatively small in the Netherlands. Co-digestion is without subsidies not economic 
feasible currently. When authorised co-digestion materials are used and the rules and regulations 
are complied with, the risks of environmental pollution due to the use of the digestate as a fertiliser 
are limited. Without sufficient inspection and enforcement, there is a risk of non-authorized and 
possibly hazardous wastes being mixed in during co-digestion of manure. There is a need for 
more efficient enforcement and controls, better communication and education to decrease risks 
related to co-digestion for humans, animals, crops and environment and to increase the ac-
ceptance by the society. 
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1. Objectives 

To deal with the global challenges of limited fossil resources, climate change and environmental 
pollution bio-economy has been identified globally as a strategic development goal. In this regard, 
many industrial countries and regions have set very ambiguous targets: e.g. within the EU 25 to 
30% of all chemicals and other industrial products should be bio-based by 2030. To this end, new 
concepts of bioproduction are desperately needed. This work presents a new perspective for a 
sustainable bio-economy [1].   

2. Methodology 

The major limitations of present bioproduction systems are analyzed, especially regarding sub-
strate availability, product yield and processing costs. Against these background and facts a new 
strategy toward a sustainable and feasible bio-economy is proposed which takes advantages of 
the latest developments in biology, renewable energy technologies and electro-biotechnology. 
The components of the strategy are discussed in more details, especially regarding the resources 
and technologies. 
Results (Note: The major text and materials are taken from Zeng and Kaltschmitt [1] with slight 
modification). 
   
The following facts are of particular importance in developing a sustainable bioproduction system 
for bio-economy:  
 
 CO2 as the final product of each use cascade of organic material could basically be recycled 

into products following the example of nature and could thus be used as a carbon source, 
 electrical energy from renewable sources (like wind or solar) is available already at low costs; 

due to the fluctuating characteristic of the wind speed and solar radiation this green electricity 
is available to a certain extend as a surplus when high shares of such energy sources are 
used within the electricity supply system and no large scale storage systems are technically 
available at low costs, and  

 organic waste material from agri-, horti- and aquaculture, from households and from industry 
can often be used most efficiently by anaerobic fermentation providing bio-methane which 
could be used easily and highly efficient within the existing energy system. Adding the fact 
that methane from fossil sources (i.e. natural gas) is a widely used feedstock, a so-called “Me-
thane Bio-engineering” is emerging [2].  
 

We therefore propose the concept E&G2C with the central idea to first convert organic wastes into 
a widely usable product – biogas (CO2 +CH4) – which is then used as a clean and uniform sub-
strate for the synthesis of bulk-chemicals and/or fuels, especially by using green electricity from 
wind and solar (Fig.1).  
The different components of this concept are briefly outlined below. 

 
 Biogas production from organic (waste) material has made significant progress in recent 

years. In Germany, for example, nearly 8000 biogas plants are under operation, producing 
more than 8 x109 m³ of biomethane as well as roughly the same amount of "green" carbon di-
oxide per year [3]. This biochemical process for the efficient conversion of organic waste frac-
tions into biogas is probably the most sustainable one to transform biomass into a widely use-
able intermediate product due to several reasons.  

o First, it can use basically all kinds of organic (waste) materials (with the exception of 
lignin) and convert them into CO2 and CH4. Because only a part of carbon, oxygen 
and hydrogen is removed from the feedstock by this biochemical process, the macro- 
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and micronutrients can easily be recycled back to nature; thus a significant contribu-
tion in closing nutrient and humus cycles can be achieved. 

o Second, mixed microorganisms are used for bioconversion under non-sterile condi-
tions, leading to much reduced investment and operation costs compared to mono-
culture and mono-septic conditions usually needed for bioproduction. This technology 
allows for on-site and decentralized production in rural areas.  

o Third, the gaseous product can easily be transported via the existing natural gas grid 
well developed at least in most parts of Europe. This allows it to link a decentralized 
biogas production – necessary due the low area specific energy density of e.g. bio-
mass waste streams as well as the desired recirculation of the digested substrate 
within the natural material cycles. Thus, the existing and already amortized infrastruc-
ture can be used and a smooth transfer from the fossil economy to bio-economy is 
possible.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The concept of electricity and biowastes via biogas to bulk-chemicals (E&G2C) [1]: organic wastes are  

converted into biogas which is used together with "green" electricity as a basis for the biosynthesis of bulk-
chemicals and fuels; the bio-electrochemical synthesis is the key technology to be developed. 

 

 Electricity generation, especially from wind power and solar radiation, has gained more and 
more importance in recent years. For example, in Germany close to 30 and 50 TWh (Tera 
Watt hour) have been produced from photovoltaic systems and wind mills in 2013, respective-
ly [3]. The costs for them have been dramatically reduced during the last decade; in German 
wind electricity can be provided onshore at reasonable sites with ca. 0.06 €/kWh and PV at 
roughly 0.10 €/kWh. Due to this price drop and the efforts to reduce GHG emissions it is most 
likely that the electricity generation from these renewable sources will be expanded consider-
ably in the years to come – and not only in Germany with its "Energiewende". Due to the 
strong fluctuations of wind and solar radiation as well as the varying demand within the elec-
tricity grid it becomes more likely that electricity exceeding the simultaneous electricity de-
mand, especially with most likely increasing shares of electricity from wind and solar energy 
within the grid. This is especially true because cheap storage facilities on a large scale are 
hardly available (exception: pumped storage power station). Thus the probability for the occur-



Oral   TD The bioresource challenge 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

467 

 

 

rence of a so called "surplus energy" increases. It is expected that cheap "green" electricity 
will be available in the years to come with increasing shares [4]. 
   

 Biogas consisting of CH4 and CO2 is an ideal starting material for biosynthesis. In fact, syn-
thesis of chemicals using either CO2 or CH4 alone has shown to face many obstacles:  
o CO2 is too oxidized and contains basically no energy for chemical or bio-chemical synthe-

sis. Here hydrogen atoms have to be incorporated into the molecule both for energy and 
as an elementary component of the products (e.g. through hydrogenation).  

o CH4 is a strongly reduced compound. The incorporation of oxygen atoms (in form of O2, 
H2O or CO2) is necessary since most of the bulk-chemicals and liquid fuels of interest are 
so-called oxygenates.  
 

Thus the use of a mixture of CO2 and CH4 as found in biogas as starting material for 
(bio)synthesis can principally overcome the shortcomings mentioned above and represents prob-
ably the most economic and ecological way to use biogas.  
 
 The use of electricity for biosynthesis has received increasing attention recently [5] because it 

can help to overcome some of the major limitations of present bio-production processes [6]. 
Product yield from substrate is a key parameter for an efficient bioproduction process. How-
ever, about 40 to 50 % of the substrate (e.g. carbohydrates) are used for energy metabolism 
and biomass formation in typical fermentation processes, limiting the product yield mostly to 
less than 50 to 60 % (by weight). Here a major factor limiting the product yield is often the 
provision and regeneration of reducing power (in form of nicotine adenine dinucleotides, also 
called coenzyme or simply cofactor NADH). In this respect the use of electricity for energy and 
cofactor supply can greatly improve the product yield. It can also strongly reduce the produc-
tion of byproducts found in typical fermentation processes. The latter point can help to reduce 
the costs of energy intensive downstream processing for product recovery and purification. 
 
 

The E&G2C concept is open for the feed-in of additional CO2-streams e.g. from the combustion 
and/or gasification of solid biomass. Additionally also electricity from other renewable sources of 
energy can be used easily. Besides this, if land is available, also energy crops (like maize silage) 
can be used as a feedstock for biogas provision. Last but not least, the bulk-chemicals produced 
can be either directly used as high energy density fuels (e.g. n-butanol and iso-butanol) or further 
processed with biotechnological methods to more complex molecules to provide more valuable 
products. Beside this, these bulk- chemicals can also easily be converted to high-value biofuels 
(e.g. jet fuels) ready to be used within the globally still fast growing transportation sector. 
  
Within a transition period till such a concept has been implemented on a large scale it is also well 
compatible with the existing energy system on fossil fuel energy as well as the (bio-) chemical 
industry. From a purely chemical point of view the composition of natural gas and flue gas from 
coal fired power plants are quite similar to biogas. The existing infrastructure developed in recent 
years for the production, provision and conversion of fossil fuels could be a valuable add-on; i.e. it 
could be used also with the concept E&G2C. 
 
In the work of Zeng and Kaltschmitt [1] possible technological routes for the realization of the con-
cept are assessed, especially regarding electrobioconversion of biogas to bulk chemicals [Fig.2]. 
They will be illustrated in this presentation in more details. 
Bioelectric processes at anode have been intensively studied in the past for the generation of 
electricity using microbial fuel cells (MFC). In the contrary, bioprocesses at the anode have been 
rarely explored for the purpose of biosynthesis. Nevertheless, the knowledge from studies of MFC  
is  helpful for developing microbial electrosynthesis processes; e.g. materials and design of elec-
trodes and reactor systems developed for MFC could be directly adapted for bio-electrochemical 
systems. In this integrated concept of electric bioconversion of biogas the anode can be used for 
the oxidation of water, which results in molecular O2; the latter can then be used to oxidize CH4.  
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Figure 2: Principle of a bio-electrochemical system and a possible concept for an integrated electromicrobial conversion  
of biogas into chemicals [1]. 

 
Bioelectric processes at cathode are of particular interest for electro-biosynthesis because they 
can supply electrons which are required in many biosynthesis processes. This is especially true 
for chemicals or fuels with high energy content. For example, several investigations have demon-
strated the successful reduction of CO2 at cathode. Li et al. [7] showed a direct formation of for-
mate from CO2 on the cathode which is then converted to isobutanol or 3-methly-1-butanol by an 
engineered Rastonia eutropha. 

3. Conclusion  

The concept E&G2C has the potential to overcome major limitations of known bioproduction sys-
tems. Biogas as a substrate of biosynthesis has many unique advantages including sustainability, 
efficiency and flexibility. And the use of electricity for biosynthesis with biogas represents an ideal 
system for efficient bio-electrochemical conversion. The realization of the concept can significantly 
contribute to the development of more sustainable integrated solutions for handling agro-industrial 
residues and for providing opportunities for rural-industry symbiosis.      
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1. Objectives 

Renewable resources can be utilized directly, e.g. as energy carriers, as packaging materials, as 
fibres, for the production of colouring agents or as lubricants. However, they can also be convert-
ed biotechnologically by enzymes and microorganisms, giving us access to a multitude of bio-
compatible products and possible uses. The carbon sources from agricultural feedstocks and 
residues can be utilized by a lot of microorganisms, e.g. lactic acid bacteria (LAB) to produce lactic 
acid (LA). Lactic acid, its salts and esters have a wide range of potential uses and are extensively 
used in diverse fields.  
Besides the quantity and availability of raw materials together with their properties and quality the 
feedstock costs are very important for the production of bulk chemicals like lactic acid. The goal is 
to develop a fermentation process based on the substitution of expensive substrates (e.g. sugar 
and starch based primary crops, which are also critical in view of the competition debate with food 
and feed) as well as nutrient supplements (e.g. yeast extract, peptones) by cheaper materials 
from renewable resources due to their main proportion of the whole process costs.  
The global lactic acid demand was estimated to be 714.2 kilo tons in 2013, which is expected to 
reach 1,960.1 kilo tons by 2020, growing at a compound annual growth rate of 15.5 % from 2014 
to 2020 [1]. Growth in demand for LA and its salts and esters in industrial applications will be driv-
en mainly by LA-based biodegradable polymers like polylactic acid (PLA) and, to a lesser degree, 
lactate solvents [2, 3]. 

2. Methodology 

Renewable feedstocks (crops, lignocellulosics, green biomass, residues etc.) are already being 
used as raw materials for the production of bio-based products. However, these feedstocks can-
not be used normally for fermentation directly because the fermentable sugars are bound in the 
structure especially as cellulose and several types of hemicelluloses. They have to undergo a pre-
treatment to release these sugar components. 
The value of (agri/food) residues as carbon and/or nutrient source depends on their specific con-
tents of cellulose, hemicellulose, lignin, starch, protein and minerals. The contents can vary be-
tween different crops and a screening prior to fermentations is recommended. Table 1 gives an 
overview of different residues and their compositions.  

Table 1: Composition of representative lignocellulosic feedstocks, adapted from [4] 

Feedstock Cellulose Hemicellulose Lignin 

 Carbohydrate composition (% DM) 

Barley straw  36-43 24-33 6,3-9,8 

Banana waste 13 15 14 

Corn stover 35.1-39.5 20.7-24.6 11.0-19.1 

Coffee pulp 33.7-36.9 44.2-47.5 15.6-19.1 

Rice husk 28.7-35.6 11.7-29.3 15.4-20.0 

Wheat bran 10.5-14.8 35.5-39.2 8.3-12.5 

Sugarcane bagasse 25-45 28-32 15-25 

Grasses 25-40 25-50 10-30 

DM-dry matter 
 
Food waste consists of 30-60% carbohydrates, 5-10% proteins and 10-40% (w/w) lipids, and to a 
lesser extent of polyphosphates [5]. Carbohydrates, proteins and polyphosphates can be convert-
ed by biological and/or chemical methods into sugars, amino acids and phosphate, respectively. 
The recovered nutrients can then be used as feed for microorganisms in biotechnological pro-
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cesses. It should be emphasized here, that the metabolic versatility of microbes enables the pro-
duction of a wide range of products from bio-plastic to bio-fuel (Figure 1). 

 
Figure 1: Integration of food waste treatment in biotechnological processes for the production of various bio-based  

products. 

 
Cellulose, hemicellulose, lignin, proteins and phosphorus containing compounds in agricultural 
residues are mostly arranged in recalcitrant structures. That structure needs to be broken-up by a 
pre-treatment in order to make carbon, nitrogen and phosphorus compounds accessible to mi-
crobes. The pre-treatment includes the hydrolytic conversion of cellulose, hemicelluloses, proteins 
and phosphorus compounds into utilizable nutrients (e. g. pentose and hexose sugars, amino 
acids and phosphate) by chemical (acidic), biological and/or enzymatic methods. Pre-treatment 
methods are energy-intensive and the selection of an efficient method is crucial for the overall 
economy of a biotechnological process [6]. 

3. Results and discussion 

Agricultural residues can be used to obtain sugar solutions that may be usefully exploited for the 
production of lactic acid through the following steps: a) pre-treatment, to break down the lignocel-
lulosic structure, b) enzymatic hydrolysis, to depolymerize lignocellulose to fermentative sugars, c) 
sugar fermentation to lactic acid by lactic acid bacteria and d) separation and purification of lactic 
acid [7]. In this context different fermentation regimes were tested for the development of an inno-
vative and environmental benign lactic acid production. 
According to the difficulties mentioned in the mobilization of fermentable sugars a range of other, 
easy accessible substrates are suitable for subsequent fermentation processes (such as residues 
from fruit and vegetable processing, by-products from starch and sugar factories or from the bak-
ing industry). In the following, two examples are given for the use of different (agri/food) residues 
for lactic acid production via several process regimes and/or microorganisms. 

3.1 Example: Green biomass 

“Green Biorefinery” concepts facilitate the multiple use of fresh green biomass [8]. Originally, 
grass press juice was a residue from green fodder pellet production, but after identification of its 
valuable components, a number of approaches for its industrial utilization were developed. For 
that purpose fresh green material was pressed to separate the juice and the cake. 
Generally, the grass press juices contain a variety of nitrogen compounds and inorganic salts, and 
can act as a substitute for synthetic nutrients in already existing processes. For instance, the Fig-
ure 2 shows the more efficient sugar consumption (in blue color) as well as the product formation 
(in red color) when grass press juices are used as nutrient sources. 
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Figure 2: Typical time course of a batch lactic acid fermentation supplemented by 

conventional nutrients, and green juice as an alternative source (synthetic 
nutrients: open symbols; alfalfa green juice: solid symbols). 

 
Another set of experiments performed with grass press juice from different harvesting sites in 
Germany revealed a maximum volumetric lactic acid productivity of 2.5 g L-1 h-1 and a yield of 
0.66. It could further be shown that the composition of the fermentation broth (i.e. nitrogen con-
tent) has a strong impact on the product formation and sugar consumption [9]. Generally, the 
higher the concentration of nitrogen compounds in green press juice, the better the microbial per-
formance.  

3.2 Example: Bakery waste 

Carbohydrates like starch, which is the main constituent of the bread dry weight, are preferably 
used as substrates/nutrients for several biotechnological (fermentation) processes. As part of a 
European project (BREAD4PLA) [10, http://www.bread4pla-life.eu/index.php] we have been car-
ried out different analytical methods for the estimation of parameters which are basically charac-
teristic in terms of the further use as main substrate for lactic acid fermentation processes. 
In order to scale-up the lactic acid fermentation production two representative waste bread sam-
ples cake (sugar containing) and crust (starch containing) were processed in bioreactors up to 
bench-scale 75-L-vessel and pilot-scale between 450 and 1000 L, respectively. 
 

  

Figure 3: Comparison of the product formation (lactate) and substrate consumption (starch & sugars) for sugar contain-
ing bread and crust bread residues in 75-L-Bioreactor. 
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The figure 3 shows a summary of the results for the bench-scale bioreactor. From these data the 
crust bread seems to reach a better performance than the sugar bread with respect to the lactate 
formation and the utilization of the containing carbohydrates (starch and sugars). However, for the 
final evaluation of the best bakery waste feedstock it will be necessary to calculate the costs of the 
overall process (including downstream processing) including the enzymes and additional nutrients 
(e.g. yeast extract) together with the needs for the product quality (impurities) at the end. Lactic 
acid bacteria need besides the carbon source also a source of nitrogen and other nutrients, and a 
phosphorus source [10]. 
The viability of the production of lactic acid from bakery and pastry wastes has been demonstrated 
from laboratory up to pilot scale including the entire value chain starting from the raw material and 
resulting with a polymer-grade product (LA). According to the characterization of different waste 
bread samples a series of experimental trials have been carried out in order to convert the con-
taining carbohydrates directly and/or after enzymatic hydrolysis. As a result of the achievements 
so far the optimization of pre-treatment, hydrolysis, fermentation, and downstream processing 
steps in parallel together with the screening of other LA producing bacteria have been performed. 

4. Conclusion and outlook 

New strains with new properties alone will not lead to more efficient production of LA, but only in 
interaction with new raw materials, progress in fermentation technology as well as downstream 
processing development. Because of the relatively low price of LA, one of the major challenges in 
its large-scale fermentative production is the cost of the raw material. Lactic acid can be produced 
from a wide spectrum of carbon sources including starchy materials, many food industry by-
products (e.g. molasses, whey, fruit and vegetable residuals), agro-industrial residues and by-
products (e.g. lignocellulose hydrolysates, corn stalks, bagasse) and various other renewable 
resources. Together with the need of low-cost carbon, there is an additional demand of suitable 
supplements, which should not cause additional costs and problems in view of impurities. There-
fore, the kind of nutrients as well as the optimization of their concentration is essential. It is likely 
that one of the future trends in lactic acid production will end up in mixtures of different low-cost 
raw materials in order to avoid the use of expensive complex supplements [11]. 
The entire processing chain has been implemented: from the feedstock, the pre-
treatment/hydrolysis for releasing C5 and C6 sugars, the fermentation to lactic acid and the down-
stream processing of fermentation broth to generate marketable lactic acid of high enantiopurity 
and quality. Exploitation of L(+)- and D(-) lactic acid for the production of biopolymers is one of the 
recent applications. 
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1. Objective 

Bio-resources are a-typical goods from an economic point of view. Economics distinguishes be-
tween private and public goods and suggests markets and hierarchies as best fitting coordination 
mechanisms, respectively (Williamson (1985). However, given their discussed/contested nature, 
bio-resources can also be considered as common pool resource (Ostrom, 2005) with self-
governance as mode of coordination. But self-governance is not an easy task given the numerous 
societal twists and debates on bio-resource utilization projects. The paper contributes to our 
knowledge of mitigating contested bio-resource utilization in practice. 

2. Methodology 

The paper is basically theoretical in focus. Drawing on institutional economic literature and the 
literature on bio-resource utilization, the paper explores the nature of bio-resources as an eco-
nomic good and modes of coordination for their adequate application. Drawing on the IAD frame-
work of Elinor Ostrom, the analysis concentrates on bio-resources as a common pool resource (a 
commons problem). The analysis examines the ways suggested by the IAD framework to cope 
with property, value and interest conflicts. The argument will be illustrated during the conference 
presentation of the paper.   

3. Results and discussion 

3.1 Bioresources as a discussed/contested resource 
Bioresources are discussed/contested because of their alternative applications. They are resource 
for food and for many other purposes, products and services. The production of bioresources also 
competes for limited fertile land. Not only primary, but also secondary (organic residues) and ter-
tiary bioresources are wanted for products and services and for that reason there is also competi-
tion for them, too (eseia, 2014). Adequate coordination is therefore needed if bioresources are to 
be used effectively and in a societally acceptable manner in a biobased economy. One approach 
to coordination is to cascade bioresources from high to low value applications: a type of coordina-
tion based on the physical and chemical properties of the material combined with the economic 
value of bioresources. Such an approach, however, does not account for the specificity of biore-
sources as an economic good. Based on the criteria of access and excludability, an economic 
good can be classified as private or public. Private goods are excludable, public goods are not 
and for that reason public goods are provided by the state and are accessible to all. However, 
bioresources of all generations (first, second, third) actually do not fit in this economic classifica-
tion scheme because bioresources incorporate collective values, which are neglected in the eco-
nomic process. The trees in a privately owned production forest are considered to be a private 
good, because they are privately owned and can be exchanged in bilateral private transactions. 
However, for the inhabitants of the nearby village, the trees and the forest provide them with a 
high quality landscape, which can be considered a collective or social value. The production of 
biogas by manure digestion is another example. In the Netherlands in particular, manure digestion 
is a highly contested option for processing the huge manure surplus in the Dutch agricultural sys-
tem. For the farmer, the biogas installation is an economic necessity for the continuation of his 
business. The installation and products can be privately exchanged, but the biogas option encoun-
ters massive societal resistance grounded in a mixture of motives and reasons, which are quite 
often grounded in contested values (Upreti, 2004).  
Simple as these examples are, they illustrate the value conflicts incorporated in the application of 
bioresources. Our expectation is that these value conflicts will be reinforced as the biobased 
economy and the circular economy develop. We argue that the core solution of the market-based 
economy, legal protection of private property rights, is too limited to cope with contest and rivalry 
for bioresource applications incorporating conflicts between private social, community and societal 
values, such as sustainability, landscape quality, etc. We argue that there is a need for new types 
of coordination and regulation beyond the distinction between private and public goods, because 
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bioresources do not fit this classification. In the remainder of this paper we argue that considering 
bioresources as a common pool resources could help to find ways to mitigate the transactional 
value conflicts incorporated in bioresources.   

3.2 Bioresources as a common pool resource 

Ostrom (2005) suggested a useful classification of economic goods, which permits a good posi-
tioning of bioresources. See figure 1. 
 

 
Figure 1: Four types of economic goods (source Ostrom 2005). 

 
Based on the criteria of excludability and rivalry of use, Ostrom distinguishes between four types 
of economic goods. This adds to the distinction between private and public goods two lesser 
known types. Club, or toll goods, can be considered as private goods of a group of people. Entry 
into this group is by becoming a member or being invited as a member. The fourth type is the 
common pool resource, the type of economic good that is most interesting for positioning biore-
sources. Common pool resources are goods for which there is great rivalry for their usage, 
whereas at the same time it is very difficult to exclude potential users. This type of economic good 
represents the famous “tragedy of the commons”, stating that if each person acts rationally we 
shall all end up ruined.2 Common pool resources typically represent goods for which individual 
rationality is highly competitive for optimum solutions at the collective level. In a way this is also 
the case with bioresources. The above examples show that the individually optimum solution, with 
private citizens owning the wood’s owner and the biogas producer, can be perceived as a private 
gain on account of collective values like quality of the landscape, quality of the living environment 
in the countryside, or sustainability. Ostrom’s work on the sustainable management of common 
pool resources can be an inspiration to find ways to deal with the value conflicts incorporated in 
bioresources.  

3.3 Tailor made local coordination of bioresources 

Ostrom, in collaboration with many scholars, has devoted her academic life to an empirical study 
of how people deal with the commons problems in local settings (Ostrom, 2005). Her starting point 
was the idea that there are more types of coordination than market and hierarchy (government 
control), and the idea of polycentricism, which refers to many centers of decision making in a cer-
tain area or sector, all formally independent of each other (Ostrom 2010, p. 643). Both points are 
also highly relevant to bioresources. Many different actors are involved with bioresources. In many 
cases they have no formal (contractual) relationships, meaning that there are many decision mak-
ing units. Ostrom took this idea of polycentrism as a positive point and started investigating how 
people succeed or fail to derive sustainable solutions in the management of the common pool 
resource. She studied fishery communities to discover their solutions to balancing the private in-
terest of the fisherman and the risk of overfishing (the collective good). She did the same for 
farmer communities to study their solutions in the management of irrigation. Numerous empirical 
studies were conducted in this way (Ostrom, 2005).  
She processed her own and others’ numerous empirical studies into an economics-oriented insti-
tutional framework (Ostrom 2005), called the Institutional Development Framework (IAD). See 
figure 2. 
 

                                                           
2
 Ostrom’s reference in the CPR work is Hardin’s conclusion on the tragedy of the commons: “Each man is locked into a system 

that compels him to increase his herd without limit – in a world that is limited. Ruin is the destination towards which all men rush, 

each pursuing his own interest in a society that believes in the freedom of the commons” (Hardin, 1968, p. 1244) 
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Figure 2: Institutional Development Framework of Elinor Ostrom (source Ostrom 2005) 
 
We argue that this framework can be a guide to coordinating private and collective values in the 
biobased economy. Due to their features (low density and humidity), bioresources should be dealt 
with in local settings. Therefore, the local setting acts as an action situation, which– according to 
Ostrom – is conditioned by three sets of external variables: 1) The biophysical conditions, the local 
bioresource condition (wood, organic agricultural waste and industrial sectors), 2) the attributes of 
communities, which refers to specificities of tradition, culture and the social capital of the local 
community, and 3) “rules in use”, a crucial part of the framework, the entrance point for making 
workable, balanced and sustainable local arrangements for the production, processing and appli-
cation of bioresources.  
The coordination of bioresources requires the development of new institutional arrangements able 
to balance the sustainable usage of bioresources, balanced local interests, and economically prof-
itable transactions and outcomes. There are already institutionalized criteria of international organ-
izations and national authorities for sustainable usage. For economically profitable transitions and 
outcomes we also have institutionalized economic standards and criteria. The basic mechanisms 
here are property and use rights of private goods and the contractual arrangements for their ex-
change (Fuchs 2003). The problem of balancing the values is more difficult because of the differ-
ent perceptions of and engagements in bioresources. Here the societal or sustainability value of 
the bioresources is at stake, which is hard to quantify or to evaluate in a transactional relation-
ship.3 Markets and hierarchies cannot deal with these rival value positions, because both types of 
coordination optimize private and public values, respectively, each at the other’s account. So, to 
balance a mixture of private and collective value interests, we still need to develop workable insti-
tutions. We argue that Ostrom’s IAD framework can be an inspiration because it stresses the ar-
rangement of two important ingredients: process of decision making and content of decision mak-
ing. Incorporating the process arrangement is crucial because of procedural fairness, which hap-
pens to be a crucial factor in, for instance, the acceptance of innovative technologies (Huijts, 
2013).  
 
A contractual arrangement for local bioresource application could develop in four major steps.  

 Confrontationμ Explication of “what do I want”. All participants unconditionally explain their 
core values and interests. This will bring the value conflicts to the table. Participants also 
commit to finding and reaching an agreement and arrangement together.   

 Identification: Discussing, finding and agreeing common ground: What do we want to achieve 
in this local setting, and in what way? 

 Process arrangement: Deciding an arrangement with rules on process and content. Rules are 
binding on the participants and need to be congruent with the legal jurisdiction.  

 Content arrangement: Following the process arrangement, participants start working towards 
a commonly accepted outcome.  

 
 
 

                                                           
3 Attempts have been made to evaluate societal values, but this is controversial. 
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The process arrangement step aims at an arrangement concerning how the participants are going 
to work together to find a commonly acceptable outcome. The process arrangement can be de-
signed according to the following set of rules (Ostrom 2005): 
 

1. Position rules (who takes part) 
2. Boundary rules (entry and exit rules) 
3. Scope rules (what type of outcome is at stake) 
4. Authority rules ( Who does what) 
5. Aggregation rules (how to make decisions) 
6. Information rules (how to communicate) 
7. Pay-off rules (division of costs and benefits) 

 
Ostrom considers these rules as the meta-language for institutional analysis, meaning that in real 
life, each rule type may have several empirical manifestations. But the rule types can also be used 
to design new institutional arrangements for balancing private and collective interests in the appli-
cation of bioresources. The conference presentation will illustrate the rule-based framework with 
manure digestion and wood incineration examples.  

4. Conclusion  

Value and interest conflicts quite often frustrate the implementation of bio-resource utilization pro-
jects. Considering bio-resources as a common pool resource opens new perspectives to cope 
with such conflicts. The paper explains how the common pool perspective could add to the resolu-
tion of value conflicts in bioresource application. Part of the solution is to set up decision making 
about rules and procedures (the process) part of the coordination of bioresource utilization in local 
settings.  
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1. Objectives  

Recovery of biogas from organic residues is an acknowledged cost-effective mitigation technology 
for greenhouse gases [1]. Although agricultural residues have been widely studied [1,2], grass 
residues received little attention, remaining generally underutilized throughout Europe. The aim of 
this study is to assess the environmental consequences related to diverse uses of this substrate. 

2. Methodology 

A consequential life cycle assessment (LCA) was carried out for five management scenarios of 
meadow grass from natural areas, otherwise left un-harvested (reference management): 
 
 Scenario 1 - biogas: The harvested grass is co-digested with 30% pig slurry; the digestate is 

stored and applied on farmland as a source of fertilizer and the biogas is used for combined 
heat and power (CHP) production, thereby avoiding marginal fertilizers, heat and electricity to 
be produced. Sensitivity analyses: (a) with extrusion pre-treatment for the grass (in which case 
the mixture becomes 50% slurry, 50% grass); (b) with extrusion, but only 1% slurry input (re-
flecting mono-digestion; the slurry input was considered necessary to ensure a stable digestion 
process). If not co-digested with the grass, it is considered that pig slurry would have otherwise 
been managed conventionally, i.e. stored and applied on land without any additional treatment, 
as described in [1]. 

 Scenario 2 - composting: The harvested grass is composted along with 15% wood chips in 
order to obtain a quality compost (open windrow composting), subsequently applied on house-
hold gardens. This compost does not replace mineral fertilizers; it was considered that without 
this (often free) compost, a lower yield for home gardens would simply be accepted. If not used 
for compost, the wood chips would have been used for CHP, thus avoiding marginal heat and 
electricity production.  

 Scenario 3 – animal feeding: The harvested grass is used as animal feed, based on its protein 
and carbohydrate content. This involves that the grass replaces part of the protein and carbo-
hydrate crops needed for animal feed. This scenario includes the indirect land use changes 
avoided as grass substitutes for wheat (marginal carbohydrate crop) and soy meal (marginal 
protein crop). 

 Scenario 4 – integrated generation of solid fuel and biogas (IFBB): The harvested grass is here 
washed, stirred, heated and finally pressed where it is separated into two fractions: a liquid 
used for biogas production (co-digestion with straw) and a solid from which solid fuel pellets 
are produced (85% DM), as further described in [3]. Both the biogas and pellets are used for 
CHP. If not co-digested with the liquid fraction from the IFBB process, it is considered that 
straw would have been left on land and ploughed down. 

 Scenario 5 – green biorefinery: The harvested grass is pressed, but the solid is here used for 
co-digestion with pig slurry, while the liquid is further processed (steam coagulation and de-
cantation) to produce a protein-rich cake used for animal feed. As in scenario 3, indirect land 
use changes are included in this scenario.  

 
All input and output flows were related to a functional unit being the management of one tonne of 
residual grass (meadow grass from natural areas). The geographical scope considered was 
Denmark, i.e. the data inventory for grass, manure management, straw and the applicable legisla-
tion were based on the Danish context. The life cycle impact assessment was carried out accord-
ing to the EDIP 2003 methodology [4]. Background (or generic) LCA data were based on the 
Ecoinvent v.3 database, and the LCA was facilitated with the LCA software SimaPro 8. The key 
life cycle inventory (LCI) parameters considered in the LCA model are presented in Table 1. 
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Table 1: Key Life Cycle Inventory (LCI) parameters considered in the Life Cycle Assessment. 

Parameter Scenarios Values and description Reference 

Anaerobic digestion 1-4-5 Two-steps mesophilic digestion; input mixture reaching 10% 
DM after the first digestion step; Fugitive losses, heat and 

electricity input, biogas composition and heating value mod-
eled as in [1] 

[1] 

Pig slurry composition 
(ex-housing), BMP & 

LCI 

1-5 Per tonne slurry: 69 kg DM; 5.3 kg N; 1.2 kg P; 2.9 kg K; 34 kg 
C; 55 kg VS 

BMP: 320 Nm3 CH4 per t VS 
Reference manure management: LCI as in [1] 

[1] 

Grass composition 
(freshly harvested) & 

BMP 

1-2-3-4-5 Per tonne grass: 180 kg DM; 1.6 kg N; 0.6 kg P; 5.3 kg K; 72 
kg C; 160 kg VS; 

BMP, fresh grass: 302 Nm3 CH4 per t VS  
BMP, extruded grass: 410 Nm3 CH4 per t VS 

[5] 

 

[6,7] 

Straw composition, 
BMP & LCI 

4 Per tonne straw: 850 kg DM; 4.5 kg N; 0.8 kg P; 13 kg K; 380 
kg C; 810 kg VS; 

BMP, straw: 195 Nm3 CH4 per t VS 
Reference straw management: ploughing, LCI as in [1] 

[1] 

Wood chips compositi-
on 

2 Per tonne wood chips: 850 kg DM; 1.7 kg N; 1.4 kg P; 13 kg K; 
420 kg C; 680 kg VS; 

Reference wood chips management: LCI as in [1] 

[1,8] 

Grass silage process 1-4-5 Modeled as the straw scenario in [1], but considering DM 
losses of 4.3% over 2 months, and CO2 losses of 1.8% of the 

DM. 

[1,9,10] 

Marginal N, P and K 
fertilizers, electricity & 

heat (short-term) 

1-2-3-4-5 N: Calcium ammonium nitrate; P: Diammonium phosphate; K: 
Potassium chloride; Heat: Natural gas-based domestic boiler; 

Electricity: coal-fired power plant 

[1] 

Avoided on-site grass 
decay 

1-2-3-4-5 Modeled considering that: 
 100% of the grass C would have been emitted as CO2 

 The difference in C sequestration between mature (unman-
aged) grass and young (growing) grass corresponds to an 

avoided 5.5 kg CO2 per t harvested grass 

[11] 

CHP 1-2-4-5 Only 90% of the net heat produced can be used (seasonal 
variation in demand)  

Gas engine efficiency: 40% for electricity; 46% for heat 
Efficiency, wood chip and IFBB pellets combustion: 27% 

electricity; 63% heat 

[1] 

 

IFBB process 4 Modeled essentially based on the data in [3] [3] 

Composting process 2 Modeled as described in [1]. Total N loss during process: 8% 
of the initial N, of which 15% is emitted as N2O, 83% as NH3 
and the rest as N2. Total C loss: 56% of the initial C (2% as 

CH4, 0.3% as CO, the rest as CO2) 

[1] 

Digestate/compost 
storage and application 

1-2-4-5 Modeled as described in [1] [1] 

Indirect land use chan-
ges 

4-5 Modeled as described in [2] [2] 

DM-dry matter; N-Nitrogen; P-Phosphorus; K-Potassium; C-Carbon; VS-Volatile Solids; CO2-Carbon dioxide; CH4-
methane; CO- Carbon monoxide; N2O-Nitrous oxide; NH3-Ammonia: N2-Nitrogen gas. 

3. Results and discussion 

Except composting (660 kg CO2 eq. t-1 grass), all scenarios led to an improvement of the global 
warming potential (GWP100), in comparison to the no-harvest situation (Fig. 1). Compared to (ex-
truded) grass mono-digestion (-130 kg CO2 eq. t-1 grass; scenario 1b), the IFBB system allowed 
an additional 50% GWP100 reduction, while the biorefinery led to twice the savings, and the animal 
feeding scenario to more than four times the savings of mono-digestion. For the latter two, it re-
flects the benefits of using grass for protein substitution (here soybean meal), and thus of reducing 
the pressure on land in sensitive ecosystems.  
 
For all impact categories, composting led to increased environmental impacts, in comparison to 
the no-harvest situation (Table 2). This reflects the important loss of nitrogen (and particularly as 
N2O, having a GWP100 ca. 300 times the one of CO2) and carbon during the composting process. 
It also reflects the so-called lost alternative for the wood chips used during the composting pro-
cess (purple bar in Figure 1); if not used for composting, it was considered that these would have 
been used for CHP, and would thus have avoided fossil resources (coal and natural gas) to be 
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combusted. This involves that more fossil fuels are consumed in a scenario where grass is used 
for composting (compared to when grass is just left on land). Except composting, losses of nitro-
gen and phosphorus to freshwater were negligible for all scenarios. Acidification was increased for 
all scenarios but feeding, reflecting the production of ammonia during digestate handling. This, 
however, could be minimized through careful pH control. Similarly, the impact of the composting 
scenario on acidifying emissions could be improved by the use of a biofiler capturing the NH3 re-
leases (which could then be used as e.g. a fertilizer source).  
 

Table 2: Characterized net LCA results. All figures are expressed per functional unit (1 t freshly harvested meadow grass). 

Impact category Unit Sc. 1 Sc. 1a Sc. 1b Sc. 2 Sc. 3 Sc. 4 Sc. 5 

Global warming  
(100 y) kg CO2 eq. -110 -170 -130 660 -570 -200 -290 

Acidification m2 UES 1.9 11 12 110 -3.5 22 11 

N losses to freshwater kg N -0.013 -0.086 0.34 0.98 -0.32 0.32 -0.79 

P losses to freshwater kg P -0.0059 -0.0031 -0.0017 0.086 -0.022 0.0056 -0.013 

UES-unprotected ecosystems equivalent; Sc.-scenario 

 
Figure 1:  Breakdown of the LCA results for the Global Warming Potential (100 y). 
 
 
Figure 1 highlights the benefits, in terms of GWP100, of avoiding grass to decay on-site, and such 
benefits also applied for all other impact categories. An additional benefit of harvesting the grass, 
though not reflected in the LCA, is the enhanced biodiversity; by cutting and harvesting the grass, 
a new opportunity is created for other plant species to prosper. Figure 1 further reflects, as em-
phasized in previous studies (e.g. [1]), the tremendous environmental benefits of digesting manure 
instead of managing it conventionally; the scenarios triggering more manure to be digested thus 
lead to additional environmental benefits. Similarly, the scenarios triggering more electricity pro-
duction (1a, 4) led to important environmental benefits (Fig. 1).  
 
It is important to understand that the energy-related benefits shown in Fig.1 are directly related to 
the source of marginal energy avoided by the biogas or pellets produced. In a future extreme re-
newable energy context with a high share of fluctuating power (wind), the avoided energy would 
have GWP credits close to zero. However, biogas, being storable, would not displace continuous 
but flexible power [12], when not used for transport. As shown in [12], the marginal source of flexi-
ble power may come from biomass with potentially high environmental impacts. In such setting, 
producing pellets from the grass (scenario 4) appears less advantageous in comparison to biogas 
production, since these can only be used for continuous CHP production.  
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One important limitation of this study is that it was considered that 100% of the carbohydrate and 
protein value of the grass could substitute for marginal carbohydrate (wheat) and protein crop 
(soy), respectively. In reality, it is not the crude protein content that matters the most for animal 
feeding, but the quality of the protein in terms of amino acids. Further, the overall quality of the 
grass (contamination, etc.) may not meet the standards required to accept it 100% as a direct feed 
source (as assumed in scenario 3), so the benefits of scenario 3 may be slightly overestimated. 
Through this is not expected to change the overall ranking between scenarios, the model would 
benefit from refinements on these aspects.  

4. Conclusion and outlook  

In the context of a large-scale biogas deployment strategy, this study showed that it is more bene-
ficial, on an environmental perspective, to use residual grass as a substrate for biogas than leav-
ing it on land to decay. In fact, all management scenarios of residual grass, with the exception of 
composting, led to increased environmental benefits in comparison to today’s no-harvest situation, 
for all impact categories assessed. Alternatives allowing to recover a maximum of protein (animal 
feeding, green biorefinery) generated the greatest environmental benefits, essentially due to the 
avoided land use changes this creates. The green biorefinery concept, allowing to simultaneously 
recover substantial energy, protein and fertilizers, was shown as a promising avenue for manag-
ing residual grass. Future work quantifying the cost-effectiveness of these biogas and biorefinery 
strategies to manage residual grass would be particularly helpful to support future investment 
decisions.  
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1. Objectives 

This communication first aims at describing variations on food waste (FW) characteristics, in a 
general way and according to their localisation, collection source, season of collection and typolo-
gy. Then, a study of the link between these characteristics and FW degradability was performed. 

2. Methodology 

This study was performed following 2 steps: 
 
 Bibliographical compilation: A compilation of FW characteristics was made from 102 different 

samples, proposed in 70 studies extracted from scientific literature. A statistical study was per-
formed using Statgraphics Centurion XVI ® software. The Kruskal–Wallis test was used to de-
terminate the total variation of each FW characteristic. The Bonferroni correction was used to 
specify the categories that may generate the variations. The influence of FW characteristics 
mean values variation on the treatability through anaerobic digestion (AD) was commented 
based on literature observations. 

 Experimental determination: FW were collected from a large canteen (RIA), a vegetarian res-
taurant (VEG) and a sourced-separated household food waste (SMICTOM). SMICTOM is col-
lected once a week and some degradation of the waste might have already occurred before 
collection. 2 samples of each source were collected. A large characterisation in FW was per-
formed, as shown in Table 1. Anaerobic biodegradability was measured by Biochemical Me-
thane Potential (BMP) according to Standard methods. Aerobic biodegradability was meas-
ured at 40°C, with an air circulation of 70 L.h-1, as developed by Tremier et al. [1]. Finally, a 
study of correlations of the determined characteristics was performed using Pearson matrix. 

3. Results and discussion 

3.1 Bibliographical compilation 

Variation factors for FW characteristics: Compiled FW characteristics demonstrated to be highly 
variable as shown in Table 1. Only 2 characteristics may be considered as representatives to the 
whole FW: pH (5.1) and BMP (460 NLCH4.kgVS-1). These values can be used reasonably, what-
ever the type of FW, for process design or environmental assessment. Volatile solids (VS) showed 
a low coefficient of variation (CV) but did not follow a normal distribution. Thus it was not consid-
ered as representative. Neither of the other characteristics means values may be considered as 
representative. Thus causes of variations were searched for these characteristics. 
The characteristics with a CV higher than 33% were analysed with the Kruskal–Wallis test based 
on 3 categories of variation: continents of analysed FW, collection sources and season of collec-
tion. The category “continent” showed an impact in 3 characteristicsμ total solids (TS), total ammo-
nia nitrogen (TAN) and sodium content (Na); the category “collection source” impacts 6 character-
istics: TS, VS, cellulose (CEL), carbon content (C), oxygen content (O) and TAN; and the category 
“season” impacts 3 characteristics μC, nitrogen content (N) and carbon-to-nitrogen ratio (C/N). 
To perform the Bonferroni correction, subcategories were identified as followsμ the category “con-
tinents” were composed byμ Asia, North America (NA) and European Union (EU); “collection 
sources” byμ restaurant food waste (RFW), household food waste (HFW), FW mixed with green 
waste (FWGW), FW of large producers (FWLP) and organic fraction of municipal solid waste 
(OFMSW) and “season of collection” byμ summer and winter. No significant statistical differences 
were evidenced between the FW from RFW, HFW and FWLP. Therefore; OFMSW and FWGW 
show the largest impacts in characteristics, mainly because of impurities and GW content. Signifi-
cant differences were stated as follow: TAN and Na from Asia; TS from EU; VS, O and CEL from 
OFMSW; TS, C and TAN from FWGW; and C, N and C/N from winter and summer. However, the 
chosen categories explain the variations of only 9 of the 37 in the literature compilation, thus other 
studies might be necessary to clarify the origins of variations in the other characteristics. 
 

mailto:anne.tremier@irstea.fr
http://www.sciencedirect.com/science/article/pii/S0956053X1000187X#bib28


TD The bioresource challenge  Oral 

 

482 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

Table 1:  FW characteristics means, standard deviation in parenthesis. 
Characteristics Acronym / unit Literature  

compilation 
RIA VEG SMICTOM 

Physiochemical  x (σ) CV 
(%) 

x (σ) x (σ) x (σ) 

pH pH / - 5.1 (0.7) 13.7 5.2 (0.0) 5.9 (0.9) 4.7 (0.2) 
Porosity  ø / % - - 67.9 (5.9) 59.6 (10.5) 44.1 (13.1) 
Density  ρ / kg.l-1 - - 364.4 (63.0) 505.0 (18.3) 506.9 (37.0) 
Total solids  TS / g.kgWW-1 227.8 

(99.6) 43.7 310.1 (23.2) 200.9 (10.7) 337.4 (5.3) 

Volatile solids VS / g.kgTS-1 882.3 
(81.7) 9.3 940.1 (19.5) 842.5 (94.7) 856.0 (36.3) 

Total COD CODt / g.kgVS-1 1010.0 
(89.0) 44.8 1438.5 (72.1) 1796.4 (7.1) 1169.1 (37.1) 

Soluble COD CODs / g.kgVS-1 505.0 
(157.0) 31.1 301.2 (0.9) 507.6 (65.4) 199.9 (42.2) 

Biogas Biogas / NL.kgVS-

1 - - 763.8 (58.0) 858.3 (38.6) 653.1 (39.6) 

BMP BMP / 
NLCH4.kgVS-1 

460.0 
(87.6) 19.0 397.4 (31.6) 420.8 (42.0) 371.8 (27.0) 

Methane content CH4% / % - - 52.0 (0.2) 49.0 (2.7) 56.9 (0.7) 
Total Kjeldahl Nitrogen TNK / g.kgVS-1 18.1 

(14.6) 80.7 21.1 (0.6) 20.9 (5.2) 26.9 (3.0) 

Total Ammonia Nitrogen TAN / g.l-1 0.8 (1.0) 125.0 0.3 (0.1) 0.8 (0.2) 1.4 (0.2) 
Microbial population 

Bacteria - / copy number 
16S.g-1 - - 2.7E9 (3.0E8) 6.8E9 (6.3E9) 1.9E10 

(1.9E8a) 
Fungi - / copy number 

18S.g-1 - - 1.0E8 (2.4E7) 8.2E7 (6.8E7) 3.6E8 
(4.2E6a) 

Elementary       
Carbon C / %VS 51.5 

(8.5) 16.5 52.5 (0.3) 64.1 (0.7) 51.7 (2.0) 

Nitrogen N / %VS 3.1 (1.3) 41.9 2.3 (0.2) 2.4 (0.5) 3.0 (0.4) 
Oxygen O / %VS 37.6 

(7.6) 20.2 38.9 (1.3) 43.4 (3.6) 38.8 (3.3) 

Hydrogen H / %VS 7.9 (3.7) 46.8 6.7 (0.4) 7.3 (0.1) 7.5 (0.5) 
Sulphur S / %VS 0.4 (0.2) 50.0 0.2 (0.1) 0.2 (0.1) 0.2 (0.0) 
Carbon-to-nitrogen C/N / - 18.5 

(5.9) 31.9 22.4 (1.4) 26.4 (5.8) 17.4 (3.1) 

Biochemical 
Total Carbohydrates - / %VS 61.1 

(23.7) 38.8 69.7 (0.8) 68.5 (2.0) 64.3 (0.8) 

Proteins - / %VS 21.0 
(13.0) 61.9 13.0 (0.5) 12.7 (3.4) 15.9 (2.0) 

Fats - / %VS 15.4 
(8.0) 51.9 17.3 (0.3) 18.8 (1.4) 19.8 (1.2) 

Hemicellulose HEM / %VS 9.4 (5.0) 53.2 24.7 (15.6) 21.2 (4.9) 17.0 (1.8) 
Cellulose CEL / %VS 8.7 (8.2) 94.3 16.4 (0.7) 13.6 (7.4) 18.4 (2.9) 
Lignin LIG / %VS 6.6 (6.1) 92.4 11.0 (10.1) 15.3 (7.1) 4.9 (0.5) 

Micronutrients 
Chloride Cl- / g.kgVS-1 - - 6.2 (0.0) 9.3 (6.5) 4.6 (2.2) 
Nitrite NO2

- / mg.kgVS-1 - - 0.0 (0.0) 0.9 (0.7) 0.5 (0.3) 
Nitrate NO3

- / mg.kgVS-1 118.8 
(49.7) 41.8 7.3 (10.3) 396.8 (196.2) 11.3 (13.1) 

Sodium Na / g.kgVS-1 22.9 
(29.0) 126.6 7.1 (0.2) 9.8 (2.9) 4.1 (3.0) 

Potassium K / g.kgVS-1 13.6 
(7.0) 51.5 10.0 (1.0) 26.0 (3.0) 11.7 (11.1) 

Calcium Ca / g.kgVS-1 18.1 
(13.0) 71.8 3.3 (0.1) 3.9 (0.2) 3.4 (1.1) 

Magnesium Mg / g.kgVS-1 2.3 (2.0) 87.0 0.4 (0.0) 0.8 (0.2) 0.4 (0.5) 
Metals 

Iron  Fe / ppm TS 482.5 
(815.0) 168.9 - - - 

Molybdenum Mo / ppm TS 1.2 (1.1) 91.7 - - - 
Zinc Zn / ppm TS 86.6 

(110.3) 127.4 - - - 

Chromium Cr / ppm TS 27.7 
(71.4) 257.8 - - - 

Copper Cu / ppm TS 23.5 
(37.2) 158.3 - - - 

Nickel Ni / ppm TS 9.9 
(25.2) 254.5 - - - 

 
 

RIA-large canteen food waste; VEG-vegetarian restaurant food waste; SMICTOM-sourced-selected household food 
waste; WW-wet weight; COD-chemical oxygen demand; NL-normal litres (0°C, 1 atm); BMP-biochemical methane poten-
tial. a – max error 
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Consequences of FW characteristics variation on their treatability through anaerobic digestion: 
Regarding the general means, FW confirmed to be favourable for anaerobic digestion (AD). The 
VS (882.3±81.7 g.kgTS-1), the total chemical oxygen demand (CODt) (1010.0±89.0 g.kgVS-1) and 
BMP (460.0±87.6 NLCH4.kgVS-1) are higher than values expected for other traditional waste used 
in anaerobic digestion as cattle manure, sewage sludge and GW. However, special attention must 
be paid to pH, TAN and the carbohydrates contents to avoid process instability. pH value 
(5.1±0.7) is suitable to fermentative bacteria but is low compared to the optimal conditions of 
methanogen microorganisms (6.5 to 7.2). The TAN (0.8±1.0 g.l-1) is higher than the value consid-
ered as optimal, but it is not yet considered as inhibitory. The high carbohydrate contents 
(61.1±23.7 %VS) may be rapidly accumulation of volatile fatty acids (VFA), acidifying the reactor. 
Furthermore, the specific variations may induce some process instabilities. High TAN concentra-
tion in FWGW (2.6 g.l-1), is considered like inhibitory and might cause a 50% reduction in the me-
thane yield, even at low organic loading rate. Process instability caused by TAN often results in 
VFA accumulation, decreasing the pH. The high CEL from the OFMSW (25.2±0.0 %VS) might be 
degraded incompletely. According to Diaz et al. [2], the limited oxygen supply in the early hydroly-
sis step limits the hydrolysis of CEL, resulting in a production of methane during the first days but 
with an incomplete transformation. Finally, the C/N of FW collected during summer (13.6±4.7) is 
lower than the minimum advised for an accurate digestion process (15-20), and then nutritional 
deficits might be present. 

3.2 Experimental determination 

Experimental determinations show some significant differences with values from literature: Higher 
values for CODt on RIA, VEG and SMICTOM; CODs on RIA and SMICTOM; and hemicellulose 
(HEM), C and K on VEG and lowers values for NO3

- on RIA and SMICTOM and Ca on RIA, VEG 
and SMICTOM. 
The high experimental values of CODt and CODs showed that some FW have higher capacities 
of degradation but it also could mean that interferences in the calculation could have occurred. 
The high C and HEM content in VEG might be linked with their typology composition variations. 
The lower levels in Ca for RIA, VEG and SMICTOM might indicate that this measure was not per-
formed in the same way as in the literature compilation, or that a nutrient deficit was present. 
 
 
3.2.1 Typology influence in FW characteristics 

As concluded in the literature review, geographical origins, source of FW and seasons cannot 
explains all the characteristics variations. Thus in the experimental study, correlations between 
physicochemical, biochemical and typological composition were searched. 
To complete the bibliographical compilation data, a biochemical characterisation based on a modi-
fied Van Soest method was performed, as proposed by Tremier et al. [3]. It discretized the organic 
matter (OM) in a water soluble fraction (SOLe) and a water non-soluble fraction (NSOL). SOLe, in 
turn, is subdivided in molecules of size upper and lower than 1.5 kDa (SOLe>1.5kDa and 
SOLe<1.5kDa respectively), on the hypothesis that only molecules lower than 1.5 kDa can diffuse 
through the cellular membrane to be used for microbial metabolism. Molecules of superior size 
must be degraded by means of exoenzymes to be consumed. NSOL is divided in OM soluble in 
neutral detergent (SOLNDF), HEM, CEL and lignin (LIG). Figure 1 resumes this characterisation 
for RIA, VEG and SMICTOM. 

 
Figure 1: Biochemical fraction of RIA, VEG and SMICTOM 
Concerning the typological fractions, results were: paper (15.0±8.9%WW), vegetables 
(31.3±20.6%WW), fruits (19.6±11.7%WW), starchy food (18.7±5.9%WW) meat (4.5±4.0%WW) 
and others (10.8±2.4%WW), which included milky preparations, sauces, bones, shells, coffee, 
green waste and biodegradables bags. 
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Using the Pearson matrix we found positive relations between: paper impact density; vegetables 
impact density, VS and SOLNDF; fruits impact VS and starchy food impact HEM. Thus, experi-
mental results indicate that typology characterisation of FW may explain a part of characteristics 
mean values variations that were not identified on the bibliographical compilation. 
 
 
3.2.2 Biodegradation characteristics  

Based on the aerobic degradability, the cumulated oxygen consumption (AC) of FW was meas-
ured. AC indicates the total oxygen used to consume the available biodegradable OM in FW. The 
AC for RIA was 932.2 gO2.kgVS-1; for VEG 1040.6 gO2.kgVS-1 and for SMICTOM 869.6 
gO2.kgVS-1.  Making the ratio between AC and CODt, we found the proportion of biodegraded OM 
in aerobic conditions. We obtained 65% for RIA, 58% for VEG and 74% for SMICTOM. That 
means that CODt in SMICTOM is more available to be degraded. In the same way, the biodegra-
dability ratio in anaerobic conditions (BD) between the experimental BMP and the theoretical 
BMP, calculated from the CODt (where 1 gram of degraded CODt produces 350 mL of methane), 
is 79% for RIA, 67% for VEG and 91% for SMICTOM. Again, SMICTOM seems to be more avail-
able to be degraded in anaerobic conditions, allows us to conclude that aerobic and anaerobic 
degradation have similar behaviours but anaerobic degradation seems to be more complete. 
The difference showed by SMICTOM wastes might be explained by the aerobic biodegradation 
already underwent before collection, as proved by lower CODt, biogas production, CH4 content 
(CH4%) and by biochemical fractionation (more SOLe>1.5kDa, less SOLe<1.5kDa, less HEM). It 
seems that this fractionation and the oxidation followed-up by SMICTOM improved CODt degra-
dation and avoid some process instabilities. Nevertheless, a controlled aeration might be applied 
to avoid the excessive OM degradation as was stated in SMICTOM. 
 
 
3.2.3 FW characteristics correlation with biodegradation characteristics 

Correlations of biodegradation analysis with the experimental FW characteristics are shown in 
Table 2. A higher pH shows to be favourable to biogas production and BMP. CODt was correlated 
positively to the biogas production as awaited, which support the use of this parameter to predict 
the FW biodegradation. Controversially, CODt was correlated negatively with CH4%. It probably 
means that a part of the CODt is degraded quickly, especially the carbohydrates, producing more 
carbon dioxide (CO2). Nevertheless, high presences of SOLe>1.5kDa seems to favour methane 
production, as state in SMICTOM. In the same way, it was stated that bacteria are linked nega-
tively with carbohydrates, and fungi positively with SOLe>1.5kDa, showing probably a bacteria 
development by carbohydrates consumption and a fungi development that generate 
SOLe>1.5kDa from NSOL fractions by exoenzymes excretion. These results confirm the biblio-
graphical observations to the treatability of FW through AD. However, a study of the biodegrada-
tion mechanisms of biochemical fractions and the biomass and enzymatic activity may help to 
understand clearly the AD of FW and the perspectives of optimization of the process. 
 
 
Table 2: Correlation coefficient of FW characteristics based with some biodegradability characteristics. 

 FW Characteristic CC 

Biogas 
CODt 0,96** 

pH 0,87* 
C 0,81* 

BMP pH 0,87* 

CH4% 

TS 0,86* 
SOLe>1.5kDa 0,88* 

BD 0,99** 
CODt -0,9** 

Carbohydrates -0,82* 
Bacteria Carbohydrates -0.99** 

Fungi SOLe>1.5kDa 0.94* 
Where; CC - Correlation coefficient; * - probability value below 0.05, ** - probability value below 0.01 
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4. Conclusion and outlook 

In this study, FW characteristics demonstrated to be highly variable, that can be partially explained 
by the continent of collection, collection source, season variations and typological characterisation. 
It is necessary to be cautious in the utilisation of literature FW characteristics values for process 
design or environmental assessment. In general, FW proved to be very favourable to AD by its 
CODt, VS and BMP but presented some attention points. Is advised to identify the pH, TAN, car-
bohydrates, CEL and C/N content on FW and apply corrections or pre-treatments in case of inhibi-
tory values. CODt, pH, and the biochemical fractions seem to be closely linked with biodegradabil-
ity characteristics. AD in FW with low carbohydrates and high Sol>1.5kDa content seems to en-
hance the methane production and the biomass development, stated specially in samples with an 
initial aerobic pre-digestion. More detailed studies of these characteristics are advised to design 
most adapted treatments conditions to avoid instabilities. 
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1. Objectives 

Some previous researches studying nutrients extraction from digestate to produce microalgae 
biomass indicate an algae productivity varying from 2 to 360 mg L-1 d-1 and a N removal rate be-
tween 1 and 45 mgN L-1 d-1 using slurry or digestate [1] [2] [3]. However, no clear result was found 
concerning the influence of the operating parameters and the processes involved explaining such 
variations. Thus, the aim of this study was to understand and quantify the algae productivity and 
the processes involved in N removal according to the operating parameters applied in order to be 
able to design such a process. 

2. Methodology 

2.1 Laboratory pilot description 

The parameters studied under controlled conditions at laboratory scale were (T1) the turbidity of 
the influent considered through the optical density (O.D.), (T2) the light provided, (T3) the N:P ratio 
of the influent, (T4) the level of CO2 addition and (T5) the solid retention time (SRT) of microalgae 
in the bioreactor. All results obtained allowed to adapt and calibrate models from literature (as 
Contois and Monod kinetics) and finally, the model developed using Scilab software was used to 
design a real-scale treatment system. 
The experimental set up consists of six 2.5L tubular reactors. The temperature was maintained at 
25°C and the mixing set at 230 rpm. pH was monitored and regulated at 7±0.5 by the addition of 
pure carbon dioxide for trials T1, T2, T3 and T5. In addition, CO2 was added at 45-min intervals 
during the day to avoid carbon limitation in the absence of regulation. To avoid acidification, which 
had been observed during preliminary tests when microalgae growth was limited, the pH was 
adjusted by adding 1.25 mL of 1M NaOH every second day to each reactor. For T4, pH regulation 
was performed using HCl (3N). Light was supplied by fluorescent bulbs and regulated according 
to the photosynthetic photon flux at the surface of the reactors. This was set at 50, 150 and 250 

molE m-2 s-1 by shifting the light source to different distances from the reactor for trials T1 and T2 
and at 250 molE m-2 s-1 for trials T3, T4 and T5. A 12h/12h light/dark regime was used for T1, T2, 
T3 and T5 while a 24h light regime was used for T4. 
 
 

 
Figure 1: Experimental set up. 
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2.2 Microalgae inoculum 

A complex phytoplanctonic ecosystem dominated by Scenedesmus sp. and Chlorella sp. was 
used for all experiments. It comes from an open high rate algal pond (INRA-LBE, France) dedicat-
ed to the treatment of synthetic wastewater. Other algae genera are present in small amounts 
along with bacteria. 

2.3 Influent characteristics and trials description 

The fixed O.D. levels inside the reactor at the beginning of the experiment were set on the basis of 
O.D. at 680 nm and varied between 0.2 and 1.3 for T1 and T2 and were fixed to 0.5, 0.2 and 0.8 
for T3, T4 and T5, respectively. These values were obtained by adding different quantities of di-
gestate in a growth medium. The composition of the growth medium was adapted from a “stand-
ard” 1/10 diluted digestate to obtain similar concentrations irrespective of the experimental condi-
tions. Nutrients and trace elements were equilibrated by adding salts and Z8 media [4, 5] based 
on the amount of digestate added to achieve the desired color. Only nitrogen and phosphorus 
concentrations varied between the different trials. Initial NH4

+ concentrations were fixed to 100, 
100, 190, 60, 100 mgN.L-1 for T1, T2, T3 , T4 and T5, respectively, whereas PO4

3- concentrations 
were fixed to 1, 1, 10, 18 mgP L-1 for T1, T2, T4 and T5 respectively and varied between 3 and 76 
for T3. 
Finally, for each run, the reactor was filled with microalgae inoculum (approximately 10% v:v to 
reach about 8.5x103 microalgae mL-1), digestate and growth media were supplemented with trace 
elements to reach the desired conditions, after which the light regime and pH regulation was acti-
vated. Trials T1, T2, T3 and T4 were carried out in “batch” mode and lasted 14 days while T5 was 
carried out in “semi-continuous” mode with solid retention time (SRT) varying from 2.5 to 4.5 days. 
Performances of the system, including mainly microalgae productivity and nutrients behaviours, 
were determined using average data between day 2 and day 14 for batch trials and data observed 
during at least 4 days after reach equilibrium for the semi-continuous trial. 
 
2.4 Analytical measurements 

Microalgae cells were counted manually using a Neubauer cell counting chamber each day allow-
ing to determine microalgae growth and consequently productivity. Cations (Na+, NH4

+, K+, Mg2+, 
Ca2+) and anions (Cl-, NO2

-, NO3
-, PO4

2-, SO4
2-) were analysed every two days using a ionic chro-

matography. PCR, cloning and Capillary Electrophoresis-SSCP analysis were combined and per-
formed to identified microalgae genus at the beginning and at the end of each trial. 

3. Results and discussion 

3.1 Microalgae productivity 

As illustrated on Figure 2a, the combination of O.D. and light greatly influences microalgae growth 
during the batch trials. Consequently, maximum algae productivity varied between 0.3 and 139 mg 
L-1 d-1, with the minimum obtained for O.D. and a flux of photon of 1.3 and 50 molE m-2 s-1, re-
spectively, while maximum was obtained for 0.2 and 250 molE m-2 s-1. The self-shading effect is 
more important on light penetration than optical density for low O.D. while for higher O.D. the ef-
fluent turbidity limit the light accessibility by microalgae. Given this results, it seems acceptable to 
cultivate microalgae in a medium having an O.D. (680 nm) up to 0.6. In culture, the mixing has to 
be sufficient and the hydrodynamic of the system has to be adapted to allow a good light accessi-
bility. 
On the contrary, no impact of N:P ratio was observed on the microalgae growth during the 14-
days batch tests (Figure 2b). In fact, N:P ratios varying from 3 to 76 gN gP-1 resulted in the same 
growth kinetic (P < 0.05; Student's t test) for the course of experiments. The maximum final micro-
algae concentration reached was 1.0x107 cells mL-1 corresponding to an algae productivity of 83 
mg L-1 d-1 for O.D. and a flux of photons equal to 0.5 and 250 molE m-2 s-1, respectively. The 
similar microalgae productivity whatever the N:P ratio was mainly due to an adaptation of the N:P 
ratio of microalgae from 11 to 30 gN gP-1 according to the N:P medium as observed by means of 
analysis of N and P contents of microalgae at the end of the experiments. It was thus possible to 
highlight phosphorus storage by microalgae as reported by [6]. The P-storage accentuates the 
robustness of such a process against the phosphorus variability of the input. 
The influence of the level of CO2 addition was low compared to O.D. and light influence. In fact, 
microalgae productivity varied from 100 to 160 mg L-1 d-1 for O.D. and a flux of photon equal to 0.2 
and 250 molE m-2 s-1 and a 24h light regime. The total inorganic carbon concentration varied 
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between 40 at the beginning to 10-25 mg C L-1 at the end. However, the trial without CO2 injection 
led to productivity close to 0 and a total inorganic carbon concentration decreasing to 0 mg C L-1. 
The trials carried out in semi-continuous mode showed a positive impact of the SRT on the micro-
algae productivity with an increase of 400% of this productivity when the SRT increase from 2.5 to 
4.5 days. The low productivity obtained with the low SRT is probably due to the washing out of 
biomass. 

(a) (b) 

 
 

Figure 2: Impact of O.D. and light (a) and N/P ratio (b) on the evolution of microalgae growth over time. 

3.2 Nitrogen removal processes 

Additionally, the trials carried out in semi-continuous mode (T5) highlighted that nitrogen removal 
is not correlated with nitrogen assimilated within microalgae biomass. Such a result indicates the 
involvement of others processes than microalgae growth in N removal. As NH3 stripping is con-
sidered negligible due to low pH and low gas transfer, nitrification-denitrification appears as the 
main pathway involved in N removal. These processes, e.g. nitrification-denitrification, were more 
important at low SRT. In fact, for SRT equal to 4.5 days, N removal due to assimilation was equiv-
alent to N removal through nitrification-denitrification whereas N removal through nitrification-
denitrification was 30 times more important for SRT of 2.5 d. These results and also results from 
the batch experiments showed that nitrification level decreases when microalgae growth increas-
es, maybe due to a competition for inorganic carbon between algae and bacteria, as proposed by 
Choi et al (2010) [7]. Moreover, results from T3 highlighted the influence of initial phosphorus con-
centration on nitrification as illustrated on Figure 3. This impact has also been proposed by other 
authors [8]. In fact, microalgae have the ability to store internal cell phosphorus and consequently 
to deplete the medium when concentration of P is low, thus preventing nitrifiers growth while en-
suring their needs.  

 
Figure 3: Impact of initial phosphate concentration on nitrification (represented by NOx). 

3.3 Modelling and process design 

Based on these data, a specific model taking into account the influence of light and O.D was de-
veloped using Contois and Droop model. Considering a flux of photons of 930 molE m-2 s-1 (an-
nual average sun light in Rennes, France), a temperature of 25 °C, a O.D of the influent equal to 
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0.2, no CO2 limitation and a NH4
+ removal of 90% ensured by microalgae assimilation (50%) and 

nitrification-denitrification (50%), this model was used to design a raceway pond treating digestate 
from a commercial farm producing approximatively 4000 pigs per year. For a depth of 30 cm, the 
required surface for the raceway pond was about 0.8 ha. The calculated maximum microalgae 
concentration within the pond was between 1.7 and 2.3x105 cells L-1 and associated nitrogen re-
moval was estimated to 11 mgN L-1 d-1 for a SRT between 4-6 days. Because of the high concen-
tration of NH4

+ in digestate (up to 3-4 gN L-1), the hydraulic retention time (HRT) necessary is 
higher than SRT requiring a recirculation of the effluent to the pond after microalgae separation. 
Such separation/recirculation was estimated between 375-500 m3 d-1 for the modeled case. 

4. Conclusion and outlook 

From laboratory scale results, a model was developed and used to simulate a raceway pond at 
real-scale for nutrient extraction from digestate using microalgae culture. As an example, a sur-
face of 0.8 ha and a recirculation from microalgae separators back to the reactor equal to 50 times 
the influent flow rate was determined for the treatment of digestate from a commercial farm pro-
ducing about 4000 pigs per year. The results obtained highlighted the importance of phase sepa-
ration for the development of such a process. In fact, from one hand, a very good separation of 
the digestate must be achieved in order to minimize the turbidity of the influent. On the other hand, 
important volume must be separated and recirculated after the pond. Because of the nitrification-
denitrification was identified as major N removal process, a special attention should be paid to 
nitrous oxide emissions. 
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1. Objectives 

In many places agricultural energy production from biomass can result in competing situations 
between food and energy. Furthermore a one-sided use of land such as pure monocultures can 
lead to heavy pressures on soil and environment and as a consequence endanger ongoing agri-
cultural cropping. Future challenges in bio resource management will have to 
 
 sustain intact arable land and food production [1],  
 without losing economic feasibility  
 and to further develop farming processes so that they can bring increased economic and eco-

logical benefits [2]. 
 
Hence agricultural future for energy, material and food production is connected to each other due 
to basic physical, ecological and economic means. A confrontation with this challenge and an 
interaction are needed to find pathways out of dependency dilemmas. Alternative options must be 
forced by all stakeholders involved in farming processes. 
Extending biomass as resources for energy, agricultural land does not necessarily have to be 
exploited horizontally. Additional cropping potential could also be developed when some farming 
techniques and sequences are changed [3]. One example which could play a possible role in this 
debate is shown in this work where cover crops are sown in field experiments during the projects 
Syn-Energy I [4] and II [5] between regular cropping periods. No further land is needed but plants 
proposed for energy use were planted in intermediate periods between the periods main crops 
grow. These cover crops were used to produce biogas having different energy provision utilisa-
tions. An ecological evaluation was made to evaluate the overall process including cultivation of 
main and cover crops along with biogas production and its utilisation. 

2. Methodology 

Available ecological evaluation methods are manifold and can show different aspects of ecological 
pressure, impact and cost [6]. The scenarios were evaluated regarding the environmental compat-
ibility with the Sustainable Process Index (SPI) [7]. The SPI is defined accordingly to two principles 
of generally accepted demands human kind needs to fulfil to embed man-made activities sustaina-
bly [8]: 
 
1.    Human activities must not alter long term storage compartments of global material cycles in 

quality as well as in quantity. If this principle is not adhered to resources will be depleted and 
substances accumulated in ecosphere, overstraining the natural cycles. 

 
2.    Flows to local ecosphere have to be kept within the qualitative and quantitative range of natural 

variations in environmental compartments. If such flows exceed the amount a compartment 
can integrate the accumulating substances will alter the compartment. This alteration can lead 
to a local environment that is no longer able to sustain flora and fauna. 

 
This number can be taken to identify the ecological pressure of human activities. The larger this 
number is the higher the environmental impact. Detailed mathematical calculation implementing 
these assumptions is explained by Narodoslawsky and Krotscheck, 1995 [9]. Final result is an 
aggregated number accounted in a total ecological footprint in m² SPI.  
The practical evaluation was carried out with the freely available online tool SPIonWeb [10]. This 
tool consists of a graphical user interface and a database including typical life cycle data to create 
and interlink man-made process cycles [11]. 
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With Syn-Energy I and II field experiments during the years 2009 and 2015 data about yields, 
emissions and erosion rates was collected. These field experiments were executed in different 
scenarios of soil cultivation, cultivation techniques and kinds of field crops. In field experiments 
two crops which are typically grown in Austria were sown as main crops and these were wheat 
(triticum) with an intermediate yield of 6 t/ha with 88 % DM (dry matter) content and whole crop 
silage of maize (zea mays) with an intermediate yield of 50 t/ha with 30 % DM content were sown 
in succession with fallow land or cover crops. Cover crops were used in different amounts and 
compositions including seeds for egyptian clover (trifolium alexandrinum), crimson clover (trifolium 
inkarnatum), grain pea (pisum arvense/sativum), common vetch (vicia sativa), sorghum (sor-
ghum), common sunflower (helianthus annuus), phacelia (phacelia), mung bean (vigna radiate), 
persian clover (trifolium resupinatum), white mustard (sinapis alba), oil radish (rhaphanus sativus 
var. oleiformis), lopsided oat (avena strigosa), triticum (triticale), buckwheat (fagopyrum), broad 
bean (vicia faba), sweet pea (lathyrus saltivus). These crops are typically suggested and already 
many of them tested to be grown as cover crops [12]. Some examples also show that when using 
specific cover crops in fermentation for biogas, methane yields of 800 m³/ha on average can be 
achieved [13].  
Summer cover crops were sown in succession with wheat and winter cover crops in succession 
with maize. These combinations were chosen because of differences in growing and nutrition 
demand of the main crops. Regarding the use of machinery different cultivation techniques like 
ploughing, gleaning, grubber, rotary harrow and direct seeding were applied. Table 9 shows the 
sequences from when to when soil was cultivated for main crops with or without cover crops, 
which kind of plant was planted and which technology was used. 
 
Table 9:   Dates of soil cultivation, seeding and harvest of summer cover crop and winter wheat for the calculation of 
………….erosion with BoBB [14]. 

Date without 
s-cc 

s-cc 
mulched 

s-cc harvested, 
ploughing for 

main crop 

s-cc 
harvested 

no ploughing 

21.07. gleaning gleaning grubber grubber 
22.07. gleaning gleaning seeding s-cc seeding s-cc 
29.07. gleaning grubber s-cc s-cc 
30.07. gleaning seeding s-cc s-cc s-cc 
16.9. ploughing s-cc s-cc s-cc 

15.10. fallow s-cc harvest s-cc harvest s-cc 
16.10. rotary harrow ploughing ploughing grubber 
17.10. fallow rotary harrow rotary harrow fallow 
18.10. seeding winter wheat seeding winter wheat seeding winter wheat seeding winter wheat 
20.07. harvest winter wheat harvest winter wheat harvest winter wheat harvest winter wheat 

ha: hectare; s-cc: summer cover crops 
 
Table 10 shows the sequences from when to when soil was cultivated for main crops with or with-
out cover crops, which kind of plant was planted and which technology was used.  
 
Table 10: Dates of soil cultivation, seeding and harvest of winter cover crop and maize for the calculation of erosion with  
 BoBB [15]. 

Date without 
w-cc 

w-cc  
mulched 

w-cc  
harvested,  
ploughing 

w-cc  
harvested,  

no ploughing 

w-cc  
harvested,  
ploughing 

w-cc  
harvested,  

no ploughing 

04.10. gleaning gleaning ploughing gleaning ploughing gleaning 
05.10. gleaning ploughing rotary harrow grubber rotary harrow grubber 
06.10. gleaning fallow seeding w-cc seeding w-cc seeding w-cc seeding w-cc 
9.10. gleaning seeding 

w-cc 
w-cc w-cc w-cc w-cc 

10.10. ploughing w-cc w-cc w-cc w-cc w-cc 
10.04. fallow grubber w-cc w-cc w-cc w-cc 
15.04. rotary harrow fallow w-cc w-cc w-cc w-cc 
24.04. fallow fallow harvest w-cc harvest w-cc w-cc w-cc 
25.04. fallow fallow grubber grubber w-cc w-cc 
26.04. seeding maize seeding maize seeding maize seeding maize w-cc w-cc 
01.05. maize maize maize maize harvest w-cc harvest w-cc 
02.05. maize maize maize maize grubber grubber 
03.05. maize maize maize maize seeding maize seeding maize 
30.09. harvest maize harvest maize harvest maize harvest maize harvest maize harvest maize 
ha: hectare; w-cc: winter cover crops 
For winter and summer cover crops the yields varied from 2.5 t DM/ha up to 6 t DM/ha dependent 
on specific side parameters as there are cover crops seed mix, climate, soil, cultivation techniques 
and local weather conditions.  
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The data collected during the field experiments about yields, fertiliser demand, humus, soil quality 
and emission sources and sinks was entered in different scenarios created with the online tool 
SPIonWeb. Scenarios were made for the main crops wheat and maize. As a reference scenario a 
typical BAU (business as usual) case with fallow land between typically cultivated main crop peri-
ods was taken. Two further scenarios were made where on the same field main crops were suc-
cessed with cover crops. One of these scenarios should show how much the ecological pressure 
changes, when natural gas is substituted with biomethane produced from these cover crops. The 
other one should show differences when these cover crops are just left on the field for mulching 
without using them for another purpose. To get a better understanding for what happens when 
using main crops or residues from main crops for biomethane additionally two variations of the 
BAU scenario were evaluated. An assumption of AMON et al.(2006) who indicates that a maxi-
mum of 20% of arable land should be taken for energy production was taken as a limiting factor 
for one variation [16]. In this relation the project team decided to make an own assumption deter-
mining that this dedicated part of the land could then be used for biomethane production substitut-
ing an equivalent amount of natural gas which would have been otherwise produced differently to 
supply the ongoing demands for energy. The reason behind this idea was that if in the scenarios 
without energy production from crops a comparison with scenarios where biomethane is produced 
from crops would not be fair at all. 

3. Results and discussion 

3.1 SPI footprint of biogas from cover crops 

During the projects Syn-Energy I and II possible contributions to tackle these issues were tested. 
On different test areas throughout Austria different mixtures of cover crops were sown in the time 
gaps between typical growing periods (fallow) of two main crops maize and wheat. Beneficial ef-
fects for soil, water, erosion and weed management could be measured. Further processing of 
cover crops in bio fermentation processes and the cycled use of digestate as fertilizer returned to 
the field reduces amounts of conventionally used external fertiliser.  
 
The ecological evaluation of Syn-Energy II uses the following assumptions that are derived from 
project results as well as experiences from other projects carried out by the authors (Detailed de-
duction of these assumptions is outside of this cope of this paper and can be taken from the 
homepage of the Climate and Energy Fund of the Austrian government [17].) 
 
 Winter wheat with summer cover crops and maize with winter cover crops, each scenario con-

sidered with two kinds of soil cultivation and harvesting methods, having yields of main crops 
(winterwheat: 5,3 t DM (dry matter); maize: 15 t DM) and cover crops (winter: 3 t DM; summer: 
4 t DM) 

 Biogas manure of winter-cover crop is used by 30 % as fertiliser for the following main crop, 
whereas for summer-intercrop 80 % are used for the main crop. 

 It is assumed that summer cover crops with a minimum share of 50 % legumes and 2 tonnes 
of legume dry matter yield per hectare have a fixation performance of 70 kg N/ha, winter cover 
crops (e.g. forage rye with trifolium incarnatum) fix 20 kg N/ha. 

 A reduction in the use of mineral nitrogen fertiliser can so be reached due to a N-fixation of the 
legumes and a reduction of wash-out and emissions  

 Consequent intercropping reduces weed burden whereby the use of herbicides is reduced by 
20 to 50 %.  

 
 
Figure 7 shows assumed natural cycles with important emission and interactions in the soil water 
air system (brown part, left side). The directly connected and influencing system (green part, right 
side) gives an overview about the men-made agricultural process options considered. Besides 
business as usual cropping of main crops for nutrition use only, in this case study main crops are 
still untouched but supplemented with cover crops. Cover crops can then be processed to biogas 
processes (fermenter, combined heat and power (CHP), biogas cleaning, tractor powered by fuel 
produced from biogas) differently used in the ecological footprinting scenarios afterwards. 
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Figure 7:  Maximum cultivation, emission cycle and energy network of considered scenarios. 
 
 
The total agricultural production process cycles on the test areas from soil cultivation and seeding 
to harvest of the main crops and cover crops were evaluated with Sustainable Process Index 
(SPI) which already has been successfully tested in different fields of application [18]. Measured 
data by project partners who did research about cover crops on the testing areas including biogas 
potential, changes in humus system, erosion, N2O (nitrous oxide), NH3 (ammonia) emissions and 
NO3 (nitrate) leachate was ecologically evaluated in SPI [19].  

3.2 Side parameters and scenarios 

It has been assumed that there are three main types of soils, a heavy (mainly consisting of clay, 
many fine particles, compact), medium (compound of clay, humus, sand and clastic sediments) 
and light (mainly sand, inconsistent) soil. Fuel consumption as well as nitrate leachate is depend-
ent on the type of soil available for cultivation. In the current study an average cover crop yield of 
4.5 t DM (dry mass) has been chosen, while in case of green manure a cover crop yield of 2.5 t 
DM has been used and the cover crops were directly worked into the ground as mulch to increase 
soil fertility. In case of BAU (business as usual) scenario there is a fallow period and cover crop 
production for green manure production. Similarly overall fuel consumption for each scenario has 
been calculated for cultivation in medium soil type. The use of heavy duty tractors (70 kW to 110 
kW) and machinery has been integrated in all processes.  
The evaluated scenarios are described for the wheat scenarios (System I) as follows: 
 

 Conventional (BAU): wheat followed by fallow land; natural gas equivalent; 1,260 m³ natural 
gas equivalent, 

 Main crop wheat in succession with summer cover crops mulched as green manure for fertili-
sation; 1,260 m³ natural gas equivalent, 

 Main crop wheat in succession with summer cover crops harvested for production of 1260 m³ 
biomethane;  biogas manure returned to field as fertiliser; direct seeding without ploughing; 
self-loading wagon; tractors fuelled with biomethane. 
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The evaluated scenarios are described for the maize scenarios (System II) as follows: 

 Conventional (BAU): 15 t DM maize per ha followed by fallow land; 1,260 m³ natural gas 
equivalent, 

 Main crop maize in succession with winter cover crops mulched as green manure for fertilisa-
tion; 1,260 m³ natural gas equivalent, 

 Main crop maize in succession with winter cover crops harvested for production of 1,260 m³ 
biomethane and biogas manure returned to field as fertiliser; ploughing, chopper; tractors 
fuelled with diesel; biomethane, 

 Conventional (BAU) variation 1: maize followed by fallow land; 20 % of arable land for 1,260 
m³ biomethane production; 80 % of arable land for food or fodder, 

 Conventional (BAU) variation 2: maize followed by fallow land, maize straw for 1,260 m³ bio-
methane. 

 
The biogas production as well as the specific process steps and the specific ecological footprint in 
m² SPI are shown in the following two figures Figure 8 and Figure 9. 
The description of the scenario results of system I can be seen in Figure 8. In system I wheat was 
set as a main crop alternated with summer cover crop for biogas production. The ecological foot-
print was calculated for 1 ha agricultural land containing medium emission values of all three clas-
ses of soil (heavy, medium and light soil). Additional use of cover crops in fallow periods opens 
additional potential to produce biomass and hence energy regionally. This option can reduce en-
ergy dependencies on fossil fuels as well as the ecological footprint. Using cover crops for mulch-
ing instead of biogas production can reduce the ecological footprint by 7 % compared to the con-
ventional process. Cover crops for biogas production can reduce ecological pressure by up to 53 
% compared to conventional processes. When comparing just the ratio of the ecological footprint 
of cultivation, harvest, mulching, transport and environmental effects without natural gas and bio-
methane the footprint can go down by 19 % for mulched cover crops up to 42 % for harvested, 
fermented and then mulched cover crops. When natural gas is not considered in the scenarios 
without cover crops and mulched cover crops the footprint of harvested and fermented cover 
crops would be 20 % to 35 % higher.  
 

 
ha: hectare; s-cc: summer cover crops; [SPI m² / ha]: result of Sustainable Process Index in m²SPI per hectare 

Figure 8:  System I: SPI Scenarios – wheat as main crop and summer cover crops for biogas production per ha  
 cultivation  area 

 
Figure 9 shows information about the scenario results of system II. Using cover crops for mulching 
instead of biogas production can reduce the ecological footprint by 10 % compared to the conven-
tional one. Ecological pressure due to maize cropping can be reduced by up to 45 % with cover 
crops to biogas scenarios compared to the conventional one. When comparing just the ratio of 
ecological footprint of cultivation, harvest, mulching, transport and environmental effects without 
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natural gas and biomethane the footprint can go down by 20 % for mulched cover crops up to 31 
% for harvested, fermented and then mulched cover crops.  
Also in the additional fallow land scenarios the total ecological footprint could be reduced by 19 % 
using 20 % of the main crop maize for biomethane up to 24 % using maize straw compared to the 
conventional BAU scenario. Providing biomass for the fermentation process increases the ecolog-
ical pressure on field where it grows by 20 % when 20 % of the main crop is used for biomethane 
production and it grows slightly by 3 % when the field residue maize straw is used for biomethane 
production. When natural gas is not considered in the scenarios without cover crops and mulched 
cover crops the footprint of harvested and fermented cover crops would be 10 % to 28 % higher. 
 

  
ha: hectare; w-cc: summer cover crops; [SPI m² / ha]: result of Sustainable Process Index in m²SPI per hectare 

Figure 9:  System II: SPI Scenarios – maize as main crop and winter cover crops for biogas production per ha cultivation  
 area. 

 
 
In both systems I and II the comparison of ecologically evaluated conventional with biogas driven 
processes shows a potential to reduce ecological pressure between 2 % and 53 % depending on 
how much fossil fuels are replaced in the individual process steps. This scenario configuration 
shows that due to the high ecological footprint of fossil fuels the potential to reduce the footprint by 
the application of green manure is lower than that of the biogasification of cover crops. Using cov-
er crops directly after growing for mulching on field can help to draw near to natural nitrogen cy-
cles and improve soil quality. 

4. Conclusion and outlook 

Substitution of fossil fuels with biogas from biomass from field without using the main crop for 
energy purposes can have several benefits. Producing energy from cover crops means no addi-
tional competition for land use. This can be an opportunity to better guarantee food security and 
energy can be provided from biomass on the same area where food and fodder is grown. These 
results will be discussed with relevant stakeholders of the agricultural sector.   
In scenarios with cover crops seeding it was possible to reduce the amount of additional nitrogen 
fertilisers. Differences in cultivation techniques showed that erosion, humus, nitrous oxide emis-
sions and nitrate leachate resulted in different ecological footprints. 
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1. Objectives 

Nowadays the EU has a 70% deficit in protein rich grains, which are imported like soybean and 
soybean meal. Both are used as a feed for increased meat production with amplified imports of 
soya beans that increased from 1961 to 2013 from 2.7 to 37 M t (15% of world soybean produc-
tion), respectively [1, 3]. In Slovenia the existing production of protein feeds cover just 2.8% 
needs, and share of fields under grain legumes is 0.25%, import of soybean and meal are about 
97.5% [1, 3]. The aim of the paper is to introduce the protein feed crops into crop rotation [2], es-
pecially soybean and pea. 

2. Case study description 

A review of protein supply in EU countries, such as export, import and production data for Slove-
nia are analyzed, including potential importance of N symbiosis on the fields, exchange of func-
tional biodiversity on the fields, inputs of N with organic manures and costs for N fertilizers. In 
Slovenian case the total balance of own protein feed potential was calculated and the farmers 
opinion of protein feeds were presented.  For soybean production two scenarios (10% and 20% of 
arable land i.e. 17,500 and 35,000 ha, respectively were took into account. 

3. Observations and discussion 

3.1 Role of soybean in European Union 

EU has a 70% deficit in protein rich grains, solving by imports of soybean and soybean meal [4]. 
The largest proportion of the EU arable land is under cereals and has remained stable over the 
past at around 57%. On the other hand there have been the major changes in all the other crops 
in term of the proportion of land. Protein crops declined from 5.8 M ha in 1961 (4.7% of the arable 
area) to 1.9 M ha in 2011 (1.8% of arable area) [4].   
In this period the combined production of beef, pork and poultry meat has increased from 17 to 43 
M t and therefore demand for protein crops increased accordingly. This demand has been met 
with slightly bigger production (for 1 M t in period from 1961 to 2011). The biggest part was met 
with amplified imports of soybean that increased from 2.7 to 37 M t. This is almost 15% of world 
soybean production and those imports could be even higher if two thirds of Europe’s cereal har-
vest would not be used as the animal feed [5]. 
Estimation of Danube Soya Association is that in EU around 36 M t of soybean is used yearly and 
30% of it is GMO-free. GMO-free soyabean demand on EU market is mostly covered by Brazil. 
This could cause risk of contamination since GMO soybean production is not prohibited in Brazil 
and there are some environmental concerns connected to its production. They have stated that 
just around 5% of GMO-free soya demand is covered and there are a lot of opportunities on the 
market for increasing GMO-free soybean production. This demand is also increasing as the food 
industry adopts GMO-free policies [6].  
The research of Henseler et al. revealed that trade disruptions with the biggest importers like Bra-
zil, Argentina and USA would cause 30% increase of the import price. Moreover, the most affect-
ed sectors in EU would be pig and poultry industry. Animal production in general would decrease 
in that case [7].  
Another similar study concluded if EU would stop import from three main suppliers (USA, Brazil 
and Argentina) the price for EU food industry would go up around 220% for soybean, 211% for 
soybean meal and 202% for soy oil [8]. 
The major factor for extension of large proportion of arable area in cereal production and depriva-
tion of other crops was good annual yield increase that was about 0.15 t/ha/yr [3]. It has been 
facilitated by the switch to autumn sowing, the availability of inexpensive nitrogen fertilizers, in-
vestment in plant breeding and well established pesticide sector. Combinations of low cost of ni-
trogen fertilizers and imported feed protein have promoted cereals in the past [9].   
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On the other hand farmers who grow protein cops are confronted to various agronomic challeng-
es. Yields of protein crops are considered as unstable in many studies. Some studies showed that 
some protein crops are not as competitive as cereals against weeds and some are not as compet-
itive in drought stress, pest and diseases (citates in [3]). 
Different yields after all affect farmer’s gross margins. Per ha gross margins are higher for cereals 
than for protein crops mostly because CAP reforms have reduced the support for protein crops 
during last decades [4].  
The recent developments on the market provide some opposing effects. The first argument is the 
price of nitrogen fertilizers more than doubled since 2000 meanwhile, wheat price has not followed 
this trend [4].      
Another is that the price of soybean in global market increasing since 2007 and at the same time 
the import quantities have fallen. The same trend is expected in the future due to growing interna-
tional demand. The producer price for soybean is increasing accordingly to the price of imported 
soybean and is reducing the comparative advantage of wheat and other cereals [4]. 

3.2 Environmental impacts of soybean 

Many studies reveal that production of soybean and other protein crops could be beneficial for 
European agriculture.         
Cultivation of protein crops could considerably reduce the use of synthetic nitrogen fertilizer. Com-
pared to cereals, protein crops do not require high N fertilizer inputs to reach the full yield poten-
tial, cereals need to receive around 100 to 200 kg N/ha. The residual N combined with other posi-
tive effects on soil could be expressed as fertilizer nitrogen equivalent that accounts around 120 
kg N/ha [10].   
Crops following protein crops in rotation have better yields. For example even if wheat and other 
cereals are fertilized for optimum yield the yield was 15 to 25% bigger [11]. There is almost no 
nitrous oxide released and nitrates leached in water in soybean production. Also the biodiversity 
benefits are known [4].    
Protein crops can lead to 20-25% reduction of pesticide costs for the succeeding crop and 7% 
less ecotoxicity [12].      
Also the positive effects on soil have been studied. Protein crops are providing carbon storage, 
benefits to soil structure and composition, and also better ability for phosphate intake. In EU grown 
protein crops their production is associated with significantly reduced fossil energy use, green-
house gas (GHG) emissions, ecotoxicity, eutrophication and acidification [4]. 

3.3 European policy of protein legumes  

In the past the development of Common Agricultural Policy (CAP) direct price support shifted to 
area based support that was decoupled from production. Those were the main drivers connected 
with decline in protein crops production. One of the causes was also Blair House Agreement 
(1992) which restricted supported area for protein crops in EU with agreed with World Trade Or-
ganization (WTO) and USA. Later on, in the period from 2002-2004 to 2008, the surface covered 
with protein crops fell from 1.8% to 0.8% and this appeared to be the response of decoupling [4].  
At present protein crops are supported through Article 38 which allows supporting specific crops 
with up to 10% share in the single payment scheme. At the same time they can use also the com-
plementary national direct payments but for now just 2 countries use it [4].  
Currently CAP is in the state of negotiations. Proposals from CAP are to use protein crops as a 
greening and crop diversification component that could be implemented in ecological focused 
areas (EFA). EFA could represent from 3 to 15% of arable land in present negotiations and pro-
tein crops could be a part of it because of nitrogen fixation properties.    
Policy instruments are one of the most important factors influencing the cultivation of protein crops 
in Europe.  

3.4 Example of Slovenian farmer opinion about introduction of grain legumes into crop 

 rotation 

This research was done in the region of Savinjska Valley on the base of questionnaire carried out 
in the frame of national project whose main goal was to define the present situation in Slovenia 
and recognize the future development objectives for production of protein fodder crops [13, 4].  
The questionnaire was distributed among dairy farms, which have more than 5 hectares of culti-
vated fields and are included in »Produced/manufactured GMO free« milk production. The result 
of the questionnaire shows, that only 23% of included farms grow grain legumes. The main reason 
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for low production of grain legumes is in the lack of agricultural areas. On the other hand, the re-
sult of the questionnaire shows that soybean is used as feed by 47% of those who took part in the 
questionnaire. The other half of the farmers thinks that growing soybean causes excessive costs. 
The farmers are also inadequately informed about the growing of soybean and also about its feed 
value. Only 10% of farmers who took part in the questionnaire is informed how common European 
policy increase the production of leguminous crops. Only 37% of them predict that the growth of 
the production of leguminous crops by the year 2020 will increase mostly because of the financial 
incentive. On the basis of these results it can be concluded that farmers do not believe in the ef-
fectiveness of financial incentives. In the year 2015, 2% of payments from national envelope will 
intend for supporting the production of protein crops. In 2015 the height of financial support per 
hectare of area occupied with protein crops is 419 EUR. 

3.5 Self-sufficiency of protein feed and possibilities for more bio-based green economy 
including N use in Slovenia 

Analysis of Slovenian protein supply chain potential is based on existing production of oil crops 
(cca. 5 000 ha seed rape (nowadays used only for biodiesel exported to Austria and Italy) and 
5000 ha oil pumpkins), which cakes can give (15 000 t with 34% and 4 000 t with 60% crude pro-
tein, respectively) in total 7 500 t crude proteins. After consumption this feed represents quality 
organic manure (in total approximately 145 t N i.e. 478 t CAN (27% N) i.e. 5 560 bags of CAN i.e. 
76 728 EUR) that could be used for incorporation in soils, which will reduce use of mineral N ferti-
lizers, increase water infiltration, etc. Even the total balance of N for soybean production is nega-
tive, in case of Danube Soya scenario on 17 500 or 35 000 ha fields with grain legumes (Table 1) 
approx. 14 000 or 28 000 t of symbiotic N could be assimilated, instead of buying 250 550 or 560 
000 bags of CAN in the sum of 1 062 or 2 128 M EUR, respectively.   
As additional value of symbiotic N used by intercrops (for example 10% of cereals, 4 000 ha x 60 
kg N) 2 400 t of N matches 48 000 bags of CAN i.e. 662 400 EUR. However, changed natural 
system can reduce N mineral inputs in total to 2.13 M EUR and increase functional biodiversity for 
1/4 [2]. Imported soybean and soybean meal (mainly from Brazil) into EU is produced on 18 M ha. 
In case of different scenarios of own production in EU (in total 10, 20, 30%, etc.) similar trends of 
green bio-based economy and decreasing costs could be achieved at the field production level. 
 
 
Table 1: Potential N symbiotic fixation for soybean production and intercrops in two scenarios for Slovenia vs. No. of bags                  

                 of CAN and their costs. 

Scenario            Field area 

 

Symbiotic N  

 

   Bags of CAN 
Saved M EUR for 
mineral fertilizers 

                                                         ha                                 000 kg/ha                       No.                                 M EUR 

1 17 500 1 400 250 550 1.062 

2 35 000 2 800 560 000 2.128 

Intercrops (pea + 
cereals) 4 000 240 48 000 0.662 

     

 

4. Conclusion  

Because of imported 70% of protein feeds in EU, the main political decision of good agriculture 
practice (GAP) is supporting introduction of protein crops into rotation systems.   
To conclude, increasing production of grain legumes can be important additional self-sufficiency 
measure for creating greener bio-based economy, while increased functional biodiversity on the 
fields, more natural symbioses N instead of using artificial N fertilizers, saving of energy and cost 
for artificial N fertilizers are expected.  
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1. Objectives 

Our objectives were: 
 
 to compare source segregation with four conventional separation methods, including screw 

press, centrifugation, flocculation and combined flocculation with centrifugation, for treatment 
of pig slurry in terms of separation efficiency for dry matter, organic matter, and nutrients;  

 to determine and compare the characteristics of derived solids and liquids;  
 to assess the biodegradability and hydrolysis rate constants of solids and liquids by perform-

ing anaerobic digestion batch tests; and 
 to evaluate the influence of source segregation and conventional separations on volumetric 

biogas yield of solids. 

In order to make valid comparison between separation methods, all tests were performed with 
manure from the same batch, guaranteeing equal characteristics. 

2. Methodology 

Fresh source segregated solid (SSS) and liquid (LSS) were collected from the conveyor belt sys-
tem (Aanink and Ogink, 2011 [1]) of fattening pig farm in Sterksel, The Netherlands. Slurry (S) 
was created by mixing a fixed ratio of SSS:LSS:water of 0.44:0.56:0.38. The dry matter content of 
the slurry was 8-9%. 
 
A tomato strainer with a 1.3 mm pore diameter was used as a lab-scale simulation of a screw 
press separator. Centrifugation of the slurry was carried out for 1 minute at a G-force of 3,500 G 
using a laboratory centrifuge. For flocculation separation, PAM (Superfloc C-2260, Kemira 
Kemwater, Findland) at a 40 mol% charge density was applied to the slurry. In order to test floccu-
lating followed by centrigation, after flocculation with PAM C-2260, the container was centrifuged 
at 3,500 G for 1 minute. Separation efficiencies E(x) for x (wet weight, dry matter (DM), organic 
matter (OM), soluble COD (sCOD), and nutrient content) were compared between methods. The 
separation efficiency E(x) expresses the percentage of the amount of parameter x that is accumu-
lated in the solid fraction, and is calculated as: 
 

(%)100
)()(

)(
)( 




liquidsolid

solid

xmxm

xm
xE       Eq. 1 

 
where m(x)solid and m(x)liquid are mass of parameter x (wet weight, DM, OM, TN, TP, N-NH4, P-
PO4) in the solid fractions and in the liquid fractions, respectively.  
 
The specific biochemical methane yield (BMP) of the solids and liquids was determined in batch 
test at mesophilic conditions following VDI 9630 standard. The hydrolysis rate constant kh of the 
solids were determined according to Sanders, 2001 [2]. In order to compare measured hydrolysis 
rates for two substrates (kh,1 and kh,2), the t-test for two independent samples was used.  

3. Results and discussion 

3.1 Characteristics of solids and liquids  
Table 1 summarizes the characteristics of collected materials, derived solids, and liquids from 
conventional separations from source-segregated solid.  
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Table 1: Composition and anaerobic degradation characteristics of solids and liquids; average values, n/a = not available. 

 Source 
separa-

tion
a
 

Synthe
the-

sized 
slurry

a
 

Conventional separation of synthesized slurry
a
 

 Solids Liquids 

 SS
S 

LS
S 

S SSP SC SF SFC LSP LC LF LFC 

Composi-
tion

b
: 

           

DM, g/kg 260 17.2 84.9 256 220 190 213 69.0 27.1 17.1 16.4 

OM, g/kg 218 8.1 68.0 235 187 162 182 52.5 17.0 9.01 7.98 

OM/DM, % 84 47 81 92 85 85 85 76 62 53 49 

CODtot, g/kg 323 16.4 105 301 258 221 282 85.7 42.4 n/a 20.2 

CODs, g/kg 50.2 14.2 22.1 18.8 21.8 21.8 21.8 n/a 22.2 n/a 17.4 

TNc, g/kg 10.8 4.54 5.25 7.16 8.46 7.75 9.27 5.03c 3.92 3.01 2.89 

NH4-N, g/kg 3.13 3.94 2.41 1.89 2.39 2.43 2.35 2.47c 2.98 2.46 2.49 
PO4-P, g/kg 3.93 0.1 1.34 1.56 3.78 2.9 3.52 1.31c 0.25 0.12 0.09 

TP, g/kg 0.41 0.07 0.24 0.12 0.34 0.26 0.29 0.04c 0.12 0.06 0.07 
COD/OM 

ratio 41.6 254 
59.1 

28.0 38.5 40.7 43.4 72.9
c 144 176 177 

Anaerobic degradation
d
: 

BMP39, mL 
CH4/g OM 

303 429 298 253 283 274 290 313 531 580 631 

BMP39, mL 
CH4/g COD 

206 207 193 198 205 205 187 191 213 n/a 250 

BMP119, mL 
CH4/g OM 

336 453 
c 

352 304 331 328 331 362 590 659 708 

BMP119, mL 
CH4/g COD 

228 218 228 ±8.1 238 240 240 214 220 237 n/a 281 

Degradabil-
ity 39 dayse, 

% 

59 59 55 57 59 59 53 54 61 n/a 71 

Degradability 
119 dayse, % 

65 62 65 ±0.02 68 69 69 61 63 68 n/a 80 

a SSS and LSS: solid and liquid from source segregation; SSP and LSP: solid and liquid from 
screw press; SC and LC: solid and liquid from centrifugation; SF and LF: solid and liquid from 
flocculation; SFC and LFC: solid and liquid from flocculation + centrifugation; 
b n = 2; 
c not measured but calculated from the mass balance of the separation experiment; 
d n = 3; mesophilic conditions (37°C). BMP values are already subtracted for yield of blank; 
e calculated based on the fact that 350 mL CH4 equals 1 g of COD at standard conditions. 
 
Table 2: Slurry separation efficiencya, SE(x) in %, for mass, DM, OM, TN, TP, NH4-N, and PO4-P; average values of  
  duplicates with standard deviation between brackets. 

 Mass 
(wet 

weight), 
% 

Dry 
matter, 

% 

Organic 
matter, 

% 

TN, 
% 

NH4-
N, % 

TP, % PO4-
P, % 

Source segregation (SSS) 44b (2.0) 92 
(0.5) 96 (0.4) 66 

(0.0) 
38 

(0.0) 
97 

(0.0) 
84 

(0.0) 

Screw press (SSP) 10c (0.4) 30 
(0.8) 34 (0.9) 39 

(0.9) 
8.2 

(0.3) 
12 

(0.4) 
36 

(0.9) 

Centrifugation (SC) 33c (1.7) 80 
(1.2) 84 (1.0) 51 

(1.9) 
28 

(1.6) 
88 

(0.8) 
58 

(1.9) 

Flocculation (SF) 44 (0.5) 90 
(0.2) 93 (0.1) 67 

(0.4) 
44 

(0.5) 
95 

(0.1) 
77 

(0.3) 
Flocculation+Centrifugation 

(SFC) 36 (0.4) 88 
(0.2) 93 (0.1) 64 

(0.4) 
34 

(0.4) 
96 

(0.1) 
70 

(0.4) 
a expressed as the relative amount that is accumulated in the solid fraction; 
b not measured but derived from data of Aarnink and Ogink (2007) [1]; 
c n = 4. 
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Regarding the source segregation system, the DM content and OM/DM ratio were 26% and 84% 
for SSS and 1.7% and 47% for LSS. These values are equal to the solid (25%, 85%) and liquid 
(3%, 45%) of the similar system in Aarnink and Ogink, 2011 [1]. The LSS was a brownish liquid 
containing low OM/DM ratio (47%), which meant as out of half of the OM was inorganic com-
pounds. 
Regarding the conventional separations, the solid from the screw press (SSP) appeared driest 
and had mainly large particles whereas solids from centrifugation (SC), flocculation (SF), and 
flocculation-combined centrifugation (SFC) were wet and pasty, similar to the source segregated 
solid SSS. The SSP and SSS had highest DM content (26%) of all solids. SSP had highest 
OM/DM ratio (92%) vs. 84-85% of all other solids. The liquids obtained from all separations 
showed DM content in the range of 2-3% and OM/DM ratio of 47-62% except for the liquid from 
screw press (LSP) where it had quite high DM content (6.9%) and high OM/DM ratio (76%). 
The nutrient contents (TN, TP, N-NH4, o-PO4) in terms of g/kg DM were in the same range for 
SSS, SC, SF, and SFC but significantly lower for SSP (Table 1). SSP had the highest DM content 
(26%), but lowest nutrient contents indicating that the big size particles (F >0.2 mm), which were 
found to be the majority (72% mass distribution of total dry matter) in SSP, are not as rich in nutri-
ent as smaller size particles. Except for the screw press, the TP content in the liquids were very 
low (5.50-9.21 g/kg DM) compared to the TP content in the solids (15.1-17.2 g/kg DM).  N-NH4 
content was higher in SSS (3.1 g/kg wet weight) and LSS (3.94 g/kg wet weight) than in other 
solids and liquids (1.89-2.89 g/kg). This was because of the dilution effect when creating slurry 
from LSS and SSS. Similar to TP content, the o-PO4 content was relatively lower (0.04-0.12 g/kg) 
in the liquids than in the solids (0.19-0.41 g/kg). Also, in general, the o-PO4 content in the solids 
was little in compared to the TP contents. 

3.2 Separation efficiency 

Table 2 shows separation efficiencies of each method for wet weight, DM, OM, TN, TP, N-NH4 
and o-PO4. For the screw press E(OM) and E(DM) were only 30±0.8% and 34±0.9%, respectively. 
These values were 84±1.0% and 80±1.2% for centrifugation. Flocculating with PAM increased 
E(DM) to 90±0.2% and E(OM) to 93±0.1%. Further centrifugation after flocculation did not improve 
separation efficiency for DM and OM. For source segregation, E(DM) and E(OM) were 92.2% and 
95.5%, respectively, which were even greater than for flocculation. 
Separation efficiencies were very high for TP (96-97%), but lower for TN (64-67%). The very high 
E(TP) in these methods indicates that most TP can be recovered in the solids (i.e. in the particles) 
whereas maximum two third of the TN can be separated into the solids. 

3.3 Anaerobic degradability 

In this study, BMP of the solids and slurry S were 304±4.6-352±12.4 ml/g OM. Except for the solid 
from screw press SSP where the BMP value was 304±4.6 ml/g OM, the solid from source segre-
gation SSS, centrifugation SC, flocculation SF, or combined centrifugation flocculation SFC gave 
similar methane yields (328±7.1-336±8.9 ml/g OM). There were not significant differences in BMP 
values of all solids, indicating there is not an effect of separation methods on the degradability of 
all derived solids. In addition, it means that separation did not affect the BMP values of solids. 
Except for the screw press, BMP of the liquids was much higher than that of the solids and varied 
widely between 418 ml/g OM for source-segregated liquid (LSS) to 631 ml/g OM for the liquid from 
flocculation combined with centrifugation (LFC) (Table 1). The significant difference between BMP 
values of liquids and solids resulted from the fact that the major portion of easily degradable solu-
ble organic in slurry S went to the liquids, while the major particulates retained in the solids. 
Methane contents in biogas were around 65-69% for solids and 70-80% for liquids. The biodegra-
dability of the solids (Table 1) did not vary much between types of solids. The biodegradability 
calculated was 61-68% after 119 days. 

3.4 Hydrolysis rate constant  

The hydrolysis rate constants were measured with high R2 values (>0.96). The lowest hydrolysis 
rates were for SSP (0.04 d-1). The other solids showed faster hydrolysis rates compared to SSP, 
but still with those values, they are considered slow solubilised substrates for digester. The t-test 
results showed that hydrolysis rate of SSS was statistically significantly higher than SSP, SC, SF 
and SFC. Probably the loss of some small particles and colloidals into the liquid fractions during 
the separations did cause overall lower hydrolysis rates of the remaining solids as compared to 
SSS as the smaller the particles are the faster hydrolysis rates they have (Sanders, 2001). 
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3.5 Methane production distribution 

Results showed that methane production of the solids SSS, SSP, SC, SF and SFC are 94±2.4, 
30±0.4, 75±2.9, 87±1.9, and 85±2.4%, respectively, compared to 100% of methane production 
distribution in slurry S. The methane production distribution in LSS was lowest (6 %) and signifi-
cantly higher for LF (12 %), LFC (15 %), LC (27 %) and LSP (68 %) (Figure 1).  
The volumetric methane yield is the product of its OM content (ton/ton substrate) and its BMP (m3 
per ton OM). It showed that the volumetric methane yield was significantly higher for SSS (73±1.9) 
and SSP (72±1.1) than for SC (62±2.3), SF (53±1.1), SFC (60±1.7) and S (24±0.8). This suggest-
ed that with the same reactor volume, digesting solid from source segregation and screw press 
produces a higher volume of methane (i.e., higher gas yield/m3 reactor/day) than solids from cen-
trifugation, flocculation or flocculation combined with centrifugation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Methane production distributions in the solids and liquids expressed in % of total methane production  
   distribution in S (100%) and in term of m3/ton original slurry. 
 

4. Conclusion and outlook 

Separation efficiencies (E(OM)) of flocculation and flocculation combined centrifugation are similar 
to source segregation. The specific methane yields of the solids in term of ml/gOM did not vary 
much but SSS showed fastest hydrolysis rate, requiring less retention time in continuous reactor. 
The volumetric methane yield of SSS and SSP are much higher than other solids, however E(OM) 
of screw press was very low (34.3%).  

Acknowledgements  

The authors greatly thank to European Union, Marie-Curie FT7 program and ReuseWaste project for funding this research, 
to Patrick Classens, Katja Grolle for their technical and facility support. 

References  

[1] A.J.A. Aarnink and N.W.M. Ogink. (2007): Environmental Impact of Daily Removal of Pig Manure with a Conveyer 
Belt System, International Symposium on Air Quality and Waste Management for Agriculture, 16-19 September 
2007 

[2] I. Angelidaki & W. Sanders. Assessment of the anaerobic biodegradability of macro pollutants. Environmental Sci-
ence and Bio/Technology 3: 117–129, 2004  

  



Oral   TD The bioresource challenge 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

505 

 

 

TD-O_11 Biogas production from large-scale retail trade 
wastes – Preliminary assessments related to 
Piedmont reality 

Balsari, P.1; Cuk, D.1; Menardo, S.2; Dinuccio, E.1; Gioelli, F.1  
1 University of Torino, Dept. of Agriculture, Forest and Food Sciences, L.go Paolo Braccini 2, 10095 Grugliasco, Italy;  
2 ATB, Potsdam, Germany;  

paolo.balsari@unito.it 

1. Objectives 

Approximately 1000 anaerobic digestion (AD) plants are currently operational in Italy. 80% of them 
are still fed with mixtures of manure in combination with energy crops. Nonetheless, the environ-
mental sustainability of this technology relies on the partial or total substitution of dedicated crops 
with by-products or co-products in the feeding mixture [1], [3]. The objective of the present re-
search was to assess the regional availability of organic waste from the large-scale retail trade as 
possible feedstock for AD plants. 

2. Methodology 

The number of existing hyper and supermarkets in Piedmont Region (north-western Italy) were 
acquired from the official data of the Large Retail Trade Italian Association (Federdistribuzione). 
With the support of the personnel in charge of the hyper and supermarkets’ waste management, 
the amount and type of organic leftovers produced on the regional territory was assessed. The 
expired and unsold organic products were grouped into animal-based (meat, milk..) and non-
animal derived-leftovers (fruit, bread..). According to the amount of available leftovers and to their 
specific methane (CH4) potential, an estimation of the regional CH4 yield was produced. For fruit, 
vegetables, fish and meat’ specific CH4 potential, data were collected from the literature, where-as 
it was directly assessed for bread and milk-derived wastes (a mixture of 50% milk, 30% yo-gurt 
and 20% mozzarella cheese). Waste bread was directly received from a Torino supermar-ket, 
whereas dairy leftovers’ samples coming from a facility in Alessandria specialized in collect-ing 
and managing this type of waste. Bio-methane potential (BMP) assays were performed in meso-
philic conditions, according to VDI 4630 (2006) [7]. Two liters batch reactors were filled with a 
mixture of biomass and digestate (inoculum). All organic samples were tested in triplicate. Three 
reactors were filled up with inoculum only and used as blank. The methane yield of the tested 
organic leftovers was recorded along 60 days. 

3. Results and discussion 

3.1 Regional organic wastes availability and typologies 
In Piedmont the most diffused retail typology is represented by the free service (49%) and super-
markets (27%) (Table 1). 
 
Table 1: Typology of retail in Piedmont. 
 Typology Number of retail 

 Superstore (>8000 m2) 8 

 Superstore (between 2500 and 8000 m2) 93 

 Supermarkets (between 400 and 2500 m2) 518 

 Free service (between 100 and 400 m2) 917 

 Discounts 348 

 
According to the survey, the regional production of organic leftovers from the large-scale retail 
trade is of approximately 37 kt/year, 24 kt of which represented by non-animal based products and 
the remaining 13 kt by animal-based leftovers (e.g….)meat, milk that corresponding about to 8,5 
kg per resident and year. As shown in figure 1, non animal based products are mostly composed 
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by unsold bread (about 60%), vegetables (21,5%) and fruit (18%). The remaining 0,5% consists of 
packaged foodstuff. The latter isn’t suitable as feedstock for anaerobic digestion, due to the 
presence of packaging materilas. The separation of package from the remaining organic prod-uct 
is indeed time consuming, costly and requires specific equipment. 
 
The fraction of organic waste consisting of fruits and vegetables is very variable, both in terms of 
quantity and composition being subject to seasonality. In the summer period the production of this 
type of waste increases, as well as fruits’ average water content. At the contrary, in winter the fruit 
leftovers’ availability decreases, with increasing dry matter content. Nonetheless, the amount of 
available leftovers as well as their humidity are key factors when they’re meant to be used to feed 
anaerobic digestion plants throughout the year. Now this products is collected to composting 
plant. 

 
0,5%   

Bread 
 

   

18,0% 
  

 

  

Vegetable 
 

   

   

21,5% 60,0% 
 

Fruit 
 

  

  

 

Pakage product 
 

  

    

 
 
 

 
Figure 1: Components of non-animal based leftovers 

 
Figures 2 and 3 show respectively the main components of fruit and vegetables leftovers avail-
able on the regional territory. With special regards to the fruit compound, approximately 65 % of 
organic waste consist of high humidity materials (e.g. lemons, oranges, melons, strawberries and 
grapes), therefore these biomasses are difficult to preserve from aerobic/anaerobic degra-dation 
along storage. 
 
 

25%  
20%  
15%  
10%  

5%  
0% 

C
it

ru
s 

fr
u

it
 

M
e

lo
n
 

S
tr

a
w

b
e

r-

ri
e

s 

G
ra

p
e

s 
M

ix
id

 
b

e
r-

ri
e

s 

P
e

a
ch

e
s 

B
a

n
a

n
a

s 

P
e

a
rs

 

A
p

p
le

s 

P
in

e
a

p
p

le
s 

P
lu

m
s 

C
h

e
rr

ie
s 

A
p

ri
co

t 

F
ig

s 

K
iw

i 

P
e

rs
im

m
o

n
 

C
h

e
sn

u
t 

R
e

m
a

in
in

g
 

 
Figure 2: Average composition of fruit leftovers (percentages expressed on wet weight). 

 
The same figure applies to vegetables leftovers. In this case lettuce and tomatoes alone repre-
sent the 35% of the unsold organic materials. 
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Figure 3: Average composition of vegetable leftovers (percentages expressed on wet weight). 

 
The production of animal-based leftovers is less influenced by seasonal factors, as the compo-
sition of meat, fish and dairy products remains steady regardless to the climatic conditions. 
Meat-based leftovers are the most abundant feedstock (representing 51% of the animal-based 
organic wastes) whereas fish and milk are equally represented in the remaining unsold organic 
waste mixture. All animal-derived leftovers are suitable for feeding anaerobic digestion plants, 
being characterized by a high organic matter and nitrogen content and the presence of fats. 
Nevertheless, even though these biomasses are characterized by high specific methane poten-
tials, their fast degradation kinetic may lead to an accumulation of fatty acids in the medium, 
thus representing an hazardous factor for the anaerobic digestion process stability. Now this 
products is collected to fertilizers plant and companies specialized in pets feed. 
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Figure 4 – Average composition animal product 

 

 
3.2 Assessment of the regional leftovers’ methane potential  
Results of BMP assays carried out by DiSAFA are reported in table 2. Bread and milk yielded 
up to 700 and 1050 m

3
 CH4·t SV 

-1
 respectively. These value are two to threefold higher than 

those of an average corn silage (300-400 m
3
 CH4·t SV 

-1
). According to literature (table 2), or-

ganic leftovers from the mass-retail market yields from 230 to 480m
3
 CH4 per t VS. 

 
Table 2: Specific methane yield of major large-scale retail organic waste. 

 

Organic leftover 

Specific yield Reference 
 

 (m3 CH4·t SV -1)  
 

 Bread 730 (700-750) DISAFA internal report 
 

 Dairy mix 1000 (1000-1050) DISAFA internal report 
 

 Fruit 385 (320-450) [4] 
 

 Vegetables 250 (230-280) [2] 
 

 Meat 315 (230-400) [5] 
 

 Fish 460 (440-480) [6] 
 

 



TD The bioresource challenge  Oral 

 

508 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

 
In table 3 the annual availability of organic wastes and their average organic matter content are 
summarized.  
According to the produced leftovers, their organic matter composition and specific methane 
yield, approximately 10,600x10

3
 Nm

3
 of methane can be produced per year on a regional basis. 

83% of the overall production might be achieved by the anaerobic digestion of unsold bread 
only, given its high availability (approximately 14.500t per year) and organic matter content.  
Despite the 9600t of available fruit and vegetable leftovers and their high specific methane yield, 
their contribution to the potential regional methane production is relatively low (≈3%) due to 
their high water content. Expired animal-based products (dairy-mix, fish and meat) account for 
the re-maining 14% of the overall producible methane. 
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Table 3: Average total solid composition, organic matter composition and methane yield of the available leftovers. 
     

Biomass 

Yearlyavailability 
(t) TS content (%) 

VS content  

(kg t-1) 

Yearly  
availability           
VS (t) 

Yearly 
Yield 

 
(m3 CH4) 

 

     x103
 

 

       

Bread 14,500 75 (70-80) 830 (800-850) 12,000 8,800 
 

Fruit 4,300 12 (9-15) 145 (80-210) 400 100 
 

Vegetables 5,300 15 (5-20) 75 (50-150) 630 250 
 

Meat 6,600 25 (15-40) 230 (230-240) 1,500 450 
 

Fish 2,400 25 (20-50) 230 (200-250) 550 250 
 

Dairy mix 3,800 15 (10-30) 200 (120-600) 750 750 
 

 

4. Conclusion and outlook 
 
According to the survey, approximately one supermarket every 3000 inhabitants is available 
on the regional territory and a significant amount of organic leftovers are available annually as 
feedstock for anaerobic digestion plants. The energetic valorization of animal and non animal 
based unsold organic wastes would allow the production of approximately 10 millions m

3
 of 

me-thane per annum. Given the 24.000GWhel. Piedmont electric energy requirement per 
year (Terna, 2014), by burning the producible methane by Combined Heat and Power Units 
(CHPs) it would be possible to cover only the 0,2% of the internal energy demand. Neverthe-
less the use of such by products is still limited due to several factors, such as the lack of lo-
gistic for their supply to the A.D. plants and the current normative in force. When used in 
combination with animal manure, agricultural by-products and/or energy crops as feedstock 
for agricultural A.D. plants, organic leftovers from the mass-retail market currently narrow the 
possible utilizations of digestate, by turning it into a waste. Thus, their energetic valorization 
need first to be supported by proper normative. Furthermore it must be underlined that most 
of the mentioned by-products are already recycled for animal feed production or composting. 
Thus the economic convenience of their energetic utilization must be further investigated. 
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1. Objectives 

Accurate prediction of slurry temperature in anaerobic digesters plays a key role in the manage-
ment, design, and optimization of digester performance. The objective was to develop a flexible 
and accurate model for the prediction of digester temperature that can be used to design new 
digesters and select designs for a specific environment. The model should offer accurate predic-
tions for a variety of digester configurations, with the possibility of coupling it to biogas production 
models. The model can be used for simple digesters traditionally not heated as presented here, 
and also for the design of a traditional CSTR. 

2. Methodology 

A heat transfer model was developed based on [1], with significant changes. The model uses a 
finite-difference approach with a fixed time-step (5 minutes). Heat sources and sinks include solar 
radiation, soil, external heating and slurry inflow and outflow. Heat transfer processes include ra-
diation and convection. Convective heat transfers are based on convection coefficients, which 
may vary widely in value, and these must be estimated prior running the model. Solar radiation is 
calculated for each hour based on latitude, longitude, altitude and cloudiness. 
 
The model can use detailed weather data supplied by the user, or a built-in three-parameter sine 
approximation based on the annual maximum and minimum mean air temperature and the hottest 
day of the year. The applied methodology enables the use of the model with detailed or approxi-
mated inputs, making it useful for decision-support on digester management practices in areas 
where data availability differ. 

 
Figure 1: Heat transfer processes included in the model. The digester presented is located below ground, with only the 

cover exposed to ambient air. Abbreviations: rad, radiative heat transfer; cnv, convective heat transfer; adv, heat 
transfers by advection; solar, radiative heat transfer by solar insolation. C, cover; G, gas; gr, ground; S, slurry; Q, 
heat transfer process. 
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3. Results and discussion 

3.1 Model Overview 

This heat transfer model for anaerobic digestion uses one or two parameter files: a general pa-
rameter file; and an optional weather file containing daily average ambient air temperatures. The 
parameter file lets the user define digester geometry and dimensions, slurry content, slurry loading 
rate and digester location amongst others. A second parameter file contains heat transfer coeffi-
cients and related parameters that will typically not be changed by the user. The model creates 
three output files containing average daily temperature of the slurry, detailed hourly temperature of 
the slurry, and heat transfer rates for each time step. The model is written in Fortran90, and a one-
year simulation runs on a modern laptop computer in less than 2 seconds, including Read/Write 
operations. Executable versions can be made for Windows, Mac, or Unix-like operating systems. 

3.2 Model Simulation of Uninsulated Anaerobic Digester 

Psychrophilic (<20 ºC) and psychrotrophic (20-30 ºC) conditions of anaerobic digestion are char-
acterized by low biogas production, and typically occur in the winter months of subtropical, high-
land climates [2]. For rural areas with simple anaerobic digesters, and low availability of technolo-
gy, the implications can be biogas shortage for cooking and heating. Prior studies have resulted in 
the development of heat transfer models to a variety of digester configurations [1, 3, 4], for the 
optimization of digester design and management. However, these models typically are not publicly 
available and furthermore require expensive proprietary software for execution. The novelty of this 
proposed simple heat transfer model is its simplicity, little computational demand, wide accessibil-
ity and flexibility in input parameters. 
 
Predicted slurry temperatures were compared to measured slurry temperatures obtained from a 
study by Pham et al. [2]. The digester was buried to a depth of 2.6 m, at the Thuyphuong Pig Re-
search Centre, National Institute of Animal Science, Hanoi, Vietnam, with only the digester cover 
exposed. Digester volume was 7.0 m3, with a working volume of approximately 5.0 m3. The feed-
stock used was pig manure, with a feeding rate of 0.14 m3 day-1, and a HRT of 40 days. Data 
were collected from July 2012 to February 2013. 
 
The model was run using the parameters presented in Table 1, with subsequent comparison to 
the measured data from [2]. Convection coefficients were based on correlations presented in [1]. 
While measurements were conducted from July 2012 to February 2013, the heat transfer model 
has been evaluated for a full 365 days. 
 

 
Figure 2: Predicted slurry temperatures simulated with air temperatures assessed from a detailed weather file supplied by 

[2] (solid line), and a three-point sine approximation (dashed). The first day of simulation corresponds to 27th July 
2012. 

 
Parameters for the sine approximation, annual minimum and maximum mean air temperature, 
were obtained from Noi Bai International Airport, Hanoi, Vietnam, through Wolfram Alpha LLC, 
Wolfram Research, Champaign, IL. Over an 8-year period from the 1st January 2006 to 1st Janu-
ary 2014, the average maximum and minimum temperature was 31 °C and 19 °C respectively. 
The hottest day of year was estimated to be day 180 (June 28th). The model successfully calcu-
lates the magnitude and annual response of the daily slurry temperatures, for both detailed and 
approximated weather data (Figure 2). Using a detailed weather file,  
RMSE = 1.9 °C, MBE = 1.3 °C, and MAE = 1.7 °C. Results were similar with the sine-prediction of 
daily mean  
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ambient air temperature: RMSE = 1.9 °C, MBE = -0.3 °C and MAE = 1.7 °C. For both simulations 
the Nash-Sutcliffe Model Efficiency Coefficient was 0.8, indicating that the model in both cases is 
a better predictor than the observed average slurry temperature. 
 

Table 1: User-supplied parameters and heat transfer parameters used for simulation shown in Figure 2 and 3. 

Heat Transfer Parameters 
Parameter        Slurry Air Biogas 

Density  [kg m-3]         1000 1.205 1.156 
Specific Heat Capacity [J kg-1 

K-1]         4180 1010 1682 

 Cover to Air Cover to Biogas Slurry to Biogas Slurry to Substrate 
Convective Heat Trans-

fer 
[W m2 K-1] 

10 1 2 15 

User Supplied Parameters 
Parameter Value Parameter Value 

Height of Digester [m] 2.5 Slurry Production [ton day-1] 0.075 
Length of Digester [m] 2.0 Latitude [°] 21.2 
Width of Digester [m] 1.3 Longitude [°] 105.8 

Slurry Depth in Digester 
[m] 1.5 Time Zone + 7.0 GMT 

Meters Above Sea Level 
[m] 100 Placement [m] -2.5 

 

 
The sinusoidal approximation of the annual temperature regime is in this instance a valid re-
placement of the detailed weather file, had it not been available. The mean error quantities indi-
cate that the model accuracy should be good enough to distinguish if digester design or manage-
ment may reach psychrophilic or psychrotrophic conditions, even though some residuals are larg-
er than the average indicated by the RMSE, MBE and MAE. 

3.3 Demonstration of Model Application to Different Designs and Management 

The three-parameter sinusoidal approximation of the annual ambient air temperature regime is 
demonstrated in Figure 3a. With data collected from Noi Bai International Airport, Hanoi, Vietnam, 
this approximation is a reasonable substitute for the detailed weather file, should it be unavailable. 
In remote rural areas this could be useful for simulation of different designs and management 
practices, as nearby weather stations may not exist. 
a) b) 

  
c) d) 

  
 
 
 
  

Figure 3: Demonstrations of model application. a) Comparison of input weather file with observed air temperature, and the 
three-parameter sinusoidal approximation of the annual temperature regime. Figures b) – d) show predicted slurry temper-
ature. b) Effect of burying the digester further below ground, inaccessible to the ambient atmosphere. Reference depth is z 
= -2.5 m. c) Simulations with external heating added to the slurry in the anaerobic digester. The specified power for heating 
is applied throughout the whole year. d) Simulations with more complex design and management practices. Simulations 
are a combined result of variation in external heating, digester depth and insulation thickness. 
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Figures 3b through 3d present simulations with different digester design and management, all of 
which have been simulated based on the detailed weather file.  Figure 3b illustrates the reference 
scenario (as shown in Figure 2), dug 2.5 m into the ground. To demonstrate application of the 
model, remaining calculations have been performed at -4.5 m, -7.5 m and at -9.0 m. As the depth 
of the digester increases, the annual temperature fluctuation begins to decrease in amplitude, and 
get displaced from the original temperature phases. At -9.0 m, where the solar insolation has little 
effect as opposed to soil surface, the predicted slurry temperature approaches the mean earth 
temperature of the location. The anaerobic digestion conditions are still psychrotrophic, but biogas 
inhibition due to temperature shock should no longer be a problem.  
 
Although external heating may not be available in remote rural areas, it could still be relevant to 
estimate the power required to elevate predicted slurry temperatures to an acceptable level. Fig-
ure 3c illustrates the predicted slurry temperatures at various heating inputs. The model applies 
the external heating input to the entire simulation period, and not just the cold winter months. For 
this reason the predicted slurry temperature profile is translated to elevated temperatures. Supply-
ing external heat with 900 W will relieve the digester from psychrophilic conditions during the cold 
winter months, and allow the digester to be maintained in the mesophilic temperature range, to a 
greater extent than before. 
 
Figure 3d presents simulations with the combined effect of varying digester design and manage-
ment parameters. The reference simulation (blue) corresponds to that presented in Figure 2. The 
results indicate that entirely mesophilic conditions can be achieved by placing the digester 6.5 m 
below ground, adding a medium thickness layer of insulation and heating with the effect of 500 W. 
The addition of a medium thickness layer of insulation was achieved by reducing the slurry to 
substrate heat transfer coefficient by a factor of 4. Demonstrations of model predictions can thus 
be based on manipulating a single parameter, or looking for the combined effect of several varia-
bles. This is particularly helpful in the designing of new digesters, but can also indicate whether a 
change of digester management practices could enhance the annual biogas production, also in 
the cold winter months. 

4. Conclusion and outlook 

Preliminary calculations for an uninsulated digester at the Thuyphuong Pig Research Centre, Ha-
noi, Vietnam were simulated, and model performance assessed by RMSE, MAE and MBE. This, 
together with the Model Efficiency Coefficient, indicate that the model perform well, even when 
seen in the light of the simplifications made to build a simple model. The flexibility of the model 
and modest amount of input parameters makes it a useful decision-support tool for biogas digest-
er design and management practices in developing countries. Future work will include coupling it 
with the biogas production model presented by [5], and improving the methods of determining the 
convective heat transfer coefficients. The project is still a work in progress, and model perfor-
mance evaluation with additional data is pending. The model will be publicly available online when 
completed. 
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1. Objectives 

The SYNECO-project tested the feasibility of  
 

 anaerobic digestion of fine fractions of green waste before composting, and 
 using sieving overflow (pre- or post-composting) as biomass for incineration.  
 

Monitoring the process and the analysis of obtained compost and biomass should lead to im-
proved quality protocol and a persistently high quality of the end products4. These results & a de-
cision-tool aim to help transform the composting sector to a more synergetic and economically 
viable player. 

2. Methodology 

Repeated biogaspotential-tests (wet mesophile versus dry thermophile anaerobic digestion) were 
conducted on fine fractions of green waste. As to incineration, Vlaco – through mass balances and 
an inventory of green waste of participating compost sites – defined the current levels of output 
(compost, mulch, biomass,..) versus available levels of bulking agent in green waste. During sev-
eral periods of the 2-year project ‘reference’ compost batches (with ‘black biomass’ taken as over-
flow after composting) as well as ‘experimental’ compost batches (with ‘white biomass’ taken as 
overflow before composting) were set up and monitored. Input materials, biomasses and com-
posts were analysed and compared. Finally, an online tool was constructed in GAMS (linear pro-
gramming)  – simulating the highest possible free cash flow – to help composters optimalise their 
compost-biomass balance. Or: 
 

 Method 1: 3 x 2 biogaspotential-tests fine fractions of shredded green waste 
(<20,<30,<40mm) 

 Method 2: mass balances (I/O) of composting sites & sampling green waste (% bulking 
agent) 

 Method 3: 3 x analysis before composting of shredded green waste & biomass (overflow 
fractions >20, 20-80, 20-100, >30, 30-60, >40, and > 60mm) 

 Method 4: 3 x monitoring composting process 
 Method 5: 3 x analysis of composts and biomasses (overflow) after composting 
 Method 6: literature study and interviews Vlaco and -members for construction decision-

tool 
 

3. Results and discussion 

3.1 Low biogaspotential green waste 

As shown in figures 1-3 – wet and dry biogastests over 3 ‘seasons’5 x 6 samples – no coherent 
relationship was found between maximum particle size (used sieve) of green waste and biogaspo-
tential.  

                                                           
4
 High organic matter-standards in Flanders (>16%) – impeding substantial substraction of bulking agent 

5
 March-may ’13 (spring), august-september ’13 (summer), january-march ’14 (winter) 
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Figure 1: Biogas-yields (wet mesophile and dry thermophile) of fine fractions shredded green waste taken in spring  ’13.  
 

 
 
Figure 2:  Biogas-yields (wet mesophile and dry thermophile) of fine fractions shredded green waste taken in summer  ’13. 
 
 

 
 
Figure 3:  Biogas-yields (wet mesophile and dry thermophile) of fine fractions shredded green waste taken in winter  ’14. 
 
Regardless of the surprising differences in biogas-yields between the two anaerobic digestion-
techniques, wet as well as dry fermenting of various subfractions of green waste have lead to 
fairly low biogas yields averaging between 24,7 and 49,6 Nm³/T fresh matter. Highest biogaspo-
tentials, measuring around 60 Nm³/T, were found in both wet mesophile and dry thermophile tests. 
Although on average wet digestion outperformed the dry digestion twice, the highest average 
biogas yield was obtained through dry, thermophile fermentation of green waste originating from 
the ‘summer’ batch. Moreover these summer samples were the only ones still showing considera-
ble biogas accumulation at day 21 (end dry test) and day 25 (end wet test). Biomethane-contents 
oscillated between 51% and 55%. In comparison with other (co-)digested inputs, the anaerobic 
digestion of fine fractions of green waste yield low amounts of biogas/biomethane. It is further-
more plausible that green waste contains more sand and accidental plastic and metal objects  
which cause technical problems especially for wet digestion (more than 80% of Flemish digestion 
facilities). Given, ultimately, the large cost of an investment of an additional digestion-unit (or extra 
handling & transportation costs),  this synergetic scenario in the optimization of green composting 
was discarded in further tests and simulations. 
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3.2 Synergy of pre-/post-composting biomass (overflow) for incineration and compost? 

3.2.1  Availability and necessity of bulking agent in green composting          

 
Figure  4(a,b): theoretical mass balance ’11-’12 green composting and sorting analysis bulking agent in  

 green waste ’12-’13. 
 
Mass balances (input) of 12 composting sites were extrapolated (Fig 4a) to a Flemish average (26 
sites) of 69% mixed green waste input, 17% woody green waste input, and 14% soft green waste 
input – together 490.000 tonnes (2012). A better knowledge of the share of ‘bulking agent’ was 
obtained by 3 sorting campaigns6 at 9 sites during which the weight-percentage bulking agent 
(hedge clippings, branches, prunings and roots) was determined in total fresh green waste input: 
green waste received by composting sites consists on average of 1/4th (25%) bulking agent (Fig 
4b). It should also be noted that differences between seasons and composting sites are consider-
able, e.g. winter with highest average % bulking agent (56%). Combining these findings with mass 
balances-data of tonnes recirculating sieve overflow (equally considered bulking agent) Vlaco 
established a yearly share of 1/3rd (32%) bulking agent in the set-up material of green composting 
in Flanders. Backtracking the compost qualities of compost sites with lowest share of bulking 
agent in spring and summer, specifically looking at levels of organic matter (OM)7 of compost, a 
rule of thumb was confirmed stating 20% bulking agent at compost set-up as a prudent share to 
obtain compost with a sufficiently high amount of OM. This would ultimately mean a potential of 
biomass for incineration of around 10% of the tonnes of green waste set-up for composting every 
year, thereby potentially raising 31 GWel and 80 GWth or an equivalent yearly energetic con-
sumption of respectively 9.000 households (electricity) and 3.500 households (heat).  
 
3.2.2 White biomass and experimental (EXP) composting versus referential (REF) compost-
ing and black biomass 

Actual synergies between obtaining ‘good’8 compost and extraction of significant amounts of bio-
mass for incineration (green energy) were tested in 3-rounds9 at 10 compost sites in which bio-
mass was defined as the sieve overflow. Vlaco offered guidelines for a more intensive experi-
mental composting – a higher turning frequency of the pile – since literature and prior experience 
pointed to the necessity to offset lower amounts of bulking agent with higher turning frequencies 
(or forced aeration or composting in rows instead of tables). Most importantly we found (Table 
110): 
 
 
 
 
 
 
 

                                                           
6 Dec’12-feb’13 (‘winter’), april’13 (‘spring’), aug-sept’13 (‘summer’) 
7 Minimum Flemish requirement (16% OM) & Vlaco quality label-requirement (18% OM) 
8 Reference are the FOD (B)-requirements: >16% OM, max 1 weed seed, DM >50%, OUR <15 
9 Start-up: march-may ’13 (spring), august-september ’13 (late summer), january-march ’14 (winter) 
10 Table 1 & 2μ ADMμ absolute dry matter; ‘Paired T’-test: to indicate significant difference, i.c. if < 0,05 
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Table 1:  Average values of some main characteristics of reference versus experimental compost.  

 
 

 Reference composts and experimental composts are physico-chemically usually very similar 
irrespective of composting technique (table, row,  tunnel, forced/passive aeration) and turning 
frequency which seem to imply year-round possibilities to extract overflow before composting 
(white biomass). In winter though statistically significant differences in notably OM indicate 
that monitoring is necessary and/or using higher size sieves (>40mm or higher) for extracting 
white biomass is more prudent. Also in summer, due to the low ratio of C/N of input material 
(grass) and in compost, it is not advisable to take out of the loop sizeable amounts of over-
flow, neither before nor after composting. A final sieving at the end of the composting process 
proved always necessary, 

 A higher frequency of turning than 1x/month seems advisable to reduce risk of survival of 
weed seeds, higher vulnerability to humidity, and to improve compost maturity. A higher fre-
quency (and/or forced aeration and/or row composting) can reduce required duration/surface 
of the compost process without jeopardizing compost quality. Too frequent turning though 
(2x/week or more for row composting & 1x/week or more for table composting) undermines a 
build-up and maintaining of sufficient heat and thus hygienisation of the compost, 

 Smell was never problematic in experimental composting, 

 There are some statistically significant differences between ‘black’ and ‘white’ biomass (Table 
2) depending on which season/batch is considered.  
 
Table 2:  Average values of some main characteristics of ‘black’ versus ‘white’ biomass. 

 
 
In general woody overflow extracted during the second batch (summer) shows lower levels of 
OM (and C/N) and higher levels of ash and alkaline elements (K, Mg, Ca, Na) and thus 
seems less appropriate for incineration. Biomass-fractions of >20mm or more are energeti-
cally more interesting – lower sieves tend to give biomass with lower OM and dry matter 
(DM) and higher alkaline elements as well as S(ulphur) – although higher sieve fractions 
(>40mm or more) can on the other hand have a higher % of impurities. Strong acceptance 
standards and an additional purification (e.g. windshifting) is advisable, 
 

 Biomass from the 1st batch (spring) has excellent average calorific values (9,3 MJ/kg FM) 
whereas biomass form third batch (winter) has a more moderate lower heating values (7,8 
and 6 MJ/kg FM). It is highly recommended to maximize dry matter by choosing the right 
moment to sieve (precipitation) and/or allowing the biomass to dry before selling as input for 
incineration, 

EC DM density OM OM C/N OUR N_total P_total K_total Fe_total Al_total
pH-

H2O

germ. 

Seeds

µS/cm %/FM
g/l fresh 
substr

% (FM) %/ADM -
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ADM

mg/kg 
ADM

mg/kg 
ADM

mg/kg 
ADM

- #/l

REF 615,88 68,78 425,18 23,36 33,88 18,36 8,66 1,06 1833,21 7914,05 6177,63 3151,81 7,88 0,25
EXP 613,50 66,73 457,64 21,88 32,45 17,53 9,06 1,05 1840,59 7470,05 6426,69 3449,50 7,94 0,13
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paired T 0,58 0,64 0,16 0,88 0,97 0,79 0,03 0,46 0,89 0,42 0,23 0,24 0,72 1,00
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 From the perspective of temperature/hygienisation experimental batches are advisably no 
taller than 3 meters, 

 All crucial observations during the SYNECO-project: 
o were summarized and formalized in a Code of Good Practice and Quality Protocol, and  
o used for conceiving the internet-based decision-supporting tool (GAMS software) which 

simulates highest free cash flows for green composting and extracting biomass (over-
flow) for incineration. 

4. Conclusion and outlook 

Biomethanisation of subfractions is disregarded as a synergetic option. For green composting 
Vlaco considers min. 20% bulking agent at set-up as a rule of thumb. Extracting fractions 
white/black biomass is defendable especially during winter and spring although OM-levels in com-
post need to be continually monitored. In this synergy a more intense composting process (forced 
aeration and/or higher turning frequency) has clear advantages although increasing turning fre-
quency may result at some point in lack of hygienisation. Between late spring and late autumn 
biomass-overflow is not advised. Described synergies will theoretically yield higher net cash flows 
mainly due to the possibility of more input and thus higher gate fees. 
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1. Objectives 

Finding new locations for environmentally friendly infrastructural facilities is not an easy task. 
NIMBY (not in my backyard) social resistance syndrome usually accompanies them: everybody 
wants to live in a high quality place but nobody wants to bear the associated costs. For facilities 
processing organic waste resistance of the local population has been identified as the biggest 
siting problem. In the near future erecting of new infrastructural facilities for waste processing will 
become a challenging task in Poland, i.a. due to the EU requirements to reduce quotas of land-
filled organic fraction of municipal solid waste (OFMSW). Their development has been constrained 
as local inhabitants fear odour impacts, intensification of traffic as well as a loss of the property's 
value. This article outlines a multicriteria approach to location procedures for anaerobic digestion 
(AD) plants processing organic waste, with a special focus on social acceptance criteria. The inte-
gration of spatial issues within the analytical hierarchy method (AHP) is supposed to provide a 
methodology to negotiate location trade-offs between concerned inhabitants, municipalities and 
investors.  

2. Introduction: Nimbyism and trade-offs to find the best site  

Rapid urbanization has resulted in siting dilemmas and problems to find new locations for envi-
ronmentally friendly infrastructural facilities (such as renewable energy sources- RES or waste 
processing plants). Urbanisation and intensification of economic development lead to local con-
flicts, especially in densely populated areas. Any industrial, intensive agricultural facility or tech-
nical infrastructure can be classified as a potentially conflict bearing undertaking. In particular sub-
urban areas and small towns are potential NIMBY arenas. Typically, conflicts are evoked by a 
sense of unfair distribution of benefits and costs resulting from the emergence of a new invest-
ment. In fact environmental benefits are of global nature, while the costs are born locally. Conflict 
situations have their origin in non-uniform (and thus unjust) spatial distribution of local benefits [1].  
Inhabited areas generate waste and have higher energy demands, therefore, from the economic 
point of view (costs of logistics), new infrastructure should be located in their proximity. However, 
the urbanisation process and urban-sprawl result in decreasing amount of available greenfields in 
city outskirts and city-village transition areas. For spatial planners location of environmental infra-
structure facilities is, thus, challenging and requires elaboration of substantive arguments.  
In case of AD facilities it is not only to make people accept the new investment site but also to 
actively involve them in the waste management process. The majority of the European AD plants 
fuelled with OFMSW (c. 60%) use source separated organics (SSO), which means they require 
active participation of the local population in the selective collection process. A typical example is 
the AD plant in Bayern, Germany. Within the Munich metropolitan region two AD plants are fuelled 
by OFMSW. One is located within the city of Munich and operated by the city utility company 
AVM, where SSO of the city of Munich are processed. The other one (in operation since 1997) is 
located in Kirchstockach and takes in SSO from the city ring administered by the Landkreis Mün-
chen. Biotonne is directed to the plant from a distance of up to 40 km from the area of  
c. 667 km2 (Munich province) from over 400 thousand residents. A well-developed network of 
roads and highways around Munich allows for efficient logistics. The annual capacity of the plant 
amounts to 30.000 Mg per year. The plant operator stressed the need to introduce proactive edu-
cational measures in close cooperation with local authorities. Such activities include open days, 
and were organized in Kirstockach already a couple of times. The facility has also been exhibited 
during the "Energy days" festival, when local people could learn about the AD technology and 
separate collection of kitchen and garden waste.  
In analysed European regions with a higher population density, where such infrastructural invest-
ments are inevitably integrated into the urban tissue, the trend is to use existing brownfield sites 
such as composting, MBTs' sites, WWTPs (especially in smaller towns) for the purpose of their 
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extension. 10 case studies in Europe were analysed in detail from the point of view of environ-
mental, organizational, economic, technological, social and spatial criteria. This part of the project 
enabled to outline initial multicriteria evaluation scheme.  

Table 1: Chosen spatial parameters in 10 European case study analysis. 

  Scandinavia 

 

Western Europe 

  

Southern  

Europe 

CEE  

NUTS3 Typology   IN IN PRC PU PU PU PU PU PU PRC/UP 

Population density  Inh./km2 120 114 82 496 496 838 694 694 1941 60 

Brownfields/ 

Greenfields 

 B B B B B B G B G B 

Landuse 

requirements 

ha 1.5 12.2 2.3 4.6 0.5 4.9 3 1.2 3.9 1.2 

Distance to  

inhabited areas  

m 500 400 100 250 230 200 300 300 200 1000 

AD Plant typology  SSO COD COD SSO COD SSO SSO MBT SSO M 

Plant size '000 Mg/a 50 85 50 30,5 2 25 80 90 25 85 

PRC - Predominantly rural (region) close to a city, PRR - Predominantly rural remote (region), IN - Intermediate (region), 
PU - Predominantly urban (region) 

MBT mechanical-biological treatment plants with AD of organic fraction of mixed municipal solid waste, SSO- AD plants 
fuelled by source selected organics (SSO), COD- AD plants fuelled by SSO in codigestion with other agricultural materials. 

 

 

3. Results 

3.1 Identification of relevant criteria to alleviate the effects of nimbyism  

The key element of this research is to elaborate a multicriteria decision analysis tool to be used in 
location procedures in Poland. The preliminary version of the tool was designed based on experi-
ences from other countries (study visits, literature reviews) as well as own analyses. The Analytic 
Hierarchy Process (AHP) combined with a spatial analysis tool (GIS) will be applied to justify the 
choice of the best site. The AHP is a multicriteria method that was originally developed in 1977 by 
Satty  [2]. In short, this technique is based on the hierarchical structure of the problem followed by 
the evaluation of options by pair-wise comparisons. In the literature it can be found using this ap-
proach to evaluate localization issues using a large number of different criteria [3],  [4]. 
In this project the pair-wise comparison of tier I criteria: C1. Impact on inhabitants C2. Impact on 
the environment C3. Economic feasibility is performed. Tier 2 and 3 subcriteria relevant to the 
impact on inhabitants include issues such as:  
 
 

 B1 IMISSIONS/QUALITY OF LIFE, with a C level (tier III) criteria: distance to inhabited 
areas and other receptors (noise, odour), distance to protected drinking water intake are-
as, interactions (cumulated impact);  

 B2 MATERIAL AND INTANGIBLE ASSETS ON A LOCAL LEVEL, with a C level (tier III) 
criteria: impact on agricultural land (in particular ecological farming), recreation, amenity 
and tourism (loss of trading income), loss of real property's value, new employment; 

 B2 CULTURAL HERITAGE/LANDSCAPE, with a C level (tier III) criteria: distance to cul-
tural heritage places, distance to conservation areas, visual influence zones, visual or 
other intrusion (e.g. changes to landscape character, noise in a quiet setting), visual ef-
fects, changes in views of a landscape (townscape).  
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Figure 1:  A structure for a multicriteria evaluation of plots available for the location of a AD plant. 
 
 
Case study municipalities are to be located in waste management regions (administrative units 
abbreviated RGO in Polish), defined by the Polish law as regions with at least 150 thousand in-
habitants. Such administrative entities are statistically reviewed in order to calculate the level of 
waste generation and the possibility to obtain OFMSW fraction for AD. The optimisation of the 
siting process takes into account local aspects such as exclusion areas (i.a. water bodies, areas 
with slopes exceeding 10%), preferential areas (i.a. brownfield and derelict sites), distances to 
inhabited areas and other sensitive receptors (i.a. schools, hospitals, recreational sites).  

3.2 Choice of a case study municipality and plots 

The AD plant in Poznan has been planned as the extension of the existing landfill site (plot 1 in 
Figure 2). The landfill was opened in 1984 and its total area is of almost 49 ha including recultivat-
ed part of 11,6 ha and new, expanded part of 20,9 ha. The annual amount of deposited MSW is 
approx. 130.000 Mg. The plot chosen as one of possible locations of the plant by the investor is 
locate in the south-eastern part of the landfill within the administrative borders of the city of Poz-
nan. The closest residential area of single-family housing is about 800 m in the Suchy Las Com-
mune and the allotment gardens on the west. Crucial is the vicinity of the Meteorite Nature Re-
serve, which is famous for its seven meteor craters. Inhabitants' hopes that the nuisance associ-
ated with the existing facility would disappear after its closure were dashed. Protests were trig-
gered, i.a. by the decision to cofinance the investment from the EU funds as this is an area of a 
high recreation, amenity and touristic value. Also the inhabitants of the neighbouring Morasko 
Radojewo and Suchy Las raised their objections regarding a close proximity to the planned in-
vestment.  
The siting process has begun in 2010, later becoming a part of the Regional Waste Management 
Plan 2012. The new AD facility will be able to process 30.000 Mg of biodegradable waste,  
18.000 Mg of green waste and 12.000 Mg of OMSW from households of the city of Poznan. In the 
process of AD followed by composting the plant will produce 2.300 MWh electricity to be used for 
installation self consumption and the same amount will be sold to the grid. Heat will be produced 
in the amount of 3.500 MWh and the compost (13.500-15.000 Mg) will be made available to the 
municipality (green areas of the city), inhabitants and farmers.  
In order to find the most suitable location for the plant three sites will be investigated. First location 
(1) is situated close to the main landfill of Poznan (4) situated within the borders of the Suchy Las 
Commune neighbouring the city of Poznan. The second location (2) is on the lot close to the bor-
der with the Czerwonak Commune, this plot is a part of a CHP plant (6) and next to waste-to-
energy plant (5), currently under construction. It is an industrial area in the north-eastern suburbs 
of the city with many services, warehouses and factories. However, this plot is also not very far 
from the Warta River and its natural banks thus under the risk of flooding. The third location (3) is 
close to the main wastewater treatment plant (7) located in the neighbouring Czerwonak Com-
mune. The main obstacle in this case is its location on the edge of the Warta River and a close 
distance to two big residential areas built in 1λ80’s as a block-of-flats for workers.  



TD The bioresource challenge  Oral 

 

522 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

 
 
Figure 2:  Part of Study of the Conditions and Directions of the Spatial Management of the Poznan City, Suchy Las and 
…………..Czerwonak Communes with possible plots for the AD plant (1-3) and neighbouring infrastructure facilities (4-7). 
 
All chosen locations are close to other waste treatment facilities, however, they are also not very 
distant form the residential and nature conservation areas. Certainly the use of brownfields areas 
or other industrial sites should be prioritised in the location selection process; however, they 
should not be sole criteria for plant siting. Finding a suitable location for an AD plant has been 
accompanied with numerous objections as regards transport logistics, noise and odours nuisance 
from the plant's operation. In order to improve the level of acceptance, the local authorities have 
started ongoing public consultations in 2014.  

4. Conclusion and outlook 

From the so far research it can be concluded that organizational, legal and socio-economic factors 
constrain the further development of such infrastructural investments in Poland. Investment pro-
cedures are also complicated, long lasting and do not encourage new developments. On top of 
that the very process of choosing an appropriate location is quite difficult.  
Therefore, the project team elaborated a methodology for a multicriteria decision analysis tool to 
choose the best site for waste treatment and green energy facilities (anaerobic digestion of the 
organic fraction of municipal solid waste). The AHP (analytical hierarchy process) was chosen as 
the most suitable to create an appropriate tool. The final decision making tool should reflect differ-
ent interests of inhabitants, investors and the communes and thus alleviate the effects of  
nimbyism. The selected case study areas are locations, which have already encountered social 
resistance (like Poznan) or the ones where NIMBY syndrome is very likely- like the suburban 
commune of Jabłonna (within the Warsaw metropol region) or Domosław (agricultural area with a 
high recreational value).  
This is an ongoing project, complete results of which including case studies together with the sen-
sitivity analysis of the proposed tool will be available by the end of 2015. However, the preliminary 
results will be presented during the conference.  
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1. Objectives 

The main objective of this study was to determine the anaerobic biodegradability of three catch 
crops: Lolium multiflorum. (Ryegrass), Brassica napus (Oilseed rape) and Avena strigosa (Black 
oat)) and to assess the effect of ensiling, in order to use them as co-substrate in manure-based 
biogas plants while maximizing biogas production.  
 

2. Methodology 

2.1. Experimental set-up 

Biochemical methane potential (BMP) tests of the three catch crops studied were carried out at 37 
ºC (in duplicate) according to Soto et al. (1993) [1] and Angelidaki et al. (2009) [2]. 1.2 L-glass 
vials were filled with 0.5 L of a mixture of cow manure as inoculum (1.5 gVSS/L), silage and fresh 
catch crops as substrates (2.5 gCOD/L) as well as deionized water. The mixture was supplement-
ed with macro/micronutrients and bicarbonate following Ferrer et al. (2010) [3]. A control vial with-
out substrate was included to assess the residual methane (CH4) potential of the inoculum. The 
flasks were stirred and bubbled with a N2/CO2 gas mixture (80/20 v/v) in order to remove O2 be-
fore they were closed with rubber stoppers. The test lasted an average of 40 days. Anaerobic 
biodegradability and methanogenic index (M) of each sample were calculated as described else-
where [1]. 
 

2.2. Analytical methods 

Total solids (TS), volatile solids (VS), total chemical oxygen demand (COD) and total kjeldahl 
nitrogen (TKN) concentrations were measured according to Standard Methods [4]. Biogas produc-
tion was measured with a volumetric milligas counter. Biogas composition (CH4, H2, and CO2) was 
determined by gas chromatography once a week. pH was measured on the leachate after 
crop:distilled water extraction (1:5 v/v) for 0.5 h.  
 

2.3. Feedstocks 

The inoculum was taken from an anaerobic lab-scale digester treating cow manure working at 
steady state.  Catch crops were grown and harvested between successive plantings of maize at 
the Mas Badia Field Station (La Tallada d'Empordà, Girona, Spain) and ensiling was performed 
immediately after harvesting at the laboratory during almost three months. The main characteris-
tics of the feedstock used are summarized in Table 1.  
The fermentation process was confirmed by the decrease of pH values after silage process, alt-
hough the rest of parameters did not show significant differences, except for COD whose differ-
ences may be related to an analytical error. Even though the pH of silage catch crops was low, the 
initial pH in each vial was around the neutrality due to the 1:5 v/v dilution and the buffer capacity of 
cow manure. 
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Table 1: Characterization of the feedstock used. 

 pH  
COD 

(g kg-1) 
 

TS 

(%) 
 

VS 

(%) 
 

TKN 

(g kg-1) 
 

Biomass 

yield  

(t DM Ha-1) 

, CO2 is emitted 6.35  227  20  18  4.5  2.69 

Ryegrass silaged 4.01  292  21  18  4.5  - 

Oilseed rape 5.72  270  13  11  3.5  3.14 

Oilseed rape silaged 3.98  270  13  11  3.6  - 

Black oat 6.29  346  17  15  4.6  3.03 

Black oat silaged 3.67  307  17  16  4.8  - 

COD-Chemical Oxygen Demand; TS- Total solids; VS-Volatile solids; TKN- Total kjeldahl Nitrogen; DM-dry matter. 

 

3. Results  

The anaerobic biodegradability obtained for the three catch crops studied and the cumulative me-
thane (mL of CH4) production in all the BMP assays carried out are shown in Figure 1 and Figure 
2, respectively. As can be seen in Figure 1, it appears that ensiling improved the biodegradability 
and methane yield of catch crops under anaerobic conditions. In fact, the anaerobic biodegradabil-
ity of ryegrass, oilseed rape and black oat was increased by 5%, 16% and 17%, respectively, 
which resulted in an increase of the accumulated volume of methane by 9%, 38% and 70%.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Anaerobic biodegradability for fresh (blue) and silage (green) catch crops. 
 
 
Table 2 summarizes the methane yields obtained in the BMP assays. In terms of LCH4kgVS

-1. Me-
thane yields of silage catch crops increased by 36%, 41% and 44%, for ryegrass, oilseed rape 
and black oat, respectively, whereas methane yield expressed as LCH4kgCOD

-1 was improved by 
10%, 43% and 40%, respectively. The obtained values (see Table 2) were within the range of 
those values obtained in previous studies for different catch crops, ranging from 250 to 450 
LCH4kgSV

-1 [5]. In any case, regarding anaerobic digestion of crops, factors such as temperature, 
mixing, particle size, organic load, lignocellulosic content, part of the plant utilized for the anaero-
bic digestion and crop storage strategy, should be considered in order to optimize methane poten-
tial.  
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Figure 2: Cumulative methane production for fresh (continuous line) and silage (dotted line) catch crops. 
 
During the silage process lactic acid, acetic acid, methanol, alcohols, formic acid, H+ and CO2 are 
formed. These products are important precursors for methane formation [6]. Another reason for 
the increase in specific methane yield could be a predecomposition of crude fibre in course of the 
silage process, which improves the biodegradability and the availability of nutrients for the meth-
anogenic metabolism. In any case, analysis of lignin, cellulose and hemicellulose is necessary in 
order to a better understanding of methane yield production from different crops. Note that, in spite 
of the higher amount of cumulative methane achieved by silage black oat, methane yield was only 
slightly higher than silage oilseed rape or even lower in terms of LCH4kgCOD

-1. Also methane yield 
per hectare was lesser than those obtained for silage oilseed rape (Table 1).  

Table 2:  Methane yields and anaerobic biodegradability of silage and fresh catch crops obtained in the BMP tests.        

* mean values±standard deviation 
 
Nevertheless, the main parameter to consider when using crops as substrate for biogas produc-
tion is the volume of methane per hectare. Methane yield per hectare is dependent on the bio-
mass yield per hectare and the specific methane yield of the biomass. The biomass yield per hec-
tare depends primarily on the time of establishment, the weather conditions (temperature and 
rainfall) during the growing season, the amount of available nitrogen (or mineral nitrogen added) in 
the soil and the time of harvest. The catch crops used in this study were grown and harvested 
between successive plantings of maize with a minimum cultivation and harvesting efforts, without 
using fertilizers and watering. 
Economic calculations made for ryegrass showed that its methane yield per hectare should be 
above 700 m3 CH4 ha-1 (specific methane yield above 350 m3 t-1 of VS and biomass yield on VS 
above 2 t ha-1) to obtain an economic favourable balance when using this crop as a co-substrate 
for manure-based biogas plants [2].  

(*) Ryegrass 
Silaged 

ryegrass 
Oilseed 

rape 

Silaged 
oilseed 

rape 

Black 
oat 

Silaged 
black oat 

Methanation potential (LCH4 kgVSadded
-1) 195±2 264±15 301±8 424±27 271±12 391±17 

Methanation potential (LCH4 kgCOD-1) 152±2 167±10 120±3 172±11 139±6 194±9 

Methanation potential (m3CH4 t
-1fresh matter) 35±0 49±3 32±1 47±3 46±2 60±3 

Methanogenic potential (%M) 43±5 48±8 34±0 49±8 40±9 56±13 

Anaerobic biodegradability (%B) 47±5 52±9 37±0 53±9 43±9 60±14 

m3 CH4 ha-1 468 634 813 1145 732 1056 
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In our study, biomass yield on VS for ryegrass was 2.4 tVS ha-1. As can be seen in Table 2, specif-
ic methane yield of fresh ryegrass was almost 195 m3 t-1 of VS and methane yield was therefore 
around 468 m3 CH4 ha-1. Although is quite lower in comparison with 700 m3 CH4 ha-1, this me-
thane yield is high taking into account the efforts of cultivating this catch crop in economic terms 
and the fact that methane yield in terms of m3 t-1 of VS was almost half of 350 m3 t-1 of VS . On the 
other hand, when ryegrass ensiling was performed, methane yield per hectare increased by 35% 
(634+ m3CH4 ha-1). Additionally, the specific methane yields of oilseed rape and black oat in-
creased by 41% and 44%, respectively. Besides the economic assessment, performing a life cy-
cle analysis of the process is essential in order to determine the impact of the overall activity on 
the environment, including nutrient balances.   
  
In spite of the fact that the oilseed rape biodegradability was very similar to those obtained for 
ryegrass, and 7% lower than the biodegradability of black oat, its higher biomass production per 
hectare, resulted in the highest CH4 production per ha (1145 m3

CH4/ha for the silaged oilseed 
rape). However, it should be tested in continuous test to optimize the operational parameters (% 
mixture, organic load rate, etc.) to maximize the biogas production. 

4. Conclusions and outlook 

Ensiling can be use as strategy to store as well as to increase the anaerobic biodegradability of 
vegetable substrates such as catch crops. Thus, it can be used as an economically feasible pre-
treatment in order to use them as co-substrates in manure-based biogas plants while maximizing 
biogas production. The anaerobic biodegradability was improved by 5-17% whereas methane 
yield per hectare of silage crop was 30-47% higher than those obtained for fresh catch crops. 
Silage oil seed rape appears to be the best option for producing biogas by anaerobic digestion 
due to its higher methane yield per hectare of crop (1145 m3CH4ha-1). 
 
Next step will be to optimize operational conditions of the anaerobic co-digestion of manure and 
these catch crops at continuous mode in order to elucidate the possible synergisms and the viabil-
ity of applying the process at industrial scale in a full-scale biogas plant. 

Acknowledgements  

The authors wish to express their gratitude to the European Commission (Project LIFE12ENV/ES/000647) for providing 
financial support. 

References 

[1] Soto, M., Méndez, R., Lema, J., 1993. Methanogenic and non-methanogenic activity tests. Theoretical basis and 
experimental set up. Water Research 27 (8), 1361–1376. 

[2] Angelidaki, I., Alves, M., Bolzonella, D., Borzacconi, L., Campos, L., Guwy, A., Jenicek, P., Kalyuzhnui, S., van Lier, 
J., 2009. Defining the biomethane potential (BMP) of solid organic wastes and energy crops: a proposed protocol 
for batch assays. Water Sci. Technol. 59 (5), 927–934. 

[3] Ferrer, I., Palatsi, J., Campos, E., Flotats, X., 2010. Mesophilic and thermophilic anaerobic biodegradability of water 
hyacinth pre-treated at 80 ºC. Waste Management 30, 1763–1767. 

[4] APHA, 2005. Standard Methods for the Examination of Water and Wastewater, twentyfirst ed. Washington DC, 
American Public Health Association. American Water Works Association and Water Environment Federation. 

[5] Molinuevo-Salces, B., Larsen, S.U., Ahring, B.K., Uellendahl. H. (2013). Biogas production from catch crops: Eval-
uation of biomass yield and methane potential of catch crops in organic crop rotations. Biomass and Bioenergy 59, 
285-292. 

[6] Amon T., Amon B., Kryvoruchko V., Zollitsch W., Mayer K., Gruber L. (2007) Biogas production from maize and 
dairy cattle manure-Influence of biomass composition on the methane yield. Agriculture, Ecosystems & Environ-
ment 118:173-182. 

  



Oral   TD The bioresource challenge 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

527 

 

 

TD-O_16 Anaerobic co-digestion of pig manure and  
organic waste materials as affected by  
different hydraulic retention time 

Vazifehkhoran, A.H.1; Triolo, J.M.1 
1Institute of Chemical Engineering, Biotechnology and Environmental Technology, Faculty of Engineering, University of 
Southern Denmark, Niels Bohrs Allé 1, DK-5230 Odense M, Denmark 

ahva@kbm.sdu.dk 

1. Objectives 

The aim of the study was to study transformation of lignocellulosic biopolymers and biogas pro-
duction yield effected by hydraulic retention time (HRT) on co-digestion of pig manure and organic 
waste materials in continuous stirred tank reactors (CSTR).The results were used to develop a 
kinetic model that predicts biogas production along with retention time.  

2. Methodology 

2.1 Feedstock and inoculum 

Pig manure and slaughterhouse waste were obtained from Fangel biogas plant (Odense, Den-
mark). Brewery waste was collected from a local brewery plant (Denmark) and supermarket 
waste (Danish ham) was purchased from supermarket. The organic waste material is composed 
of 45% Danish ham, 45% brewery waste water and 10% slaughterhouse waste. The feed for 
CSTR consists of 75% pig manure and 25% organic waste material based on wet mass. Final 
composition for feed is 75% pig manure, 11.25% Danish ham, 11.25% brewery waste and 2.5% 
slaughterhouse of total mass. Inoculum was collected from an industrial biogas plant on Funen 
Island, which processes 75 % of animal manure as prime feedstock and 25 % of industrial food 
processing waste by mass base at a mesophilic temperature. 

2.2 Anaeorbic digestion in batch and continuous mode  

Batch tests to determine Biochemical methane potential (BMP) were carried out according to 
VDI 4630 (2006). Anaeorbic digestion in continuous mode using 20 L of laboratory scale CSTR 
was performed at four different HRT, 15, 20, 30 and 45 days at 37 °C. The organic loading rates 
were 3.88, 2.91, 1.94 and 1.29 g.l-1day-1 at 15, 20, 30 and 45 days, respectively. Gas yield, gas 
concentration, VFA and TAN were monitored throughout the anaerobic digestion. The reactors 
was fed after 14 days of degassing and operated for the period of three times HRT with 12 l 
working volume.  

2.3 Chemical characterization 

The methane concentration was measured by the gas chromatograph (7890A, Agilent technol-
ogy, USA) equipped with a thermal conductivity detector and a 30 m x 0.320 mm column (J&W 
113-4332, Agilent technology, USA). 
Dry matter (DM), VS, TKN, TAN, Crude lipid were measured according to APHA standard [1].  
 Volatile fatty acid (VFA) concentrations from C2-C5 were determined using a gas chromato-
graph (Hewlett Packard 6890, Italy) with a flame ionisation detector. Ethanol was measured 
using high-performance liquid chromatography (HPLC, Agilent 1100, Germany). Hemicellulose, 
cellulose and lignin  were determined according to Van Soest characterization [2,3]. 

2.4 Modelling of methane production kinetic in CSTR 

From mass balance equation for microbial growth in CSTR with the assumption of constant 
working volume, influent and effluent without any accumulation in the system, it is concluded 
that: 
 µ = � =             Eq. 1 

 
Where µ= specific microbial growth (day-1), θ= hydraulic retention time and D= Dilution rate 
(day-1). 
The maximum specific microbial growth is equal to reciprocal critical HRT. 



TD The bioresource challenge  Oral 

 

528 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

 µ � = ��            Eq. 2 

 
Specific microbial growth is explained by the kinetic model suggested by Grau et al. [7] below: 
 µ = µ �             Eq. 3 

 
Combining Eq. 1, 2 and 3 results in: 
 = ���              Eq. 4 

 
On the other hand, the correlation between methane yield at any time versus substrate concen-
tration in influent and effluent is expressed in Eq.  5. 
 

�� = − = −           Eq. 5 

 
The term S/S0 is substituted by θ/θc. Then, the rate of methane production, rCH4, is calculated by 
multiplying organic loading rate, S0/θ, and methane yield, B. 
   = � − ��� = � − �         Eq. 6 

 

4 = � � − ���           Eq. 7 
 
Where B= methane yield (NL CH4 kg-1 VS), Bmax= maximum methane yield (NL CH4 kg-1 VS), 
rCH4= rate of methane production (NL CH4 L

-1 day-1), OLR= organic loading rate (g/l day) and 
OLRc= critical organic loading rate (g/l day). 

2.5 Degradation kinetic of lignocellulosic fractions 

The first order kinetics is used to assess the hemicellulose and cellulose degradation in CSTR. 
Hydrolysis kinetics is used to evaluate biodegradation of slowly degradable fractions including 
hemicellulose and cellulose in CSTR. 
 = = −            Eq. 8 
 
Where rs= degradation rate of component (g l-1 day-1), k= hydrolysis kinetic constant (day-1) and 
S= component concentration (g l-1). Using mass balance calculation for hemicellulose and cellu-
lose combined by Eq.  8 leads to Eq.  9 explaining reciprocal S versus hydraulic retention time. 
 = + �            Eq. 9 

 
Where S is hemicellulose or cellulose concentration in the reactor (g l-1), S0 is the hemicellulose 
or cellulose concentration in the feed (g l-1). 

3. Results and discussion 

3.1 Substrates and digestates characteristics and methane production potentials 

The physicochemical characteristics and methane potentials of substrates and digestates are 
demonstrated in table1. The crude lipid content in all digestates are zero meaning it is convert-
ed to long chain fatty acids (LCFA) and consequently partly to biogas. Non-fibrous carbohy-
drates in digestates except the one at 45 days HRT are higher than feed that might be as a 
result of degradation of lipids and lignocellulosic fraction to LCFA and sugars. Concentration of 
crude protein is much lower in all digestates compared to feed which shows its transformation to 
biogas and probably some nitrogen-containing polymers, amino acids and nitrogen in the struc-
ture of microorganisms. In case of lignocellulosic content in VS, it is increasing in all digestates 
in comparison with feed due to the fact that its degradation is slower than proteins and lipids 
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with different hydrolysis rates leading to decline in the biodegradability of digetates along the 
HRT. 
 
Table 1: Physicochemical analysis and biomethane potentials of substrates and digestates. 

 
3.2 Biogas yield and CSTR performance  

The methane yield for 15, 20, 30 and 45 days of HRT are 345, 416, 451 and 487 (Nl CH4 kg-1 
VS). Methane production and methane concentration were steady during the time course show-
ing performance of reactors in all experiments is without inhibition. After 20 days, VFA concen-
tration and rate of methane production are heading to level off and reach stable condition. 
TAN in the digestates ranged from 3.77 to 4.02 g/kg, however gas concentration and production 
was sound and stable. 
Using Eq.  6, the methane yield at each HRT, graphed versus 1/θ (Fig. 1, left) at which  
Bmax and Bmaxθc are intercept and slope of the linear equation. It was found that methane yield 
versus reciprocal HRT had a fine inverse linear correlation (R2 0.979) and intercept was 557 (Nl 
CH4 kg-1 VS) which is maximum methane yield. Thus, the methane yield and rate of methane 
production could be expressed as below. 
 = ∗ − .� = ∗ − .         Eq. 10 

   

4 = . ∗ � − .�           Eq. 11 
 
Where B= methane yield (NL CH4 kg-1 VS), θ= HRT, OLR= organic loading rate (g/l day) and 
rCH4= rate of methane production (NL CH4 L

-1 day-1). 
Using the Eq. 10 and 11, biogas production was simulated in Fig. 1 right, showing the highest 
rate of methane production at HRT of 11 days (twice critical HRT) calculated by putting deriva-
tive of Eq. 11 equal to zero. In addition, the R2 of predicted values against actual ones is 0.993 
expressing the good predictability of model for gas production. 

 

Figure 1:  Left: Methane yield plotted versus reciprocal hydraulic retention time. Right: Methane yield and rate of  
     methane production affected by hydraulic retention time from the model. 
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3.3 Degradation kinetic of lignocellulosic material 

Hemicellulose concentrations in feed and digestates are 3.54, 2.78, 2.54, 2.38 and 1.96 and 
cellulose concentrations are 5.49, 4.23, 3.96, 3.72 and 3.60 respectively. Both fractions are  
The 1/S is plotted versus HRT (Fig. 2, left) to estimate degradation kinetic constant k from Eq.  9 
which is hydrolysis rate constant of cellulose and hemicellulose. 
Using linear regression, k is estimated of 0.0204 and 0.0116 (day-1) for hemicellulose and cellu-
lose respectively, showing the degradation of hemicellulose is around twice than that of cellu-
lose. The reason could be the structure of hemicellulose is more amorphous compared to cellu-
lose which is partly crystalline [6].  
Hemicellulose and cellulose are relatively easily biodegradedable, however if they are trapped 
within the lignocellulosic matrix, lignin acts as a protector from their decomposition.  Lignocellu-
losic materials are very slowly degradable fractions if the lignin content is high [5]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2:  Left: Hemicellulose and cellulose concentration plotted against HRT. Right: Hemicellulose and cellulose  
 concentration predicted by model and actual results.  
 

4. Conclusion and outlook 

The R2 of predicted values against actual ones is 0.993 expressing the good agreement of model 
for methane production. The results showed the critical HRT at 5.5 days and maximum methane 
production rate at 11 days. The methane production from the feed mostly containing crude protein 
and lipids follows the kinetic suggested by Grau et al., while the degradation of hemicellulose and 
cellulose follow first order kinetic. The k values estimated for hemicellulose is around twice than 
that of cellulose due to the fact that hemicellulose has amorphous structure and cellulose is more 
crystalline.    
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1. Objectives 

Psychrophilic methanisation is used all over the world as a simple, robust and cheap way to pro-
duce green energy from animal waste. One limitation is the long time required for microbial com-
munities to adapt to strong temperature changes, especially for low temperatures. To better un-
derstand microbial community adaptation, we applied several strategies to test the impact of tem-
perature on biogas production and methanogen communities of swine slurry:  
 
 selection of inocula adapted to 13°C (annual mean temperature in temperate climate)  
 brutal shift of the communities from 35°C to 5°C 

2. Methodology 

Three swine slurries (fresh (FSM) and stored for 2 (SSM) or 9 months (LTSSM)), 1 fresh cow 
manure (BM) and 1 mesophilic swine slurry digestate (DSM) were tested as inoculum for 
methanisation of swine slurry at 13°C (Table 1). 0.5l from each manure was put in 3 batch reac-
tors made of 2.2l bottles and flushed with CO2 to facilitate methanisation start-up. Once a week, 
75 ml of fresh swine manure (FSM, homogenized and stored frozen) was added to simulate the 
filling of a storage tank. The initial organic loading rate (OLR) was about 1.2 g COD/l.d. The added 
load was increased to 1.6 and 2.4g COD on days 104 and 118 respectively. For each bottle, me-
thane production was monitored continuously using an Automatic Methane Potential Test System 
(Bioprocess Control AB, Lund, Sweden) [1]. Monthly, all bottles were sampled to measure pH 
(APHA, 1998), total and soluble COD (micro-method, MERCK), VFA concentrations [2] and for 
microbial community analyses. 
Biomass from the best acclimated bottle was then used for BMP-like tests incubated at 35, 25, 15 
and 5°C to study the impact of brutal temperature changes on methanogenesis. Comparison was 
done in the same conditions with a mesophilic biomass from a laboratory anaerobic digester treat-
ing swine manure for about 1 year. BMP were done without agitation in 150ml glass bottles filled 
with 110ml of liquid composed of ¼ of inoculum and ¾ of fresh swine manure supplemented with 
3.45g of co-substrate (Sodiva EG Poney), leaving 40ml headspace for gas accumulation.Gas 
production and methane concentration were measured using a pressure meter device and a gas 
chromatograph [3]. Biomass samples were taken from each bottle at the beginning, the active 
phase and the plateau phase of biogas production for microbial community analyses. 
Bacterial and archaeal communities’ dynamics was monitored by 16S rDNA qPCR and CE-SSCP 
fingerprinting as described in [4] and [2] respectively. 

3. Results and discussion 

3.1 Selection of a microbial community adapted to 13°C 

Before incubation, the bovine manure (BM), long term stored swine manure (LTSSM) and swine 
slurry digestate (DSM) inocula were concentrated by centrifugation (4000g for 20 min at 13°C) to 
adjust their volatile solids content to the one of the fresh swine manure (FSM) and stored swine 
manure (SSM). It resulted in inocula with relatively similar pH, total solids and total COD (Table 1). 
However, the FSM and DSM inocula differed from the others by their high concentrations in solu-
ble COD, volatile fatty acids and ammonia and their low proportion of Archaea (putative methano-
gen) in their microbial community. Interestingly, the comparison of values of the 3 swine manure 
suggests that the proportion of Archaea in the microbial community increases with the duration of 
storage in the farm, FSM < SSM < LTSSM. 
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Average CH4 production of bottles inoculated with each of the 4 manure and digestate is shown in 
Figure 1. Methane production was not detected for the bottle inoculated with the digestate (DSM). 
For the manure bottles, a slight latency period occurred from days 7 to 13. Then,for the first 50 
days, the production increased regularly and was slightly better for the bottles inoculated with the 
long term stored swine manure (LTSSM) or the bovine manure (BM). Thereafter, the methane 
production rate of the bottle inoculated with the stored swine manure (SSM) overpassed the one 
of all the other bottles. At the end of the experiment, the methane production rate of each bottle 
was (l/day): SSM (22.3) >LTSSM (15) > BM (11.7) > FSM (10). Methane production from the fresh 
manure inoculum (FSM) was the less important in comparison to other ones. It could be linked to 
its high VFA and ammonia initial content. 

 
Figure 1: Average methane production (l/day) during anaerobic digestion of fresh swine manure in laboratory reactors 

incubated at 13°C and inoculated by five different manures: FSM, fresh swine manure; SSM, stored swine ma-
nure; BM, bovine manure, LTSSM, long time stored swine manure and DSM, digestate of swine manure. Vertical 
bar represents the OLR change on day 118.(Variabilitywithin triplicates was ± 7 %). 

Table 1: Physico-chemical and microbiological characteristics of the 5 manures tested as inoculum. 

Inoculum pH TSS VSS 
Total 
COD 

Soluble 
COD VFA 

N-
NH4 Bacteria Archaea 

Archaea/ 

Totalb 

g/l g O2/l g/l Gene copies/l
a
 % 

FSM 7.4 76.3 58 109 31 18.6 4.9 3 1010 3 108 1.0 

SSM 7.4 83.1 55 100 6.6 0 1.5 4.6 1011 1.4 1010 2.9 

BM 7.3 59 51 102 12.3 1.4 1 6.2 1011 2 1010 3.1 

LTSSM 7.7 82 58.6 85 4.1 0.1 0.9 4.9 1011 3.9 1010 7.4 

DSM 7.5 83 53 131 34.6 15.3 7.9 1.2 1012 9 108 0.1 
a 

Copies of 16S rRNA gene/l of manure; 
b 

Calculated as: (copies of archaeal 16S rRNA gene/ (copies of bacterial 16S 
rRNA gene + copies of archaeal 16S rRNA gene)) x 100

 

Table2: Physico-chemical and microbiological characteristics of the five bottles after 222 days of acclimation. 

Inoculum pH TSS VSS 
Total 
COD 

Soluble 
COD VFA CH4 

N-
NH4 Bacteria Archaea 

Archaea/ 

Totalb 

g/l g O2/l % g/l Gene copies/la % 

FSM 7.9 42.0 30.3 82.0 31.2 9.3 69 4. 1.7 1010 5.5 107 0.3 

SSM 7.9 42.8 29.3 71.8 11.7 0.2 69 3.5 5.1 1010 3.5 109 6.4 

BM 7.6 41.0 29.2 92.6 18.5 7.7 60 3.5 2.2 1011 2.6 109 1.2 

LTSSM 7.7 41.5 29.1 93.3 18.9 5 64 3.5 2.7 1011 5.4 109 1.9 

DSM 8.0 36.2 23.9 88.3 29.3 9.5 18 4.5 3.6 1011 1.2 109 0.3 
a,b 

As in Table 1. 

 

After 222 days of acclimation at 13°C (Table 2), and despite similar TSS and VSS values, only the 
SSM bottle did not accumulate VFA which is in agreement with its biogas production. The soluble 
COD and VFA levels were relatively high for the FSM and DSM bottles as compared to others. 
Interestingly, the SSM bottle is also the only one which supported an increase of the Archaea/total 
microorganisms ratio. Moreover, except for the DSM bottle, this ratio is in agreement with the level 
of methane production observed in each bottle (Figure 1).  
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3.2 Adaptation of microbial communities to temperature change 

The SSM methanogen microbial community adapted to 13°C in the above experiment (named 
now “psychrophilic inoculum”) was used to study methane production at 35, 25, 15 and 5°C (Fig-
ure 2). One volume of this community was mixed with 3 volumes of fresh swine manure supple-
mented with a co-substrate to increase methane production. A mesophilic inoculum was managed 
in the same way as control. At 35°C both inocula demonstrated comparable biogas production 
kinetics showing that the psychrophilic inoculum did not lose its ability to produce methane at 
35°C. At 25°C, the psychrophilic inoculum performed almost as good as at 35°C while the meso-
philic inoculum showed a 40 days period of adaptation and lower total biogas production. At 15°C, 
only the psychrophilic inoculum produced a significant amount of biogas after an adaptation time 
of about 50 days. At this temperature, biogas production from the mesophilic inoculum broke 
down after about 20 days. At 5°C both inocula showed very slow kinetics and low overall biogas 
production. These results show that the psychrophilic inoculum was actually able to produce bio-
gas between 15 and 35°C. 
 

 
Figure 2: Cumulative biogas production of the mesophilic and psychrophilic inocula incubated at 35 (orange), 25 (green), 

15 (blue) or 5 (purple) °C. 
 

The methane content of the biogas reached more than 75% after 20 days of incubation for both 
inocula at 35°C and for the psychrophilic inoculum incubated at 25°C (not shown). An adaptation 
period of about 8 and 13 weeks was required for the mesophilic inoculum at 25°C and the psy-
chrophilic inoculum at 15°C, respectively. At this last temperature, the methane content in biogas 
from the mesophilic inoculum varied between 20% and 30% only, confirming that methanisation 
broke down. At 5°C, the methane content in biogas from both inocula remained below 25%.  
 

 
Figure 3: Alignment of the archaeal CE-SSCP fingerprints from the mesophilic and psychrophilic inocula at the beginning 

of incubation (IM and IP respectively) with those of communities present at the end of the incubations at 35, 25, 
15 and 5°C. Nomenclature: the first two numbers are the temperature, M and I are the mesophilic or psychro-
philic inoculum respectively and F is the ultimate time sampled. 
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The 16SrDNA CE-SSCP fingerprints of each inoculum showed different archaeal communities 
between the initial mesophilic and psychrophilic inocula and the fresh swine manure used as sub-
strate, but they all showed a low diversity with at most 6 dominant peaks (not shown). The fresh 
swine manure archaeal community was the most diverse with a balanced diversity of 4 dominant 
peaks representing each between 10 to 20% of the total profile. The archaeal community of the 
mesophilic and psychrophilic initial inocula were dominated by only one peak (figure 3) that dif-
fered in each inoculum but both belonged to the acetotrophic methanogens Methanosarcinales 
group.  
Alignment of the archaeal CE-SSCP fingerprints (Figure 3) showed that: 

 The Methanosarcinales archaeal population that dominated the mesophilic inoculum (IM) did 
not adapt to lower temperature. It was replaced by another population at 25°C, in agreement 
with the lag phase observed during biogas production in Figure 2. This population belongs to 
a hydrogenotrophic methanogen from the Methanobacteriales group. 

 On the opposite, the Methanosarcinales archaeal population that dominated the psychro-
philic inoculum (IP) could adapt to higher temperature to some extent. It remained dominant 
at 25 and 15°C and was replaced by another population at 35°C. 

 Communities with different archaeal composition (35MF, 35PF, 25PF Figure 3)can have 
similar methane productions (Figure 2). In this case, running the process at 25°C with an 
adapted microbial community and having the same biogas production may represent an en-
ergy saving of 10°C.  

 At low temperatures that do not allow biogas production (15 and 5°C for IM; and 5°C for IP) 
the dominant populations remain present but inactive and seem to be slowly overgrown by a 
higher diversity. 

4. Conclusion and outlook 

Using different manure inocula and a simple selection procedure we were able to adapt a microbi-
al community to anaerobic digestion of swine manure at low temperature (13°C) within 200 days. 
The results show that the regular storage time of manure in farms is too short to obtain maximal 
methane production. It also shows that the choice of the inoculum and of the OLR is important 
parameters. The best methane producing inoculum was coming from swine manure stored in a 
farm storage tank for about 2 months. After adaptation, the inoculum produced 125 l CH4/kg COD 
added, reaching 68% of the substrate BMP. At the end of the experiment, methane production 
was at 42 l CH4/kg VSsubstrate·day after a 9 months period of acclimation. 
This adapted microbial community was able to produce methane at 15°C but also (and even 
more) at 35 and 25°C. In comparison, the mesophilic community used as control could not adapt 
to produce methane à 15°C. The analysis of the archaeal community dynamics to temperature 
changes suggests that both microorganism metabolic adaptation and populations shifts within the 
community where involved in acclimation. It also demonstrates that different archaeal community 
structures can support similar methane production yield and kinetics. It finally suggests that some 
archaeal species are better adapted to either warm or cold temperatures. 
Because of its ability to produce methane at temperatures above 20°C, our acclimated microbial 
community is actually a mesophilic community adapted to low temperature and not a true psy-
chrophilic community. It would be interesting to determine how long the community can keep this 
ability since it will allow a better flexibility in case of inoculation of real processes. 
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1. Objective  

Our objective was to increase the conversion efficiency of recalcitrant biomass to methane during 
anaerobic treatment through non-chemical inter-stage treatment. This paper will discuss two bio-
logical inter-stage treatments we have tested on wastewater sludge:  
 
 Inter-stage thermophilic aerobic digestion (TAD), 
 Inter-stage TAD followed by a non-aerated thermophilic incubation. 

2. Methodology  

Substrate was a mix of primary sludge and secondary dewatered sludge for experiment 1, and 
was secondary dewatered sludge for experiment 2. Figure 1 summarizes the process. Methodol-
ogy was as follow:  
 
 First stage mesophilic anaerobic digestion was carried out at 37°C. The reactor was full-scale 

for experiment 1 (hydraulic retention time (HRT) 28-30 d) and laboratory stirred batch for ex-
periment 2 (inoculum to substrate (I:S) ratio was 0.5 based on wet mass, HRT 26 d).  

 Inter-stage TAD was applied to waste water sludge using a heated (55°C) and aerated stirred 
tank reactor. Air supply was 0.25 L per L reacting mass per minute. Inoculation was done using 
an inoculum to substrate (I:S) ratio of 0.25 based on wet mass. The batch reactor was run for 1 
day. Effluent was sampled at different time points (from 30 min to 1 day) and anaerobically di-
gested afterwards. COD in TAD effluent was measured directly after sampling. 

 Non-aerated thermophilic incubation was applied to TAD effluent in sealed tubes incubated in 
a water bath (55°C) for 1 h to 2 days (for some of the samples).  

 Second stage anaerobic digestion was mesophilic in batch mode. Digestion was started at the 
same time for all samples in each experiment; if needed, samples were kept at 3°C for ≤ 2 
days. Gas volume was quantified by syringe and gas composition was determined by gas 
chromatography. Samples were inoculated with an I:S ratio of 2.5 based on COD. Inoculum, 
adapted to the substrate, came from full-scale digester. Digestion time was 20 days.  
 

Data analysis was done using the biogas package [1]. 
 

 
  
Figure 1:  Overview of the studied process. Numbers refer to the effluent at different points of the process: 0, initial sub- 
….......... strate; 1, effluent after stage 1 (digestate from initial substrate and inoculum); 2, effluent after stage 1 mixed 

with TAD inoculum; 3, effluent after inter-stage treatment (effluent after stage 1, mixed with TAD inoculum and 
treated by inter-stage treatment); 4, effluent after inter-stage treatment mixed with anaerobic inoculum. In ex-
periment 1, data collection started from position 1. In experiment 2, data collection started at position 0 but 
analysis presented in this paper starts at position 1. Stage 1 was different for the two experiments, see Meth-
odology section for details.  
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3. Results and discussion 

3.1 Thermophilic aerobic digestion as an inter-stage treatment for anaerobic digestion  

The sampling times in TAD were based on the dissolved oxygen concentration trend in the reac-
tor, which starts near saturation, drops after adding substrate, then levels off at a lower concentra-
tion, and finally increases slowly until reaching saturation again. This pattern in oxygen concentra-
tion reflects changes in oxygen consumption rate due to substrate addition and depletion. Sam-
ples from each phase of the process and the beginning (0 h) and end (24 h) of the inter-stage 
treatment were analyzed for COD.  
When designing the experiments, we were interested in three questions: (1) Is TAD effective for 
oxidizing COD remaining after anaerobic digestion? (2) Can an inter-stage TAD treatment in-
crease the methane production of a subsequent anaerobic digestion? (3) Does the duration of 
TAD influence the results? 

COD destruction by TAD: COD (of effluent from position 1 in figure1) was reduced by 18.6 ± 
1.6% (mean ± standard error) in experiment 1 and 6.41 ± 0.76% in experiment 2 (Figure 2), this 
assumes no degradation of TAD inoculum. Initial values were 33.6 ± 0.33 g kg-1 for experiment 1 
and 34.3 ± 0.25 g kg-1 for experiment 2. If degradation of TAD inoculum is the same as the efflu-
ent, COD was reduced by 17.2 ± 0.9% in experiment 1 and only by 6.82 ± 0.77% in experiment 2 
(COD of effluent in position 2 on Figure 1, data not shown). These two approaches give similar 
results, implying that in the proportion used, TAD inoculum does not have a strong influence on 
the outcome. The lowest dissolved oxygen concentration was found in experiment 1 where it 
dropped to 4.22 mg L-1 (at 55.3°C) after 5 h (saturation is 5.07 mg L-1 at 55°C [2]). A minimum of 
5.39 mg L-1 (56.1°C) was found for experiment 2 after 1.12 h (data not shown). From the oxygen 
consumption we can deduce that there was an active population of aerobes and that the digestate 
from experiment 2 was more recalcitrant than digestate from experiment 1. This may be due to the 
inclusion of primary sludge (more degradable) in the full scale reactor and/or the variation in poly-
mer quantity used to dewater the secondary sludge, since polymers are easily degradable. This 
difference was also apparent in the COD destruction from stage 1 digestate (shown in Figure 2). 
COD loss in TAD is fast; within the two first hours of the process, one-third of the total COD de-
stroyed in TAD was lost in experiment 1, while almost two-thirds were destroyed in experiment 2 
(Figure 2).  

 
Figure 10: Fate of COD during inter-stage thermophilic aerobic digestion (TAD) and subsequent anaerobic digestion (stage 
…….… .2) as a function of retention time in TAD. Substrate was digestate from wastewater sludge (effluent at position 1  

 in Figure 1). Untreated substrates (control conditions) are the points at time = 0. Solid lines present the overall     
 effect of the treatment: results are normalized to the mass of COD of substrate present at the end of stage 1 (be  
 fore aerobic inoculation, position 1 in Figure 1). Dotted lines represent the anaerobic degradability of the effluent   
 in the second anaerobic digestion: results are normalized to the mass of COD present at the beginning of stage  
 (position 3 in Figure 1). These normalizations assumed anaerobic inoculum from stage 1 and effluent from  
 stage 1 are equally degraded during the process. Contribution to the biogas volume of the anaerobic inoculum,   
 used for stage 2, was measured in separate reactors and subtracted. Methane production was evaluated for 20   
 days. COD lost in TAD was based on COD measurements. COD conversion to methane was calculated from  
 methane production assuming 350 ml of methane corresponds to 1 g COD [3]. 
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TAD to increase methane production: In both experiments, an increase in overall methane 
production due to TAD was observed for some of the time points in comparison to the control 
(Figure 2). The maximum increase in conversion of the original substrate (at position 1 in Figure 1) 
during TAD and second stage anaerobic digestion was around 25% in experiment 1 and, 40% in 
experiment 2 (25.0 ± 2.2 % after 4.6 hours in TAD for experiment 1 and 41.0 ± 5.7% after 24 
hours for experiment 2). In both experiments an increase in anaerobic degradability during stage 2 
was found after 24 h in TAD, where methane production was increased by more than one-third in 
experiment 1 and by a half in experiment 2 as compared to the control (experiment 1: 93.0 ± 3.3 
vs 66.6 ± 7.5 mL CH4 g COD-1; experiment 2: 75.1 ± 5.9 vs 49.6 ± 9.2 mL CH4 g COD-1). An-
aerobic degradability evaluates the conversion of the substrate as it enters the digester at stage 2 
(position 3 in Figure 1). It does not account for the effect of the treatment as opposed to the overall 
methane production. An increase in overall methane production means that anaerobic degradabil-
ity at stage 2 has increased more than the losses of carbon occurring during the TAD (Figure 2).  

Influence of TAD retention time on methane production: The retention time of TAD strongly 
influenced methane production. However the pattern is not totally consistent between the experi-
ments. Conversion to methane was improved with the time in TAD for all samples in experiment 1; 
but it declined (until 2 hours in TAD) and then increased for samples in experiment 2. Optimum 
time in TAD, to increase COD conversion to methane was found around 4.5 hours for experiment 
1 while it was 1 day in experiment 2. The effects of TAD were greater in the early stages of the 
anaerobic digestion (≤10 days). More experiments will be needed to understand this phenome-
non. 

3.2 Non-aerated thermophilic incubation combined to TAD as an inter-stage treatment 

After the TAD and before the second stage anaerobic digestion, a non-aerated incubation was 
applied to samples from experiment 1 and 2. The objective of this thermophilic incubation was to 
provide additional time for the enzymes produced by TAD bacteria to continue breaking the organ-
ic matter while avoiding oxidation of the organic matter.  
Our work addressed three questions related to this incubation: (1) Does the incubation after TAD 
have an effect on methane production? (2) Is the incubation effect influenced by the duration of 
TAD? (3) Does the incubation time influence methane production? 

Effect of non-aerated incubation on methane production: We found positive and significant 
effects of the thermophilic non-aerated incubation following the TAD inter-stage treatment for all 
time points in both experiments, see Figure 3. Addition of non-aerated incubation improved me-
thane produced in the second stage anaerobic digestion by 47.0 ± 3.9 % in experiment 1 and by a 
maximum of 60.0 ± 10.2 % in experiment 2 (relative to controls with no TAD treatment, position 2 
in Figure1). Paired t-test between the two groups of samples non-incubated and samples incubat-
ed indicated that the incubation significantly increase methane production (P = 9.72×10-11). This 
positive effect could be explained by the presence of extracellular enzymes produced by thermo-
philic aerobes to break down organic matter. These enzymes would mainly be protease and am-
ylase as found by Hasegawa et al. [4]. As oxygen is not provided, enzymes continue to break 
down the carbon chains but aerobes are not able to continue the degradation process. In this way 
the degradability is increased but the complete oxidation is avoided and the reduced substrate can 
be used for methane production in stage 2. 

Influence of TAD retention time on non-aerated incubation effect: The non-aerated incuba-
tion effect was independent of the TAD retention time (Figure 3). All our tested samples were in-
oculated with aerobic inoculum. This suggests that as long as there is TAD inoculum (or possibly 
extracellular enzymes) in the mix incubated, the anaerobic degradability can be increased by a 
non-aerated thermophilic incubation. Greater amounts of organic matter can be converted to me-
thane when both TAD and incubation effects are combined (i.e., when the substrate is treated by 
TAD and not just inoculated). Significant effect of the incubated samples over non treated (0 h in 
TAD – position 2 in Figure1) was found for a confidence level 0.05 using a two-factor ANOVA with 
interactions. 

Influence of non-aerated incubation time: The influence of the incubation time was determined 
for one time point in experiment 2 (1.6 h in TAD). Four durations were tested: 1 h, 5 h, 1 day and 2 
days. In early stages, until 10 days of anaerobic digestion, results (not shown) indicated that, the 
longer the incubation, the greater the increase in organic matter conversion to methane. However, 
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this general trend is less marked after 20 days of anaerobic digestion (Figure 3). Incubation time 
positively influences the early conversion rates of organic matter to methane; the longer the incu-
bation (tested over 2 days), the faster the conversion to methane in the early stages of anaerobic 
digestion (≤10 days). 

 
Figure 11:  Effect of non-aerated thermophilic incubation of TAD effluent on anaerobic degradability (stage 2). Numbers in  

 the figure refer to the retention time in TAD. COD converted represents the anaerobic degradability during  
 stage 2. COD converted is normalized to the initial substrate present at the start of stage 2 (position 3 in Figure  
 1). Contribution of the anaerobic inoculum to the biogas volume was measured in separate reactors  
 and subtracted.  COD conversion to methane was calculated from methane production assuming 1 g  
 COD corresponds to 350 ml of methane [3]. 

4. Conclusion and outlook  

Inter-stage treatment of municipal waste water sludge by TAD improved methane production of 
the second stage anaerobic digestion by more than 20% in both experiments. Retention time in 
TAD had an influence on the methane produced in the second stage digestion. However, as dif-
ferent optimum retention times were found in the two experiments, it is not clear yet which reten-
tion time of TAD is the optimal. We suggest that this optimal time depends on the substrate used 
and its degradability. More work is needed to understand the phenomenon. The best results are 
obtained when a non-aerated thermophilic incubation follows the TAD treatment. In the best sce-
nario, by coupling the effects, methane produced during the second stage anaerobic digestion 
could be increased by half.  We attribute the increase in methane production after the non-aerated 
incubation mainly to faster degradation rates during the first 10 days of anaerobic digestion. More 
work is needed to evaluate the effects of these inter-stage treatments on overall methane produc-
tion. 
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1. Objectives 

The combination of anaerobic digestion and composting for the treatment of biowaste in one cen-
tralized industrial plant with a high level of technology permits the double exploitation of this re-
newable biomass: on one side the biogas produced is used for heat and power generation (CHP); 
on the other one the organic matter can be recovered for agronomical use In this paper the main 
results deriving from two years of monitoring of the biological processes are exposed with the 
following aims: 
 
 to define the parameters and related values useful to characterize the process;  
 to verify the biological stability of compost before final use; 
 to promote the system with an adequate level of information at local level. 

2. Case study description 

The waste plant considered is located in Trentino province, alpine region of Northern Italy. It start-
ed to work in November 2012 and it has a total capacity of 25,750 tons/y of biowaste, which cor-
responds to about 50% of the total amount produced, deriving from the collection of source se-
lected organic waste. Selective collection of solid waste is mandatory in Trentino since 2003 and 
the quality of the organic fraction increased gradually in the years due to a constant activity of 
information spread all over the territory. This determines a low level (< 3%) of undesirable compo-
nents in the organic waste entering the process. 
The dry anaerobic digestion (AD) is carried out in 2 horizontal mixed reactors (D1 and D2) for 25 
days at 51°C. The digestate is sent to the subsequent aerobic composting after addition with yard 
waste to balance the C/N ratio of the starting mixture. The biogas produced feeds 1 MW engine 
for CHP; 12,000 tons/y of good quality compost (D.Lgs 75/2010) are sold to local farmers. 
A plan for the operational management and monitoring of the plant was elaborated with the  local 
authority, focused on the optimization of energy exploitation and the biological stability of the or-
ganic matter during the aerobic composting, prerequisite for the agronomical use of the final prod-
uct.  

3. Results and discussion  

3.1 Anaerobic digestion and composting 

A regular and constant monitoring of the two biological processes involved (anaerobic and aero-
bic) aims to ensure the proper management and stability through (a) the creation of optimal condi-
tions for the growth of microorganisms and (b) the identification of inhibitory or toxic phenomena. 
Moreover the control of physical, chemical and biological parameters allows (a) to avoid possible 
unrecoverable blocks, (b) to optimize biogas yields and (c) to ensure the quality of the final prod-
ucts, biogas and compost. Therefore some "key" parameters were identified and used [1], by de-
fining the range of values specific for this plant. Table 1 shows some mean values 2014 of the 
parameters used to monitor the AD process in both the reactors.  
The AD under dry conditions is obtained with a feeding mixture of biowaste and green waste in 
order to have the total solid (TS) about 40.04 %, 73.41 % organic matter (OM). The organic load is 
about 25,816.95 tons/year; 13,056.71 tons/year to D1 and 12,760.24 tons/year to D2, which, for 
D1, corresponds to 941 – 1213 tons/month or 35.8 ± 2.46 tons/day (annual mean value). 
The mean values of FOS/TAC (Ratio between Organic Acid and Total Inorganic Carbonates) of 
the substrate were defined as 0.45 in input and 0.34 in output; this range indicates a good feeding 
of the system, which is confirmed by the specific amount of biogas produced due to the quick 
answer of the microbial community. The ratio FOS/TAC was measured in input and output of each 
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reactor (Fig 1a), in order to check the proper biodegradation of fresh organic matter. D1 and D2 
show the same behaviour. Changes in the range of values of this parameter reflect problems re-
lated to imbalance of the organic load and the functionality of microorganisms. The integration of 
FOS/TAC analysis with the detection of volatile fatty acids, specifically propionic, butyric and ace-
tic, is important to better follow the activity of each specific trophic group (data not shown). 
 
Table 1:  Analytical parameters of AD process. The values reported are the mean of all data 2014. Values expressed 

on fresh matter (FM), dry matter (DM) and organic matter (OM) content. 

Parameter Unit Mean Value D1 Mean Value D2 

AD process 

Organic load  ton / day 35.08 ± 2.46 34.89 ± 2.59 

Ammonia (out) mg N-NH4/ L 4642.97 ± 260.42 4722.17 ± 276.42 

FOS/TAC (out) -  0.372 ± 0.07 0.39 ± 0.08 

pH -   

Biogas Production  Nm3 2,234,721.52 ± 13,675.76 2,210,697.24 ± 13,754.30 

Specific Biogas Production  Nm3 / ton FM 171.35 ± 8.55 173.52 ± 9.17 

Methane content  % CH4 58.20 58.20 

Specific Biomethane Production Nm3 / ton FM 99.72 ± 4.99 100.99 ± 5.49 

Reduction of OM % OM 44.69 44.92 

Digestate 

Water content  WC /  % DM 75.37 

pH pH 8.5 

CES S  / cm 4020 

Organic matter  OM / % DM 58.43 

 
The specific production of biogas was calculated by the total amount of biogas produced and the 
organic loading (Fig. 1b). The mean value is about 170 Nm3/ton of FM loaded. The annual trend 
depends of several factors and reflects the good balance of different populations of Bacteria and 
Archaea in response to the organic matter addition. It is possible yet to note the impact of season-
al variations in the biowaste compositions, mainly summer and winter season, on the  plant per-
formance (Fig 1a-b).  
The methane content in the biogas is quite stable throughout the year (58.2 % as mean annual 
value). Therefore in 2014 the plant produced about 1,300,959.99 (mean value) Nm3 CH4 from D1 
and 1,287,002.43 Nm3 from D2; the biomethane amount is equal to 100 Nm3/ton of fresh matter 
(FM).  

 

 
Figure 1: Annual trend (2014) of FOS/TAC (a) and Specific biogas production (b) of the two digesters. The input and out-

put values of FOS/TAC of reactor one (D1) are reported; the trend of D2 is very similar. For the specific produc-
tion of biogas the trend of both the digesters (D1 and D2) is reported. 

 
The biodegradation of organic matter is good. The final reduction of VS is about 44 % both in D1 
and D2 and reflects a good transformation of biowaste. The digestate obtained has a higher water 
content and a lower content of organic carbon (Table 1). The residual biomethane potential (BMP) 
of digestate was calculated through a laboratory test. The result, 20 Nm3/ton FM of biogas, corre-
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sponding to the 11.8 % of the overall BMP of the starting material, shows that the OM of digestate 
is very-well transformed.  
The subsequent aerobic process on digestate needs another addition of green waste in order to 
balance the C/N to favour the microbial activity [2]. The composting process divides in a first bioxi-
dation phase in biocell followed by a curing phase in static pile (forced ventilation). Each phase 
lasts about 12-14 days. After the final sieving (10 mm) the compost is ready for pickup upon pur-
chase by farmers. The evolution of the aerobic process is checked at the end of each phase 
through measurement of pH, water content and organic matter content and respiration intensity. A 
dedicated software at plant level permits to control temperature, moisture and air fluxes in each 
biocell as well as in the curing section. 
 
Compost quality: Table 2 shows the parameters stated by the Italian law for soil conditioners and 
the mean values of the compost produced in the first quarter 2015. Agronomical indicators as 
humic and fulvic carbon, macro and micro-nutrients certify the good quality of the product. On the 
other side the low content in heavy metals and undesirable particles (plastics and inerts) demon-
strate the origin of the biomass and the effectiveness of source selection. Finally the microbiologi-
cal indicators of pathogens reassure the users about the hygienization gained during the process. 
Furthermore the high level of biological stabilization of the compost produced is supported by 
other parameters as the respiration index which is determined at the end of the first bioxidation 
phase and the end of maturation (mean value 432 mgO2 kgVS-1 h-1). Moreover the phytotoxicity 
tests, particularly the germination test, are used to assess compost maturity. When germination 
index > 70% the compost is considered free of phytotoxic effects on plants.  
 
Table 2: Analytical quality of the compost produced with respect to the Italian law (D.lgs 75/2010). 

Parameter Acronym / unit Guideline Mean Value* Limits 

Water content  WC /  % DM UNI 10780:1998  43.1 50 

pH pH ANPA Man 3:2001 8.6 6 – 8.8 

Salinity meq / 100g UNI 10780:1998 31  

Organic Carbon OC / % DM UNI 10780:1998 23.6 20 

Organic Nitrogen ON / % DM ANPA Man 3:2001 90.5 80 

Total N TN / % DM UNI 10780:1998 2.0  

Carbon / Nitrogen C / N ANPA Man 3:2001 11.8 25 

Humic + fulvic carbon % DM ANPA Man 3:2001 9.2 7 

Sodium % DM UNI 10780:1998 0.5  

Phosphorus  P2O5 / % DM D.M. 13/09/99 GU n.248 1.8  

Potassium K2O /% DM UNI 10780:1998 1.3  

Cadmium Cd /  mg/kg DM UNI 10780:1998 + EPA 
6020 A 2007 0.7 1.5 

Copper Cu /  mg/kg DM “ 70.0 230 

Lead Pb /  mg/kg DM “ 35.3 140 

Mercury Hg /  mg/kg DM “ 0.2 1,5 

Chromium VI Cr /  mg/kg DM “ < 0.1 0.5 

Nichel Ni /  mg/kg DM “ 9.0 100 

Zinc  Zn /  mg/kg DM “ 132.7 500 

E.coli CFU / g CEN/TR 15214-1:2006 < 10  

Salmonella spp P / A in 50 g APAT 3 Man 20:2003 0 0 

Germination index IG % UNI 10780:1998 90.5 > 60 

Respiration index  mg O2 / kg VS *h UNI / TS 11184:2006 432 (1) 700** 
* values are mean of the analyses of first quarter 2015 
** limit given to the considered plant by local authority 
(1) mean value of all the samples 2014 

 
3.2 Compost application in orchards and vine growing 

Fruit growing in Trentino is characterized by apple cultivation and wine-growing, both for the 
production of high quality fruit for fresh consumption and wine making. For a long time the inor-
ganic fertilization was the only way to maintain soil fertility in fruit production systems, often due 
to a lack of manure too. Today the model of a more sustainable agriculture is asking for a better 
use of natural resources, a high level of environmental protection and the recovery of by-
products residuing from agriculture and urban areas. The replacement of organic matter losses 
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by application of stable manure and compost is receiving even more attention in the last years, 
as possible solution to complex phenomena which are interesting the intensively cultivated soils.  
The efforts exerted at local level in realizing this “best practice” by involving at different level all 
the stakeholders, are giving good results up to the last ring of the chain. The local farmers are, in 
fact, the main users of the compost produced in the considered plant, as result of an intensive 
campaign of information and sensitization carried out at demonstration level in different farms 
and fields. 
In the past years FEM carried out many field experiments to test the effects of compost in apple 
cultivation and vine-growing [3]. The prevailing use is as mulching, especially because of the 
high salinity due to food waste. The suggested dose is 20-30 ton/ha distributed along the row of 
fruit trees, 5 cm thick and 50 cm wide. Previous works demonstrated the positive effect of 
mulches in providing weed control, maintaining a better moisture level under the soil surface, 
reducing erosion by increase of water infiltration, improving physical properties and reducing the 
temperature variations (between night and day) of the soil under the row.   
Recent experimental tests carried out using new advanced analytical methods [4] based on the 
detection of enzymatic activity and the functionality of microbial community by ds-DNA detection 
can improve our skills in the evaluation of soil biological activity, which is strictly connected to 
soil fertility. Currently the work in progress aims to understand the behaviour of different soil 
improvers (stable cow manure and compost) and organic fertilizers (slurry and digestate from AD 
of manure) on different typologies of soils: arable (corn) and vineyard. The purpose of the meth-
od applied is to measure at the same time the soil enzyme activity, microbial biomass, nitrogen, 
carbon and phosphorus available after organic fertilization [5] in different kind of soil and at dif-
ferent doses. The first results (data are under elaboration) indicate the rate of assimilation into 
the soil, the similar behaviour between compost and composted manure, which differ from the 
behaviour of digestate and slurry and finally the impact due to the type of soil. 

4. Conclusion and outlook 

The energy exploitation of biowaste by means of AD is a high efficiency process but the full clo-
sure of the chain can be gained only when the organic matter transformed and recovered by 
means of composting can find proper use in agriculture. The monitoring of both the biological pro-
cesses is basic to guarantee good and constant production of biomethane, but also high quality 
compost. The modern agriculture is moving towards more sustainable production systems, ac-
cording to a better use of natural resources and the recycling of residues produced by agriculture 
itself at by urban society. The increased attention to the soil in general as ecosystem necessary to 
life, and to the maintenance of soil fertility as far as concerns agriculture opens new possibilities 
for renewable sources as biomass. Future work will be addressed to better understand the role of 
compost or organic fertilizer on soil microbial ecology and to assess the impact on soil fertility 
restoration over time, also thanks to the application of new analysis tool. The market and use of 
the compost is possible even thanks to a correct and constant information of farmers and citizens 
on how and when it has to be applied. 
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1. Objectives 

This study is part of a broader endeavour to determine, at the regional level, the possible role of 
biogas, in the perspective of current and future energy systems (2035 horizon).Through a case 
study for the Funen region (Denmark), it aims to identify the economic and environmental conse-
quences of various possibilities for utilizing biogas and the dependency of these upon the sub-
strate used for producing the biogas. 
 

2. Methodology 

Five possibilities for utilizing biogas where compared: Combined heat & power production (CHP) 
and two types of upgrading, namely scrubber and methanation. Furthermore, the option for utiliz-
ing the flexibility of the two types of upgrading in combination with CHP was investigated. In order 
to identify the framework conditions characterizing the current and future biogas production in the 
case study area (Funen) a 5-steps methodology has been developed, as explained below. 

2.1 Mapping of Biomass Resources, Biogas plants, District Heating Plants and Gas Grid 

Scenarios have been made based on an extensive mapping of the current characteristics of the 
island of Funen. The location, capacity and manure suppliers for existing and planned biogas 
plants on Funen have been mapped based on data supplied directly by the biogas plants. The 
location and type of manure has been mapped according to the methodology developed in [1], i.e. 
based on the annual fertilization accounts from 2011/2012 in which all livestock units are reported. 
The amount and composition of manure has been estimated based on the Danish Manure Stand-
ards [2, 3] and adjusted to correspond to the values registered by biogas plants. The location, type 
and amount of straw have also been mapped according to the methodology developed in [1], i.e. 
based on the latest figures reported under the EU  “Single Payment Scheme” [4] combined with 
estimates for crop yield on different soil types. The location of district heating areas has been re-
trieved from [5] and the amount of supplied heat is based on a comprehensive mapping of energy 
consumption in the Region of Southern Denmark [6]. The location, capacity, fuel type & consump-
tion, and heat production & delivery of each heat producing plant where kindly supplied by the 
Danish Energy Agency. The location and characteristics of the natural gas grid was supplied by 
the natural gas suppliers of the studied area; NGF Nature Energy and Dong. 

2.2 Electricity Forecast for 2035 

Based on the latest energy agreement [7], the Danish wind power capacity is expected to increase 
in the coming years. Accordingly, the share of fluctuating electricity production will increase. The 
electricity consumption, however, is not expected to change much, implying periods of time where 
the electricity production from wind will exceed the classic consumption. Based on forecasts sup-
plied by the Danish Transmission System Operator (TSO), Energinet.dk, such excess will, by 
2035, occur ca. 49 % of the time. 

2.3 Fuel Price Inventory 

Table 1 presents the prices considered for electricity, district heating, synthetic natural gas (SNG), 
taxes and subsidies. SNG has more or less the same composition as natural gas and can substi-
tute natural gas. However, it is produced from biomass and is therefore not of fossil origin as con-
ventional natural gas. The price of SNG is therefore considered to match the price of natural gas 
but SNG can also receive subsides due to its biomass origin.  
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Table 1: Fuel price inventory for 2035. 

Parameter Price Reference 

Biomass, straw 40 € ton-1 Own assumption based on the current Danish straw market and 
expectations for the future 

Electricity 

- Average 

- Surplus 

- Deficit 

 

16 € GJ-1 

13 € GJ-1 

19 € GJ-1 

Supplied by Energinet.dk 

District heating 13 € GJ-1 Own calculation based on estimates for future heat pump and 
biomass boiler prices 

Natural gas 9 € GJ-1 Supplied by Energinet.dk 

Taxes 

- Electricity (industry) 

- Methane 

- NOx 

 

0.15 € GJ-1 

0.15 € GJ fuel -1 

0.68 € GJ fuel -1 

Current taxes 

[8] 

Subsidies 

- Electricity 

- SNG 

 

16 € GJ-1 

11 € GJ SNG -1 

Current subsidies 

[9] 

 

2.4 Biogas Model 

The data collection focused on five main parameters for biogas production and five main parame-
ters for biogas utilization as shown in Tables 2 and 3. 
 
Table 2: Parameters used for analyzing the production of biogas in 2035. 

Parameter Comments Reference 

Biogas plant 

Digester Data on type, efficiency, size and price [10, 11] 

Pre-treatment, for straw and deep litter Data on type, efficiency, size and price [12] 

Biomass 

Transport 

- Slurry 

- Solid biomass 

- Digestate 

Data on capacity, mileage, and price of 
different trucks available for biomass 

transport 
[12-15] 

Biomass composition and gas potential Averages have been estimated [3, 11, 16, 17] 

 

Table 3: Parameters used for analyzing the utilization of biogas in 2035. 

Parameter Comments Reference 

Common 

Piping Price data [18] 

Compressing Price and efficiency data [18] 

Technology specific 

Engine Data on type, efficiency, size and price [19] 

Scrubber Data on type, efficiency, size and price [19]  
Hydrogen production and methanation Data on type, efficiency, size and price [20, 21] 

 

2.5 Life Cycle Assessment – Global Warming Potential 

The life cycle assessment (LCA) was made as a carbon footprint analysis following the principles 
of consequential LCA, following the principles in [22]. The only differences are the marginal elec-
tricity for continuous, surplus, and deficit supply or production which in this study are based on 
[23]. Furthermore, the formation of ammonium in the digestate was here modelled as an in-
creased crop yield, which translates into avoided indirect land use changes.   
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3. Results and Discussion 

3.1 Characteristics of the Island of Funen 

Figure 1 presents the distribution of dry matter (DM) in slurry, solid manure and deep litter from 
pigs and cattle as well as the distribution of DM in wheat straw. Other types of straw were not 
included in the study. The location of existing energy infrastructure is also shown. 
 

 
 
Figure 1: Distribution of (a) slurry, solid manure and deep litter from cattle and pigs (including sows); (b) wheat straw; (c) 

natural gas grid and (d) district heating grid on the island of Funen (Denmark) 
 
As shown in Figure 1, some areas have more biomass available for biogas production than oth-
ers. As transport of especially low energy dense biomasses such as slurry has to be kept to a 
minimum, biogas plants should be close to these biomasses. In order to minimize cost and energy 
losses, the utilization of the biogas should be situated close to either district heating areas or a 
natural gas grid.  

3.2 Production and Utilization of Biogas 

Tables 4 and 5 show the overall results of the analyses for energy production as well as the eco-
nomic and environmental implications of the different setups.  

Table 4: Results for biogas production: Energy, economy and GWP. 

 
Slurry 

Cattle 

Slurry 

Pig 

Slurry 

Sow 

Solid 
manure 

Cattle 

Solid 
manure 

Pig 

Deep 
litter 

Cattle 

Deep 
litter 

Pig 

Straw 
Mix used for 

utilization anal-
yses 

Energy [GJ net produced ton-1] 

Biogas for sale 0.40 0.43 0.24 1.4 1.5 2.0 2.2 6.0 1.1 

Economy [€ GJ net produced-1] 

Incl. taxes & subsidies 

Excl. taxes & subsidies 

28 

29 

24 

25 

41 

42 

12 

12 

11 

11 

12 

12 

11 

11 

10 

10 

15 

16 

Climate [kg CO2-eq. GJ net produced-1] 

GWP -210 -160 -190 -150 -160 -140 -150 -140 -150 

 
The price for producing biogas is very dependent upon the type of biomass that is used and wet 
slurry is around 3 times as expensive to use compared to straw and deep litter. Taxes and sub-
sidies do not affect the price much. There is a climate benefit from using all investigated types of 
agricultural wastes for biogas production. The climate impact is almost the same for all types of 
biomass considered but the study shows that the climate benefit is overall higher for the more wet 
types of biomasses due to the avoided emissions in connection with storage. 
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Table 5: Results for biogas utilization: Energy, economy and GWP. 

 CHP Scrubber Methanation Flexible, scrubber Flexible, methanation 

Energy [GJ output GJ biogas input-1] 

Electricity 0.49 - - 0.25 0.25 

District heating 0.19 - 0.048 0.10 0.10 

SNG - 0.98 1.5 0.48 0.75 

Economy [€ GJ biogas input-1] 

Incl. taxes & subsidies 

Excl. taxes & subsidies 

0 

-7 

1 

-9 

-9 

-25 

0 

-9 

-7 

-18 

Climate [kg CO2-eq. GJ biogas input-1] 

GWP -59 -130 -170 -77 -93 

 
All biogas uses investigated in this study result in avoided emissions of greenhouse gases. The 
climate benefit is much higher when the biogas is upgraded to substitute natural gas compared to 
when the biogas is used directly for producing heat and electricity. This is explained by the fact 
that biogas used in CHP, substitutes heat and electricity originating from mainly wind power pro-
duction which is associated with very low emissions of greenhouse gases. Upgrading biogas with 
addition of hydrogen results in the largest reduction in greenhouse gases, as more fossil natural 
gas can be avoided when also the carbon dioxide in the biogas is converted to SNG. However, 
this technology also results in the largest economic deficit, mainly due to the high electricity prices.  

4. Conclusion 

The main findings of this work can be summarized as follows: 
 

 The use of all types of agricultural wastes investigated in this study for biogas production 
result in negative greenhouse gas emissions.  

 The use of biogas for both CHP and upgrade results in negative greenhouse gas emis-
sions. The largest climate benefit is obtained by upgrading the biogas through addition of 
hydrogen. 

 The biogas price is very dependent upon the type of biomass used for the production; 
from 10 to 42 € per GJ excl. taxes and subsidies. Wet biomasses are the most expensive 
to use. 

 The utilization of biogas requires subsidies for being economically feasible. Upgrade with 
hydrogen results in deficit mainly due to the high electricity prices.  

 Utilizing biogas flexibly for electricity generation when there is need of electricity produc-
tion and for upgrade when there is a high electricity production from wind and solar power 
is not a benefit when considering climate and economy.  
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1. Objectives 

The environmental assessment of digestate (residue from anaerobic digestion) post-treatment 
pathways is seen from a new perspective: it is no longer a residue management but an agronomic 
pathway which is environmentally assessed. Furthermore, a general analysis of the post-
treatment pathways is targeted. Life Cycle Assessment (LCA) is used to compare the post-
treatment pathways of four types of digestates: two issued from farm digestion plants treating 
mainly agricultural waste, one from a collective biogas plant treating residues from various origins, 
and one issued from biowaste digestion. 

2. Methodology 

Post-treatment pathways are compared in terms of the agronomic value of the produced and 
spread products. In order to realize this comparison, a LCA has been performed. LCA is an envi-
ronmental assessment tool which allows the quantification of potential environmental impacts of 
the studied system through its whole life cycle [1]. To compare and assess different systems, the 
LCA practitioner has to build a functional unit translating the common function between the differ-
ent systems. For this study, the function is based on the fertilizing and soil improving value of the 
spread product (raw or post-treated digestate). The fertilizing value is based on the amount of 
available nitrogen for plants and the soil improving value is based on the amount of organic matter 
that remains to the soil. This amount is quantified as residual carbon. A functional unit based on 
"to provide X mass of available nitrogen and Y mass of residual carbon to the soil, from an annual 
production of Z mass of raw digestate" has been deployed to the various pathways studied in the 
project. Those are 1/ simple pathways such as raw digestate direct spreading; spreading of the 
solid and liquid phases and 2/ advanced pathways such as composting or drying of the solid 
phase, and membrane filtration of the liquid phase. To compare two pathways which do not pro-
vide the same quantities of available nitrogen and organic matter to the soil, the boundary expan-
sion rule was applied. When comparing two systems, it was then chosen to complete the fertilizing 
value of the post-treatment pathway presenting a nitrogen deficit by nitrogen mineral fertilizer addi-
tion. In the same way, the soil improving value of pathway with organic matter deficit was com-
pleted by peat addition. 
Most of data concerning digestate characteristics were supplied by analysis and experiments per-
formed along the project ANR DIVA. They are relative to the matter characterization of the prod-
ucts, the gaseous emissions (CO2, NH3 and N2O) during the composting and drying steps or fol-
lowing the spreading on soil, the determination of the fertilizing and soil improving values of the 
soil-provided products. Matter and energy data issued from four typical sites of the studied path-
ways in France. Literature data and databases were also used.  
GaBi6 software was used for the LCA. CML-IA (version 2013) was the characterization method 
mainly used in this study for the quantification of the majority of the environmental impacts 
(CML2002 (2011 updating) was used for the resource depletion category). 

3. Results and discussion 

3.1 Comparison of the post-treatment pathways 

Results showed that the environmental impacts of the raw digestate direct spreading pathway and 
the phase separation followed by solid and liquid spreading pathway (two pathways which are not 
so differing) are generally close. This was not true for the resource depletion and the acidification 
impact categories, for which the phase separation followed by solid and liquid spreading pathway 
was more impacting, because of the boundary expansion (addition of mineral fertilizer and peat). 
Pathways with an advanced post-treatment (composting, drying and/or membrane filtration) were 
more impacting than pathways with a limited post-treatment regarding resource depletion, smog, 
toxicity and ecotoxicity. They presented the same order of magnitude regarding three concerns of 
anaerobic digestion: acidification, eutrophication and climate change. 



TD The bioresource challenge  Poster 

 

550 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

3.2 Impact of the background activities 

Background activities are support activities required by the post-treatment pathways, but which 
are not directly controllable within the pathway. Those activities, such as the production of electric-
ity (used for phase separation, membrane filtration, air treatment) or the production of chemicals 
(sulfuric acid for drying and membrane filtration, polymer for centrifugation…), were responsible 
for the impacts on resource depletion, and explained a part of the impacts on smog, ecotoxicity 
and acidification. 

3.3 Impact of the foreground activities  

Foreground activities are leeway activities, that is to say activities which are controllable within the 
post-treatment pathway. Regarding smog, the impact of the foreground activities was due to the 
transport emissions. Regarding climate change, eutrophication, acidification, toxicity and ecotoxici-
ty, the impacts of the foreground activities were mainly related to the subsequent spreading emis-
sions and fate of the spread product.  
Impacts of two advanced post-treatment pathways, studied in the project, are further detailed be-
low: 1/ solid phase drying and membrane filtration of the liquid phase applied to digestate from a 
collective biogas plant; 2/ composting of the solid phase applied to the digestate from biowaste. 

3.3.1 Example number 1 of a detailed pathway 

Solid phase drying and membrane filtration of the liquid phase applied to a digestate from a collec-
tive biogas plant. 
In this advanced post-treatment pathway applied to a digestate from a collective biogas plant, raw 
digestate is first centrifuged. Then the solid phase is dried and spread 200 km from the installation 
site. The liquid phase undergoes ultrafiltration, followed by reverse osmosis. The retentate and the 
concentrate respectively issued from those two steps are spread next to the installation site. Fig-
ure 1 shows the environmental impacts calculated for the foreground activities of this pathway. 

 
Figure 1: Relative contribution of the foreground activities to the evaluated impacts for the solid phase drying + membrane 

filtration of the liquid phase pathway applied to a digestate from a collective biogas plant. 
 
As shown on Figure 1, emissions and product fate subsequent to the dried phase spreading ex-
plain most of the impacts of the assessed impacts. 

Climate change is due to long term biogenic CO2 emissions from the dried product. Those emis-
sions are linked to the high carbon content of the dried product (437 g of C/ kg of dried matter). 
Even when not considering the biogenic CO2 emissions, the conclusion is the same (i.e. prepon-
derance of the dried product) because the N2O volatilization potential of the dried product is high 
in comparison to those of the retentate and the concentrate products. 
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Eutrophication is mainly due to the phosphorus content of the dried phase. This is explained by 
the centrifugation step, where 85% of the phosphorus goes to the solid phase, while only 15% 
goes to the liquid phase. 
Selectivity at the separation step is also true for toxicity. At this step, most of the trace metals are 
recovered in the solid phase, resulting in a major contribution of the dried phase spreading to tox-
icity. 

3.3.2 Example number 2 of a detailed pathway 

Solid phase composting applied to digestate from biowaste. 
In the solid phase composting pathway applied to digestate from biowaste, raw digestate is first 
filtered, sieved and centrifuged. Then the solid phase is composted and spread 30 km from the 
digestion plant. The liquid phase is treated in a wastewater treatment plant, near the digestion 
plant. Table 1 indicates the main flows responsible for the environmental impacts of this pathway 
foreground activities. 

Table 1: Identification of the main flows responsible for the impacts of the foreground activities for the composting pathway 
of digestate from biowaste. 

Impact category Contributing flows 
Flow contribution to 

the impact 

Flow contribution to the main 

steps of the pathway 

Climate change 

Biogenic CO2 41% Compost spreading 

Biogenic CO2 32% Composting 

N2O 20% Composting 

Acidification 
NH3 83% Composting 

NH3 5% Compost spreading 

Eutrophication 
P 85% Compost spreading 

NH3 8% Composting 

Toxicity Trace metals 100% Compost spreading 

Ecotoxicity  Trace metals 100% Compost spreading 

 
As presented in Table 1, emissions during the composting step and emissions subsequent to the 
compost spreading are responsible for the impacts of the foreground activities.  
Biogenic CO2 emissions during composting and after compost spreading, such as N2O emissions 
after compost spreading explain the major part of the climate change impact.  
NH3 emissions during composting cause the potential acidification emissions. This point could be 
improved by capturing exhaust air from the composting process and by treating it via a sulfuric 
acid washing, which could drastically reduce ammonia emissions. On the other hand, this would 
require the production of sulfuric acid. 
Eutrophication is mainly due to the phosphorus content in the spread compost. The NH3 emis-
sions contribution during composting is limited to this impact, and could be reduced, as suggested 
above. 
Trace metals in the spread compost explain the impacts on toxicity and ecotoxicity.  

3.4 Results about the methodological implementation 

3.4.1 About the functional unit implementation 

Using LCA requires a rigorous implementation, which is put to the test here by being applied to 
digestate post-treatment management. It has been identified via these assessments that the iden-
tification of the functional unit, basis of a LCA, relies on the identification of the post-treatment 
function, which does not mark a consensus between stakeholders. Indeed, the post-treatment 
interest depends on local conditions. It could be as various as producing a fertilizer, producing a 
storable or spreadable product, exporting a product, producing a product easy to handle, or pro-
ducing a product which is spreadable at different periods of the year. Thus, in order to apply LCA 
for digestate post-treatment assessment, the objective of the planned post-treatment should first 
be clearly discussed. This implies that results could strongly differ between the post-treatment of 
two digestates which have similar technical characteristics and are managed by similar technolo-
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gies, but for which the context differs. A first conclusion here is that, based on the assessments of 
the DIVA project, the environmental evaluation of post-treatments via LCA cannot be generalized.  

3.4.2 Influence of the boundary expansion rule 

The study showed a very limited influence of the boundary expansion in the comparison of the 
post-treatment pathways (addition of mineral fertilizer or peat when it is necessary according to 
the functional unit). This influence is only noticeable for resource depletion and acidification in the 
case of agricultural digestate, and for acidification and eutrophication in the case of a digestate 
from a collective biogas plant. This is explained by the fact that expanding the boundaries requires 
the production and application of a consumable, a nitrogen mineral fertilizer for which the subse-
quent NH3 and N2O emissions after application have been considered. 

4. Conclusion and outlook 

Results showed that the environmental impacts of a simple post-treatment (phase separation 
followed by spreading of the solid and liquid phases) are close to those of a direct spreading 
pathway. Nevertheless, if the choice of an advanced post-treatment cannot be motivated by envi-
ronmental defenses regarding resource depletion, smog or ecotoxicity, it can be argued about 
climate change, eutrophication and acidification. 
More investigations should be done to better reflect the environmental benefits of post-treatment, 
both from the application point of view and from the research point of view in LCA. More reflection 
on the post-treatment interest should change the results and change the system boundary defini-
tion. Improving the consideration of the agronomic value of the spread products should also im-
prove the LCA results. More site-specific assessments could permit to improve the assessments, 
by considering the specific needs of the cultures to grow, such as the characteristics of the 
spreading sites. On the LCA point of view, it is expected that the development of spatial and tem-
poral differentiation will improve further assessments, by taking into account the local specificities 
of the spreading. 
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Objectives 

This paper presents the results of the operation of a full-scale pilot plant of the black water loop 
process that is operated at the main railway station in Hamburg since 2013. 
The system is maximally conserving our renewable water resources. Potential recyclables are 
almost fully recovered: by-products of the process are compost, two fertilizer raw materials and 
optionally biogas.  
 
 

Methodology 

The operation of the pilot-plant is monitored by several online sensors (liquid-levels, water-flows, 
air-flows, pH, electric conductivity, pressures, temperatures, energy consumption). Also the quality 
of the water in the different stages is measured (TS, VS, TN, TOC). The data are analyzed and 
discussed. Investment and maintenance costs for operation are calculated and compared. 
 
 

Results 

The black water loop process can be operated stable and safely and thus presents a robust tech-
nology for wastewater-treatment. The quality of the processed water for flushing is clear and not to 
distinguish visually from tap-water, so the toilet-users do not realize a difference to normal flush-
toilets. 
With the integration of a new solid-liquid-separator (patent pending) the safe running of the plant is 
further enhanced.  
Specially adapted microorganisms in the high-performance biological fixed-bed reactor reach 
efficiencies for nitrification at extremely low ph-values below 5 not reported in literature before. 
High energy-demand is a draw-back, but here optimization is possible. In certain conditions where 
water-prices are high the black water loop is economically viable. 
 
 

Conclusion  

The Black water loop is a technology that enables the reuse of the water and nutrients. It is one 
step towards the complete water-autarky of a building. With the integration of the “grey water loop 
process” (loop processing of greywater via a groundwater passage), safe water self-sufficient 
buildings become possible. Domestic wastewater can be physically eliminated – and with that all 
the potential threats for public health and the environment caused by fecal contamination and 
micro-pollutants. 
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1. Objectives 

The aerobic treatment of biogenic waste can take place in composting systems, but also in me-
chanical-biological pretreatment plants (MBP) prior to landfilling. It is partially coupled with anaer-
obic pretreatments. The anaerobic treatment of biowaste takes place in digestion systems. The 
utilisation of energy crops through fermentation was pushed by law in Germany (Renewable En-
ergy Law - Erneuerbare Energien Gesetz, EEG, 2012). Predominantly anaerobic degradation 
processes can also be found in landfills, in which biogenic materials were deposited. However, 
when air enters, aerobic degradation processes also take place in these landfills. 
The aim of the presented work was to simulate the microbiological and biochemical processes of 
aerobic and anaerobic degradation processes on the computer to such an extent where state-
ments regarding process sequences or process improvements could be made with little effort. 
This also includes the qualitative and quantitative description of the emissions during the different 
degradation phases. Furthermore, standard process values such as the gas formation rate or the 
oxygen consumption are simulated. For validation purposes, simulated and empirically obtained 
values were compared. In this way, a software called SimuCF has been created that is able to 
simulate the complex systems of aerobic, anaerobic, and combined treatment or utilisation meth-
ods for waste with biogenic shares [1]. 
 

2. Methodology 

The simulation program was written with LabVIEW™ 7.0 from National Instruments. For the simu-
lation of aerobic and anaerobic biological degradation processes, almost exclusively mathematical 
and physical correlations and reaction equations from the basic fields of chemistry, biochemistry, 
microbiology, and physics were used. Only a few empirically obtained mathematical equations 
were used for the description of correlations. The programming environment of LabVIEW which is, 
above all, employed in the instrumentation, control, and automation technology, contains graphic 
programming elements which are composed of virtual instruments (VIs). The VIs consists of a 
front panel and a block diagram each. The front panel with the front view is the user interface via 
which input and output values can be displayed in different ways. The block diagram contains the 
graphical program code and processes the input values from the front panel. The verification of 
the program was accomplished permanently during programming. The program code is compiled, 
so the achievement is comparable with other programming high-level languages. 
The numeric simulation model can be designated as a forecast, optimisation, explanation, or con-
figuration model, depending on the application purpose. The model can be assigned to the imma-
terial, formal, and mathematical simulation models. 
 

3. Results and discussion 

The simulation model shows the complex relationships of the microbiologically treated materials 
that contains carbohydrates, proteins and/or fats. The developed software SimuCF help to find 
process optimisation steps for both the aerobic treatment (e. g. composting) and the anaerobic 
biogas production (fermentation) or conditions for changing milieu parameters (e. g. ventilated 
landfill and aerobic/anaerobic process). 
The question about the status of the nutrients carbon, nitrogen and sulfur in the different phases 
can be shown with this process simulation software for the most different attitudes and modes.  
A comparison of the simulation values with a variety of empirical values showed that the results 
are proportional and the development and value range are very similar. 
The simulation software (Figure 1) with the simulation model, lying held in English language, can 
be characterised in summary as follows: 

mailto:deipser@tuhh.de
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Figure 1: Part of the front view of the SimuCF software for the process simulation of biological degradation processes in 

the field of waste management with input and output boxes, and diagrams for the presentation of the results. 
 

 The simulation software simulates aerobic and anaerobic microbiological, physical and chemi-
cal and/or biochemical processes in solids with a water content < 80 weight % (dry fermenta-
tion), in addition, the wet fermentation without solid-phase values. 

 The gas flow through a single-layer material with different mixes, quantities and forms. The 
thermodynamics (heat conduction, thermal radiation, and convection) and the water balance 
are taken into account. The spatial distribution of the state parameters remains unconsidered 
(continuity of space). 

 Five substance groups are taken into account: carbohydrates, proteins, fats, non-degradable 
organic substances and inorganic substances (minerals). The basic constituents that are con-
tained in the special substrate, assigned to these groups. The organic part of the material is 
further subdivided into carbohydrates (general), starch, amino acids, hemicelluloses, fats, 
waxes, proteins, cellulose, and lignin, depending on the degradability. 

 For carbohydrates, proteins, and fats different microbiological degradation curves are given, 
following approximately Monod kinetics, whereas also degradation delays (lag-phases) can be 
entered. The amount of material is also taken into account as a time delay factor, in order to 
include solution, transport, and diffusion processes. 

 Considering specified limit values, the program automatically searches the maximum degrada-
tion rate at a total given degradation time or the degradation time is searched by the program 
with given minimum degradation rate.  

 For selected organic fractions (e.g. straw, wood, bark, leaves, grass, apples, potatoes, turnips, 
wheat, peas, meat, and fish), the compositions are specified, and the quantities can thus be 
entered directly as a dry or wet weight, or as a percentage in the program. 

 Exemplary compositions are also specified for some waste materials (e.g. sewage sludge, 
green organic waste, household waste, organic fraction household waste, biowaste, newsprint 
paper, and paper fibres). 
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 Modes of operation comprise aerobic and anaerobic milieu conditions (also on alternating ba-
sis), and different types of aeration are selectable. Also the following process operations can 
be simulated: batches, batches with selectable time intervals or semi-continuous batches. 

 On the basis of the entry of approximately 30 initialisation parameters (e.g. ambient conditions, 
bulk or reactor form, material composition and initial operation conditions), many variations and 
influences can be simulated. 

Example validation: A model validation was implemented by comparing simulated values with 
experimental data. Here exemplarily the composting is shown on the basis of a single experiment. 
The results of the simulated composting process with values from the laboratory experiment were 
compared with measured values of the laboratory experiment in a system with 100-L reactors, 
documented in [2][3]. Figure 2 shows results for the changes of water content, carbon dioxide and 
oxygen content, pH-values and substrate temperature during composting from the experiment and 
the simulation of the experiment. 
 

 

 
Figure 2:  Changes of various process parameters during composting: Results from laboratory experiment (upper); corre-

sponding results from simulation (lower). 
 
The results from the laboratory and simulation experiment are comparable by trend. Differences 
could mainly be attributed to the fact that inhomogeneities formed during the experiment and that 
in the simulation, a homogeneous mixture is assumed. In addition, aeration variations were ascer-
tained in the laboratory experiment. Missing data for this needed to be interpolated as an input for 
the simulation. 
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Results in the summary: 

 On principle, the carbon dioxide and oxygen shares in the exhaust gas are comparable. 
The differences can be attributed to the variations of the air flow through the material due 
to changes of porosity during the dismantling e.g. compacting, and aeration irregularities. 
Aeration irregularities can be considered in the simulation through exact day-by-day re-
cording of the air flow. This would lead to further approximation of the curve courses to 
each other. 

 In contrast to the experiment, the water content did not decrease during the simulation 
and leachate did not accumulate. The reason is that the water-holding capacity was not 
exceeded in the simulated homogeneous mixture. In the laboratory experiment, leachate 
developed as a result of humid zones in the inhomogeneous mixture. The aeration also 
exerted significant influence on the water content. Desiccation and/or the water content in 
the simulation would be adapted to the experiment by the enhancement of the uneven 
aeration flow. 

 The laboratory experiment included lime addition which was taken into account in the 
simulation as well. Inhomogeneities, and with it an uneven lime distribution, were taken in-
to account in the simulation by only including 90 % of the lime in the calculations. In both 
cases, laboratory experiment and simulation, slightly lower pH values developed initially 
as a result of the initial acidification by biological processes. 

 The simulated substrate temperature is comparable with the laboratory experiment. At the 
beginning, it increases up to almost 60 °C and drops down to approximately 30 °C at the 
end. Here, further approximations would also be possible, if the aeration entries were 
adapted. 

4. Conclusion and outlook 

The essential aerobic and anaerobic microbiological, chemical and biochemical processes but 
also physical effects are summarised in a simulation model. 
The comparison of tendencies and orders of magnitude of the simulated values with experimental-
ly determined results also showed in further validations that the simulation model provides suffi-
ciently exact values that are similar to reality. The simulation model can be applied in practice, for 
example for the emission optimisation or plant planning, and for training purposes. Thanks to 
many setting alternatives, almost all of the standard process operating modes for the biological 
treatment of solid waste can be simulated. In addition to the parameters that are presented here, 
further values can be determined. That includes e.g. developments of the energy and explosion-
relevant gases hydrogen and methane in anaerobic digestion. Furthermore, the fate of carbon, 
nitrogen, and sulphur in the different phases of composting and digestion can be ascertained. 
In summary, it can be stated that substances that occur during microbiological, aerobic, and an-
aerobic degradation processes, can be examined and assessed under different milieu conditions 
that normally are, analogously to reality, not optimal. The results are represented graphically, and 
as array and single-value representations. Modifications of inhibiting influences can be simulated 
and processes can be optimised in such a manner. The heat and the water balance are also par-
ticularly important for this, and they are both taken into account in the simulation model.  
 
The documentation regarding the program can be found in German in [1]; the SimuCF simulation 
software in English is available upon request at deipser@t-online.de. 
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1. Background and objectives 

Lawn cuttings are generated as residues in large amounts in public areas and private gardens. 
Actually, they are often inefficiently used or disposed. One utilization option for lawn cuttings is the 
biogas production. In Germany, lawn cuttings only accrue between March and October, but bio-
gas facilities need the feedstock for the whole year. To ensure feedstock availability lawn cuttings 
have to be stored. One possibility is preparing silage: grass cuttings are compacted and stored in 
encased bales or covered heaps. In such silos anaerobic conditions occur and lactic acid fermen-
tation takes place. Due to acid production pH value decrease and lead to inhibition of organic 
degrading microorganisms. As result a conservation of the material is achieved [1].  
 
The influence of ensilage on the biogas formation was investigated. This article focuses on exper-
iments using lawn silage based substrates - lawn silage suspensions and lawn press juices - for 
anaerobic wet fermentation. The results were combined with earlier investigation with fresh lawn 
cuttings and with results from literature. The lawn cuttings were transformed into a suspensuin or 
a juice since the purpose was to use them wet fermentation. The work was in-cooperated into 
investigation around the Jenfelder-Au-project. In Hamburg’s neighbourhood Jenfelder Au a new 
combination of renewable energy provision with innovative wastewater treatment (Hamburg Water 
Cycle®”, HWC) shall be implemented. The construction of water systems started in 2013, the 
biogas facility will be erected in 2016, commercialisation of houses is planned to be finished in 
2018. HWC includes a separate collection of rainwater, greywater and blackwater from vacuum 
toilets. Biogas will be produced from the blackwater in an anaerobic digestion process together 
with co-substrates. Besides greasy water, lawn cuttings are a potential co-substrate option [2]. 

2. Methodology 

Grass from urban lawn was prepared into silage in laboratory scale and compared with agricultur-
al grass silage. Two treatment options for the biogas processes – into lawn silage suspensions 
and lawn silage press juice - were investigated. The various silage preparations were character-
ized and the biogas potentials determined.  

2.1 Origins of grass silage 

Three grass-based silages were investigated. They differed in their origin, time of cutting, type of 
ensiling, and storing condition (1).  
 
Table 1: Overview on the three silages from lawn cuttings used in the experiments. 

Property Silage 1 Silage 2a Silage 2b 

Origin and grass type 
Extensively produced around 
an agricultural biogas facility 

Lawn cuttings generated during park management 
at University campus 

Common cutting times Once-twice a year All 2-3 weeks in growing season 

Time of sampling and silage 
preparation April-Mail 2014 22.07.2014 28.08.2014 

Type of ensilage process Heaps (practical scale) Barrels (laboratory scale) 

Duration of ensilage 5-6 month 14-15 weeks 11-12 weeks 

 
 
Silage 1 from a real scale heap silo (feedstock of Biogas plant Herling Hamburg-Reitbrook): The 
extensively cultivated grass is commonly used as feedstock in the Herling-biogas facility. For the 
biogas potential experiments approximately half-year-old silage was sampled and stored in a cool-
ing chamber (8°C) until utilization.  
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Silage 2 from barrel experiment (lawn of the University campus): The lawn at the campus is usual-
ly cut every 2-3 weeks. It was sampled twice. The ensiling was carried out in 30-L-plastic barrels. 
Lawn cuttings were firstly compacted in the barrel to remove the air and then closed air tightly. A 
temperature recorder was positioned within the compacted material. In first eight weeks silage 
temperature was slightly higher than ambient temperature and later equalization followed until a 
constant temperature between 10 to 15 °C. 

2.2 Silage preparations for biogas experiments 

Silage suspensions: They were prepared in a laboratory macerator (Grindomix GM 300). The 
mixing ratio of silage cuttings with water was a compromise between an anticipated high 
organic matter content and the pumpability of the suspension. A further influencing factor 
was the water demand necessary for a good shredding result. The suspensions consisted 
of 17 mass % fresh silage cuttings and 83 mass % water (mixing ratio 1:5). The particle 
size was below 4mm (around 30 % of the solids were smaller than 0.1 mm). The suspen-
sions were stored in a deep freezer (-20°C) until utilization. 

Silage juice: The juices were prepared using a hydraulic manual press (Model WPT 10 HC). The 
operating pressure was up to 2 Mg. About 20% of the original amount of silage was col-
lected as juice. The pressing was carried out 3 days before usage and the juice was 
stored till usage under cooled conditions (8°C).  

2.3 Determination of biogas potential 

Six samples were tested as a substrate for anaerobic digestion under mesophilic conditions (37°C 
+-°C) in a batch test system following the method described in [3]: 
 

 Suspension of Silage 1:  SS1 (Herling silage) 
 Suspension of Silage 2a:  SS2a (TUHH July silage) 
 Suspension of Silage 2b:  SS2b (TUHH August silage) 
 Juice of Silage 1:  J1 (Herling juice) 
 Juice of Silage 2a:  J2a (TUHH July juice) 
 Juice of Silage 2b:   J2b (TUHH August juice) 

 
The feedstocks were mixed with inoculum, which was collected from the wastewater treatment 
plant Seevetal (mesophilic digested sewage sludge). The 1-L-reactors were placed in a tempera-
ture controlled water bath. Biogas volumes were measured by displacement method using Eudi-
ometers. The tests were carried out as double determination for 21 days. 

2.4 Methods for substrate analyses 

The methods used for characteristics of the three silage samples as well as the suspensions and 
juices are summarized in Table 2. Samples were taken and analysed before and after the anaer-
obic batch test.  
 
 
Table 2: Methods for substrate analysis. 

Parameter  Guideline /Equipment 

Dry matter content DM in % FM DIN EN 12880 (DIN EN 12880) [4] 

Organic dry matter content oDM in % DM DIN EN 12879 (DIN EN 12879) [5] 

Chemical oxygen demand COD in mg/kgFM Cuvette test by Hach Lange, Germany 

Total organic carbon content TOC in mg/kgFM TOC/TN Analyzer multi N/C 3000 by Analytika Jena, Germany 
Total nitrogen content TN in mg/kgFM TOC/TN Analyzer multi N/C 3000 by Analytika Jena, Germany 

Cuvette test by Hach Lange, Germany 
Ammoniacal nitrogen content NH4

+/NH3-N in mg/kgFM Destillation unit  K350 by Büchi, Germany 

Total phosphorus content TP in mg/kgFM Cuvette test by Hach Lange, Germany 

pH-value pH pH meter, model 323 by WTW, Germany 

Biogas potential in nL/kgoDM 
in nL/kgFS 

VDI 4630 [3] 

FM - Fresh matter; nL - norm liter (273K, 1013 hpa); FS – Fresh silage 
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3. Results and discussion 

3.1 Silage preparation from lawn cuttings 

In all experiments a decrease of pH occurred during the ensilage process. After opening the silage 
barrels a slightly acidic, but not unpleasant smell was recognized. The DM content of the sub-
strate did increase slightly in most cases, oDM decreased slightly. Table 3 shows the results of the 
three silages as well as of lawn juices.  
 
Table 3: Results from chemical analyses of lawn silage and lawn juice. 

Parameter Unit 
TUHH July (S2a) TUHH August (S2b) Herling (S1) 

Silage Silage juice Silage Silage juice Silage Silage juice 

DM % FM 28.1 5.3 19.3 3.5 33.1 8.1 

oDM % DM 81.2 62.4 81.6 60.3 83.6 66.8 

COD mg/kgFM 233600 59400 244400 59600 323300 60600 

TOC mg/kgFM 109830 12409 107310 11248 101894 12276 

TN mg/kgFM 6102 5247 5543 3722 6929 4311 

NH4
+
/NH3-N mg/kgFM 1288 347 896 252 1109 171 

TP mg/kgFM 1360 1280 840 1060 1070 1690 

pH - 5.2 5.0 5.4 5.0 4.4 4.2 

FM - Fresh matter; DM – Dry matter 

3.2 Biogas potential 

Figure shows the specific biogas production (related to oDM) for the three silage juices and for the 
three suspensions. The curves of the suspensions are almost identical. The curves show that 
biogas formation started without delay in all juices and with minor lag-phases in the suspensions.  
 

 
Figure 1: Biogas production for three different lawn juices (J1, J2a, J2b) and lawn suspensions (SS1, SS2a, SS2b). 
 
 

 
Figure 2: Biogas potential related to fresh organic matter of  the originally used lawn silage (FS) for silage suspensions and   

silage juices.  
 
The specific biogas yields (related to oDM) from the juices was clearly higher compared to the 
silage suspensions. The juices contain primarily the soluble and therefore more easily available 
organics from the silage cuttings. But also some small particulate matter was contained. It can be 
assumed that only easy fermentable organics is pressed out; hardly digestible lignocellulosic 
shares remain in the press cake. The solid particles in the juice are small in size and therefore 
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have a large surface for microbial attack which is presumably from further advantage compared to 
the macerated fractions with bigger particle sizes. 
 
Figure 2 shows the biogas potential for silage suspensions and silage juice related to the originally 
used fresh silage. The suspensions have a clearly higher yield with 84 ± 10 nL/kg FS. The juices 
had only a yield of 5 ± 1 nL/kg FS. The reason is the higher total organic matter content in the 
suspensions (Table 3). 
 
The results for specific biogas production were compared with earlier investigation with other lawn 
silage juices and suspensions [6]. Weiler (2014) found specific biogas yields of 633 ± 66 nL/ kg 
oDM  for lawn silage juices prepared from lawns from public areas [6]. The specific biogas yields 
for the corresponding suspensions ranged from 329 ± 11.64 nL/kg oDM for lawn from public areas 
up to 441 ± 8 nL/kg oDM for a suspension made with grass silage for agricultural purposes. The 
results of [6] were in the same ranges as in the experiments described here.  
 
Table 4 shows an overview of biogas potentials from various lawn substrates with and without 
ensilage and with different preparation methods.  
 
Table 4:   Dry matter, organic dry matter, biogas potential, biogases methan content and the organic dry matter reduction  
 durin anaerobic fermentation for various lawn-based feedstocks (own investigation and literature results). 
Substrate No. 

samples 
DM 
% 

oDM 
% 

DM 

Specific Biogas 
nL/kgoDM       nL/kgFM 

Methan 
% 

oDM  
reduction 

% 

Literature 

lawn cuttings         
Fresh cuttings 2 38 52 393 ±4 78   [7], [9], [8], 

[10] 
lawn silage 12 27 79 366 ± 49 75 62 45 [9] 
grass silage 8 30 86 375 ± 51 99 61 45 [9]  
lawn juice from         
fresh lawn 6 6 68 500 ± 7 20 71 60 [11], [12] 
lawn silage 4 4 61 909 ± 44 25 70 75  
grass silage 4 6 66 531 ± 73 19 71 75  
 
 
The specific biogas potential of fresh lawns ranges very widely from 300-700 nL/ kg oDM. [7] 
gives 300 nL/ kg oDM, [8] 300-600 nL/ kg oDM, [9] 550-680 nL/ kg oDM and [10] 700 nL/ kg oDM. 
This variations have several reasons: 1) dry matter content may vary strongly with harvesting time 
and weather conditions; 2) chemical composition may change over the growing period with more 
ligneous shares in autumn compared to spring; 3) organic impurities such as leaf (poorly anaero-
bically degradable) are contained more often in high shares in autumn. 
 
For lawn silages and lawn juices less literature information were available. The few refer also 
more to grass from extensive productions. [9] gives a specific biogas potential for grass silage 
from 600 nL/ kg oDM from extensively produced grass. Some results for fresh lawn juices are 
available from literature focusing ob biorefinery processes, where the juice is used for higher val-
ued applications. [11] gives 617 nL/ kg oDM and [12] 550 nL / kg oDM (calculated from 350-400 l 
methan/kg oDM with an assumed methane concentration of 70%). 
 
In summary from from own investigation it can be concluded, that the biogas potential of the mate-
rial after the ensilage process was in the same range like the fresh material, but more homogene-
ous. Also [13] showed, that ensilage of lawn cuttings had no mentionable influence on biogas 
potential. On the one side, lactic acid fermentation process of ensilage leads to degradation of 
organics, but on the other a cell disruption takes place and can even improve the biogas potential 
[14]. Similar to fresh cuttings also in the ensilaged variants the DM content and degree of lignifica-
tion of the lawn had main influence of the specific biogas potential. It decreases with increasing 
water content and lignification, but since during ensilaging some mixing of fractions and homoge-
nization takes place, the variations of silage are generally lower compared to fresh lawn cuttings. 

3.3 Overall evaluation of lawn usage for biogas processes 

The preparation of silage from agricultural grassland is frequently applied, but it is actually not the 
case for lawn cuttings from public areas. Urban lawn cuttings differ in many aspects, e.g. with 
respect to harvested amounts and times as well as chemical composition from extensively pro-
duced grass. It could be shown, that it is also possible to prepare silage from public lawn cuttings 
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successfully. The process can be carried out also in small scale with the advantage that low har-
vested amounts can be used. For calculations in biogas process plannings following values for 
specific biogas potential for lawns from urban areas, and the respective lawn silages and lawn 
juices can be used: 
 

 Fresh lawn: 300 – 700 nL/ kg oDM 
 Lawn silage / lawn silage suspension: 300 – 400 nL / kg oDM  
 Lawn juice: 600 – 950 nL / kg oDM 

 
Also the nutrient potential of the substrates was investigated. This becomes important, when 
thinking about utilization of digestates. E.g. the juices contained between 1000 and 1700 mg/l 
(kgFM) phosphorous (P), for the silage P values ranged from 800 to 1400 mg/kgFM. The nitrogen 
content of the silage varies between 5000 to 7000 mg/kgFM and 3500 to 5000 mg/l (kgFM) for the 
juice (Table 3). After digestion the nutrients are still in the digestate. It is attractive as fertilizer.  

4. Conclusion  

The work shows that lawn cuttings from public area can be stored as silage. Both, silage and si-
lage juice provide good biogas yields and have a considerable nutrient potential. This makes lawn 
cuttings from public areas an interesting bioresource for biogas and fertilizer generation, which is 
available the whole year. Biogas production, based on organic matter, is higher for pressed juice 
compared to suspended silage; based on fresh matter, the silage biogas potential is much higher. 
Which variant is suitable is case-specific and depends on fermentation plant and feeding system. 
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1. Objectives 

The objectives of this study as part of a wider project were to assess the effects of using compost 
produced from olive mill wastewater (OMW) and animal manure as compost for growing soft fruits. 
These objectives will test whether: 

1. Different ratios (v/v) of the OMW compost have an effect on the growth of soft fruits 
2. Does the addition of biochar affect yield of fruit and nutrient retention in the compost 

The process of olive oil extraction is a worldwide industry, predominantly based in Mediterranean 
countries, but recently intensively cultivated in Argentina, Australia and South Africa.  The olive 
tree (Olea europea) is one of the main Mediterranean crops with a cultivated area of approximate-
ly 8.2Mha [1]. This crop produces an annual volume of 10 million m3 of olive mill wastewater and 6 
million m3 of solid olive mill by products; consisting of olive stones, leaves, and pomace [2]. The 
OMW is high in nutrients, especially potassium, but can also have phytotoxic effects on plants due 
to the high levels of phenols present.[3] 

2. Methodology 

The OMW product used in these trials has been developed using repeated composting, there are 
two different composts being tested. The composts have been composted two and three times 
respectively with chicken manure as the base component. The product was initially composted in 
windrows with green garden waste as a bulking agent with OMW sprayed onto them to correct the 
moisture. The chemical characteristics of the raw OMW are given in Table 1. 
 
Table 2: The chemical characteristics of the raw OMW used to produce the compost. 

Parameters Value 

pH 4.9 

EC (mS/cm) 2.3 

N (mg/l) 331.95 

K (mg/l) 2345.1 

P (mg/l) 152.4 

TOC (%) 23.0 

NO3- (mg/l) < detection limits 

NH4+ (mg/l) 95.8 

Mg (mg/l) 143,2 

Ca (mg/l) 307.6 

Phenols  (g gallic acid/l) 3.4 

Heavy metals 

Cu ( g/l) 229.4 

Zn  ( g/l) 5.441.1 

Ni  ( g/l) 253.3 

Cr  ( g/l) 5.3 

Pb  ( g/l) < detection limit 

 
During the first composting procedure these windrows were turned 14 times. For the second com-
posting process fresh manure was introduced and the compost from the first stage was used as 
the bulking agent. The windrows were turned 8 times with 2.8l of OMW added at each turning. A 
portion of the final product from the second composting was used as a bulking agent for the third 
round of composting, with fresh chicken manure added. The final composting took place in com-
posters with 8 turnings over 96 days with 70l of OMW added in that time. The compost was then 
dried by spreading in a thin (15-20cm) layer in a greenhouse and then turned and 84l of OMW 
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added over a course of 55 days. The compost was then transferred into tanks for the final drying 
for 115 days being turned daily with 260l of OMW added.  
 
Biochar added to crops can reduce the bulk density of the substrate, reduce nutrient leaching and 
can also help control plant pathogens [4-6].  The addition of biochar along with the OMW will allow 
for possible trends using these treatments to be assessed. 
 
The Elsanta (Fragaria x ananassa) variety of strawberry was the soft fruit chosen for these trials 
given its use by commercial growers and popularity with consumers in the UK market. Two straw-
berry plants were used in each pot with 5 replicates for each treatment, giving 10 plants for each 
treatment. For objective 1 three different ratios of compost were used in 10, 25 and 50% v/v ratios 
for each compost along with a control. The treatments for objective 2 were v/v ratios of 10 and 
25% OMW along with an addition of biochar (BC) at a rate of 10Mkg/ha. The OMW compost was 
combined with commercial peat free compost (PFC) to provide a soilless substrate base. Treat-
ments for the trials in 2014 are shown in Table 2. 

Table 2: The treatments prescribed for the strawberries in 2014. 

Treatment Compost combination 

Control 1 (C1) 100% PFC 

Control 2 (C2) 100 PFC 

1 10% OMW2 + 90% PFC 

2 10% OMW2 + 90% PFC + BC 

3 25% OMW2 + 75% PFC 

4 25% OMW2 + 75% PFC +BC 

5 50% OMW2 + 50% PFC 

6 10% OMW3 + 90% PFC 

7 10% OMW3 + 90% PFC + BC 

8 25% OMW and 75% PFC 

9 25% OMW and 75% PFC + BC 

10 50% OMW3 + 50% PFC 

 
The strawberries were supplied from cold storage by commercial grower and ready to grow. They 
were then transplanted following defrosting into 2l pots and placed in a randomised arrangement 
in the polytunnel. Fertiliser was added to all the pots on day 20 when flowers had appeared on 
each of the plants. This was completed using a standard fertiliser for strawberry production, high 
in potassium for fruit development. The addition of fertiliser and management of the strawberry 
plants were done in accordance with guidance from MAFF (now DEFRA) [7]. 
 
Yield of strawberries in number per replicate and the average weight of 10 marketable fruits was 
recorded. Assessing marketability of fruits was completed in accordance with the Class I standard 
as detailed in Council Regulation (EC) No 1234/2007. This is the standard used for high quality 
strawberries in the UK. Flesh firmness and sugar content were measured on these 10 marketable 
fruits using a penetrometer and a refractometer respectively. Total yield from each plant from all 
harvests was calculated with intact fruits with a diameter greater than 18mm and a weight more 
than 4g representing marketable yield. Smaller fruits, malformed and rotten fruits were counted, 
weighed and discarded. 

3. Results and discussion 

3.1 Quantitative results analysis 

Fruits were harvested on 10 dates; the length of time from transplanting to harvesting the first 
fruits was 55 days. The total number of marketable strawberries produced from each replicate, 
and those that were discarded are shown in Figure 1. There is a trend in the control treatments 
(C1 and C2) and in the treatments with the 25% rate of three times composted OMW (treatments 
8 and 9) that with an addition of biochar there is an increase in the number of strawberries pro-
duced. In all the other treatments with biochar added there is a trend of decreasing the number of 
strawberries produced per treatment. 
The results from the statistical analysis show that none of the different treatments from either 
OMW product are significantly different from each other or the control for weight. All results for the 
Tukey's test were greater than p<0.05. 
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Figure 1:  The total number of fruits that were marketable and discarded from the different treatments. 

 

3.2 Qualitative results analysis 

The comparison between the 10 marketable strawberries that were analysed in detail from each 
replicate can be subjected to a more critical analysis. The results from the statistical analysis show 
that none of the different treatments from either OMW product are significantly different from each 
other or the control for width of fruit. All results for the Tukey's test were greater than p<0.05. 
The results of the penetrometer test for the 10 marketable fruits from each replicate are shown as 
a mean average in Newtons (N) in Figure 2. The results of the penetrometer method in the Tuk-
ey's test showed that C1 was significantly higher than treatment 5 and 8. Treatment 10 (50% 
OMW3) was also significantly higher than treatment 8. The 50% OMW3 treatment (10) was signif-
icantly higher than all treatments bar C1 and treatments 2 and 4. The average for treatment 1 was 
significantly higher than that for treatment 5. 
 
 

 

Figure 2:  The penetrometer value in Newtons for each treatment. 
 
The results from the refractometer test on the fruits for sugar content were subject to analysis 
using Tukey’s test. In this assessment, no treatments were significantly different from each other 
or the control with a p value of <0.05.  
The number of strawberries infected with Botrytis cinerea as part of the discarded cohort were 
counted and assessed for each treatment and expressed as a percentage of the total number of 
discarded strawberries.  The results of this are shown in Figure 3. Biochar has been shown to 
have positive effects with pathogen control in soft fruit, and some evidence of this is seen between 
C1 and C2 and treatments 8 and 9.  The same trend is not seen between treatments 1-2, 3-4, or 
6-7. 
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Figure 3:  The number of B. cinerea infected strawberries expressed as a percentage of total discarded strawberries. 

 

4. Conclusion and outlook 

There is no statistical difference between any of the compost treatments and the control for weight 
or width of fruit, or numbers of strawberries produced. These trials demonstrate that under these 
conditions compost produced from chicken manure and OMW can compare similarly when as-
sessed against fruits grown in traditional peat-free compost. 
Further trials with a greater number of replicates and with a more gradual increase in the v/v per-
centage of compost used may show a change in the growth of strawberries. The fertiliser added to 
the treatments may have masked any phytotoxic effects from the OMW compost by making nutri-
ents more readily available for uptake into the plants.  A comparison between plants grown in 
OMW compost using fertiliser and without using fertiliser may highlight potential phytotoxic effects 
of the phenols present in the compost. Different biochar application rates may have a more signifi-
cant effect on pathogen control in strawberries. 
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1. Background 

Municipal wastewater treatment requires a considerable input of energy. However, at the same 
time, wastewater contains energy especially in the form of heat and chemically bound energy, 
both utilizable within the wastewater treatment process. In municipal wastewater treatment plants, 
energy consumption and generation are usually subject to separately optimized processes and 
are separated in space and time, as well. Corresponding to operating conditions at a wastewater 
treatment plant (WWTP), the energy demand shows daily, weekly and annual variations (cf. Fig. 
1). Though, today’s energetic optimization is typically based on average values, impacts of daily 
variations are very rarely considered [1]. 
 
 

 
Figure 1: Power consumption and production of a WWTP with a size of 240,000 PE according to the influent water flow [1], 

[2]. 
 
In the context of structural changes of the power supply based on grid connections of supplier 
using renewable energy sources, developments of consumer working as power storage are nec-
essary. WWTP can become an efficient energy storage by crosslinking energy consumption and 
generation. Furthermore, by interacting with technical infrastructure facilities, e.g. power providing 
companies or large-scale energy consuming resp. generating enterprises (industry, waste incin-
eration plants, etc.) new potentials of efficient energy utilization and generation can be developed. 
Due to its potential regarding energy storage and generation, sewage sludge treatment is an im-
portant component of this system. 
One technical option is to use the energetic potential of sewage sludge/co-substrate by anaerobic 
digestion. Figure 2 shows the digester gas production of a municipal WWTP with a capacity of 
32,500 PE (PE = Population Equivalent). Sludge is digested in two simultaneously charged di-
gesters, whereat raw sludge is continuously charged into both of the digesters to the same vol-
ume. Digester 1 is additionally fed with co-substrates (food residues). The additional charging of 
digester 1 with co-substrates leads to a quick increase of digester gas production that reaches the 
level of digester gas production in the reference digestion fed only by sewage sludge after 5 
hours. This can be used for a flexible operation of the digestion with the objective to meet energy 
needs under consideration of maintaining a stable process/operation. 
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Sewage sludge as well as the co-substrate therefore can serve as energy storage through the 
chemically bound energy. 

 

 
Figure 2: Digester gas production of a municipal WWTP, capacity 32,500 PE, digester 1: input of raw sludge (50% of total 

amount); digester 2: input of raw sludge (50% of total amount) and co-substrate (food residues) [3]. 

2. Objectives 

Within the scope of the research project “Wastewater treatment plant of the future: Energy storage 
in interaction with technical infrastructure between the poles of energy generation and consump-
tion (“ESiTI” - www.esiti.de)” the connections between energy consumption and energy generation 
are assessed. Therefore, the WWTP is evaluated as to its potential to serve as energy storage. 
The linkages to peripheric infrastructural actors such as energy service providers, energy con-
sumers and producers, e.g. industrial companies or waste incineration plants, are analyzed with 
regard to new potentials for energy generation and consumption. 
Through exemplary investigations for the Wissenschaftsstadt Darmstadt, a high user relevance is 
established. Darmstadt lies in the southern part of the metropolitan area Rhine-Main with about 
145,000 inhabitants and therefore may serve as an example for numerous cities. The research 
project set up by 11 joint partners from commune, industrial and academic partners and funded 
with 2.7 mio. Euro for a duration of three years, is one from 12 joint projects from the research 
initiative “Future-oriented Technologies and Concepts for an Energy-efficient and Resource-
saving Water Management (ERWAS)” funded by the German Federal Ministry of Education and 
Research. 
 

 
Figure 3:  Wastewater treatment plant as energy consumer, producer and storage 

 
The objective is to develop a manual-based planning tool as well as tools for real-life application, 
under consideration of technical, ecological, economic and social aspects for operating future 
wastewater treatment plants in interaction with infrastructure facilities. Target is the identification of 
the sewage sludge treatment plant as energy service provider, with focus on sewage sludge di-
gestion as energy consumer, storage and producer by providing maximum flexibility of energy 
flows.  
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3. Methodology 
The joint project ESiTI includes five major fields of activity: The system analysis evaluates the 
potential of the wastewater treatment plant to become an energy service provider through the 
identification and visualization of dynamic energy flows (electricity, heat, cooling energy as well as 
potential storage media such as sewage sludge, substrates, digester gas). The technology work 
package strives for the development of a sewage sludge treatment process as functional module 
of a flexible energy system under consideration of digestion and its optimization potentials, limita-
tion of usage of co-substrates, thermal pressure hydrolysis, and thermal treatment processes. 
Different strategies, processes, and combinations will be investigated and compared by using key 
figures and decision trees. All technical aspects are framed by an ecological assessment of the 
process variants as well as a multi-criteria evaluation. Later, economic, ecological and social costs 
and benefits are incorporated. These four activities serve as a basis for the transfer work package 
which contains the development of a planning tool for the integration of the wastewater treatment 
plant into an energy network system. 

3.1 Life Cycle Assessment in ESiTI 

Life Cycle Assessment in ESiTI is carried out according to ISO 14040/14044 [4,5]. The functional 
unit for the project is set to 1 Mg of sewage sludge (dry matter/total solids; 1 Mg = 1,000 kg) to be 
charged into the digester. Figure 4 shows the system boundaries of the wastewater treatment 
plant and surrounding infrastructure facilities. 
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Figure 4: System boundaries of the Life Cycle Assessment in ESiTI (upstream chains only shown for processes on the 

WWTP). 
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The system boundaries include the on-site sludge treatment processes of sludge thickening, di-
gestion, and dewatering. The thermal sludge treatment covers the energetic use of sewage sludge 
in a mono incineration plant. Pre-treatment processes for co-substrates and production of raw 
materials and supplies are also implemented. The wastewater treatment is included with a simpli-
fied approach that assesses the increased electricity demand of wastewater treatment for aeria-
tion induced by a higher nitrogen load in the sludge liquor.  
In the further course of the research work, alternative processes will be implemented in the model 
such as thermal pressure hydrolysis, high load digestion and recovery of Phosphorous from 
mono-incineration ash. Input data for the adapted or newly implemented process modules come 
mainly from experiments in bench or pilot scale. 
Two major research questions are the environmental assessment of the share of co-substrates to 
be fed into the digesters and the potential of the WWTP to serve as a flexible energy provider as 
to the supply of balancing energy.  
A higher amount of co-substrate digestion rises energy self-sufficiency on the wastewater treat-
ment plant but comes with higher environmental impacts for pre-treatment of co-substrates. Addi-
tionally, transport of food residues from the pre-treatment facilities to the WWTP may also conflict 
with the less carbon dioxide intensive energy generation on the WWTP. 
The potential of the WWTP to serve as energy storage also enables the potential to provide bal-
ancing energy to the electricity grid that is assumed to be needed when fluctuating energy sources 
like wind power or photovoltaics emerge further. Balancing energy can be provided by every en-
ergy generation/consumption facility that is able to change its loads flexibly. The environmental 
assessment of the provision of balancing energy therefore has to cover the impacts that are 
caused by energy generation as well as the substituted amount of electricity coming from other 
sources. To assess this interlinkage to the power system, an approach that covers both sides has 
to be developed. 
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Objectives 

This research aims to inspect the nutrients removal capacity and the potentials of the microalgae 
to produce biomass in the wastewater for treatment and bioenergy production. The main objec-
tives are to isolate and identify the green microalgae from wastewater and furthermore, to grow 
the isolated algae in the wastewater and monitor the growth rate, assimilation of the nutrients to 
determine the most productive strain. 

Methodology 

Wastewater samples (including sludge) were collected from Seevetal wastewater treatment plant 
(WWTP) to inoculate the artificial medium BG11 [1]. The algae plaques were transferred using 
methods of dilution-spread, dilution-spray and micromanipulation (with capillary) to isolate the 
algae and separate each distinct strain from other strain and other biological contaminations. 
To eliminate the influence of the bacterial activity, municipal wastewater (from Seevetal)  was 
autoclaved and filtered through glass microfiber filters. The nutrients in the wastewater were 
measured before inoculation and wastewater was introduced to airlift bioreactors (300 ml) in tripli-
cates in light intensity of 720 µmol m-2 s-1. The reactors were inoculated with the isolated algae 
and the batch cultivation continued for 12 days. Total nitrogen (TN) and non-purgeable organic 
carbon (NPOC) were measured using Shimadzu TOC/V auto-analyzer. Chemical oxygen demand 
(COD), Total phosphorus (TP), Phosphate (PO4-P) and ammonium (NH4-N) were measured using 
Hach-Lange standard cuvettes and DR3900 spectrophotometer. Biomass growth, pH were inves-
tigated throughout the experiment on days 0,1,3,5,8 and 12. 

Results 

Based the on microscopic photos, 7 distinct algae strains are distinguished. The genera of the 
isolated algae are Chlorella, Desmodesmus, Tribonema and Stigeoclonium. Due to the very small 
cell sizes (<10 µm), identification of the algae species using DNA sequencing is carrying out. 
Growth of 6 most productive strains is investigated in the wastewater. The nutrients removal also 
was impressive when we achieved up to 99% phosphorus removal on Day 3 and up to 96% am-
monium removal on day 5 of the experiment with both Desmodesmus sp.(1) and Chlorella sp.(1). 
The highest attained biomass concentration was about 1.6 g/l in Desmodesmus sp.(1) and Chlo-
rella sp.(1) as well. There was no significant correlation was found between COD and NPOC re-
moval and the biomass growth. The nutrients removal and biomass growth in Tribonema sp. was 
delayed because of the morphology of this specie which is very sensitive to shear stresses. 
Our results coincide with those of Cabanelas et al. (2013) and Ji et al. (2013) [2,3]. 

Conclusion  

This experiment has shown that the native microalgae in the wastewater have a high nutrients 
removal potential. Two species which are recognized as Desmodesmus sp.(1) and Chlorella 
sp.(1) in our experiment have demonstrated a high biomass productivity and nutrients removal. 
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1. Objectives  

The LIFE+ MANEV project aims at unifying the know-how on manure treatment options and tech-
nologies available in the market in all Europe for closing the gap between technological-scientific 
development and its application in daily practice in the sector. 
The final objective is to help the stakeholders to determine the manure management system that 
fits best into a specific situation from the environmental, economic, energetic, agronomic, legal, 
biosecurity and social points of view. 
 

2. Methodology 

The environmental impact of high density intensive pig farming zones includes qualitative deterio-
ration of air (ammonia, nitrous oxide and methane), water (by nitrates, phosphates and organic 
matter) and soil (phosphates and heavy metals) and the odour nuisance which is sometimes a 
major factor owing to the pressure of public complaints. Furthermore, there are also the related 
disease risks especially when pig slurry is incorrectly handled [1].  
In Europe there are a wide number of technologies aiming at the improvement of the manure 
management. Although there is not one universal solution for manure management, each treat-
ment can represent a good strategy in some areas, especially in nitrate vulnerable zone (NZV) 
and nutrient surplus areas. The application of one or other technology will depend on the farm 
size, local geography, land type, climate and production method that give rise to farms with highly 
individual features [2]. 
The use of an appropriate decision support system (DSS) could assist livestock operators in iden-
tifying manure management systems or components that have a positive impact on the reduction 
of GHG emissions. It has been observed that most computer-based decision support systems for 
manure management are mainly focusing on nutrient management. Very few have considered the 
whole farm manure management options. Thus, an overall evaluation of a manure management 
system based on defined criteria is required for the benefit of livestock producers as well as socie-
ty in general [3]. 
 

2.1 Common Evaluation and Monitoring Protocol (CEMP): 

The first action carried out in the project was to define a protocol for the evaluation and monitoring 
of the treatment plants in Europe. The objective was to unify the criteria, parameters and indica-
tors of monitoring and evaluation of the different treatment technologies and manure management 
systems with the aim of obtaining comparable data and results.  
Seven criteria were born in mind: environment, energy, economy, agronomy, social, biosecurity 
and legislation (table 1). 
The boundaries of the systems assessed ranged from the farm storage tank and the final destina-
tion of the end products: cropland fertilization, exportation to other areas or discharge in water-
courses (if possible). 
The functional unit of the assessment was one m3 of slurry or one t of manure. 
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Table 1: Criteria, indicators and parameters established in the CEMP. 

Criteria Indicators Parameters 

1. ENVIRONMENT  

Water: Eutrophication N balance, P balance 
Air: Acidification NH3, SO2 emissions 

Air: Global warming CO2, CH4, N2O, NOx emissions 
Soil: Salinity Electrical conductivity 
Soil: Metals Cu, Zn 

2. ENERGY 
Production Electricity production, heat production 

Consumption Energy consumption 

3. ECONOMY 
Incomes Energy production, end-products 

Expenses Depreciation, energy consumption, chemi-
cals, maintenance, manpower 

4. AGRONOMY Fertilizing units NPK  NPK balance 

5. SOCIAL 

Odour Reference values 
Noise Reference values 

Visual  impact Height, distances, population,… 
Social activity impact Jobs created 

6. BIOSECURITY 
E. Coli Reduction / no reduction 

Salmonella Reduction / no reduction  

7. LEGISLATION 
European legislation Compliance 
National legislation Compliance 

Local legislation Compliance 

NPK-Nitrogen, Phosphorus, Potassium 

 

2.2 Monitoring and evaluation of treatment technologies at full scale  

Based on the CEMP, 13 treatment plants (formed by several treatment technologies) currently 
working in different regions of Europe (Spain (Aragón, Catalonia, Murcia, Castilla y León), Italy 
(Lombardy and Emilia Romagna) and Denmark (Midjytland)) have been monitored (table 2). The 
aim was to get a better understanding of their performance and impact, bearing in mind all the 
conditions that affect their daily functioning.  
 
Table 2: Technologies monitored in the project. 

Number of treatment 
technologies monitored 

Treatment technologies Type 

9 Anaerobic digestion Mesophilic 
Thermophilic 

2 Composting  

8 Separation 

Centrifugate 
Screw press 
Decantation 

Flotation 
Coagulation / flocculation 

 
6 Aerobic biological treatment 

Nitrification / Denitrification (N/DN) 
Sequential batch reactor (SBR) 

Sharon process 
2 Ammonia stripping  
1 Pasteurization  

2.3 Scientific review 

A thorough review of published knowledge has been carried out in order to define the state of the 
art of the different treatment technologies working in Europe, gathering information from the main 
scientific papers, official data bases (IPCC, EEA, Eurostat, FAO…) and experimental data. 

3. Results and discussion 

All the work developed within the project has been materialized in a software tool available on line 
on the website of the project (www.lifemanev.eu) named MANEV tool. This tool provides support 
for decision-making of the stakeholders helping to identify which manure management systems 
fulfil the necessities of their agricultural scenario.  
This tool simulates and assesses the effects of the eventual implementation of a slurry manage-
ment system in a specific context: one or various livestock holdings and related agricultural plots 
taking into account their specific characteristics (climate, regulation, economy ...). The comparison 
of different simulations in the same scenario allows the user to make a decision on his/her best 
choice (figure 1). 

http://www.lifemanev.eu/
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Figure 1: Scheme of the works carried out by the Manev tool. 

 
 
The assessment is based on algorithms that were developed by project partners from information 
found in bibliography, experimental data and recognized international organizations. The results 
have been validated with the data obtained in the monitoring of the different treatment technolo-
gies. 
The fact that the evaluation carried out by the MANEV tool addresses the main features involved 
in the manure management makes it interesting for all kind of stakeholders: the livestock holders 
worried about complying with the legislation minimising the management cost, the agricultural 
holders interested in a good and cost-effective fertilizer, the local and regional administrations 
ensuring the environmental protection, the technological companies concerned with the develop-
ment of new technologies increasing the performances. 
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4. Conclusion and outlook  

Although there are different technological options to treat manure, the selection of one or other will 
depend on the characteristics of the agro-farming scenario. 
A deep knowledge of the technologies leads into a better identification of a correct manure man-
agement. Consequently, the implementation of these management alternatives will improve the 
environment and enhance the sustainability of the sector fulfilling with the legal requirements.  
The MANEV project unifies the know-how on the main technologies available for the manure 
management currently working at full scale by means of homogeneous assessment based on a 
common protocol (CEMP). The MANEV tool gathers the state of the art of the different technolo-
gies and manure treatment systems, putting all this knowledge at the disposal of every stakehold-
er for their profit with the aim of minimising the environmental impacts and strengthening the live-
stock sector in Europe. 
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1. Context  

Cities currently manage uneaten food and other food system based biowaste quite inefficiently. 
The organic compound, despite its high nutriment value, is only to a small extent recycled and 
returned to farm soil and therefore, does not contribute to closing ecological nutrient cycles and to 
supporting sustainable food production [1]. In the US, over 97% of food waste is estimated to be 
buried in landfills [2]. Forkes has shown for Toronto that only 4.7% at most of food waste nitrogen 
(including sewage waste) was recovered and/or recycled [3]. For Paris and its suburbs, a similar 
estimate has been obtained, and this share of nitrogen food waste recycling has been in steep 
decline in the course of two centuries, from 40% to close to 5% estimated for today [4]. One study 
has analyzed the nutrient balance (N, P) for Bangkok Province [5]. These studies mainly focus on 
food waste and sewage waste management from a nutrient recycling point of view.  
Furthermore, food waste related resource use and environmental pollution are highlighted as no 
longer acceptable in the context of global warming and increasing pressure on the planet’s limited 
boundaries [6], [7]. According to an analysis from the Waste & Resources Action Program 
(WRAP), prevention of 1 ton of food waste can yield in carbon equivalent savings of 3090 kg when 
food from manufacture or retail is redistributed to people. But savings are much lower when food 
from manufacture is redistributed as animal feed (220 kg eq CO2/ ton food) or used for anaerobic 
digestion (162 kg eq CO2/ ton food). This analysis illustrates from a climate point of view priority 
for food waste prevention over food waste valorization.  
The problem of food waste is crucial: the FAO estimates that one third of world food production is 
lost or wasted. In industrialized countries, food waste amounts to close to 300 kg/cap/year in 
North America or Europe – and more than two third of it occurring at distribution, catering and in-
home consumption [8]. A “preparatory study on food waste across the EU 27 Member States” 
estimates annual food waste generation in the EU27 at approximately 89 million tons, or 179 kg 
per capita (without agriculture) [9]. Households (42%) and manufacturing (39%) have been identi-
fied as the most important food waste producers, followed behind by food services/caterers (14%) 
and retail/wholesale (5%). The high share of food waste occurrence close to consumption, cities’ 
dense population and the accumulation of waste in periurban areas, together with the numerous 
socio-technical initiatives coming from both urban citizens and stakeholders are all factors that 
place cities as important players. Although food waste in cities in Asia, Africa and South America 
is relatively lower at the downstream stages of supply chains, the fast growing population and 
changing habits towards urban diets nevertheless raise the question also for these sets on how to 
optimize food use in cities. The world population is going to become more and more urban, being 
expected to make up 66% of the world population by 2050 compared to 30% in 1950. Ongoing 
population growth together with urbanization is expected to increase the urban population pre-
dominantly in Asia and in Africa. Today, the most urbanized regions include Northern America 
(82%), Latin America and the Caribbean (80%) and Europe (73%), but all regions in the world are 
projected to urbanize further [10].  
 
Our study analyses the specific link between food waste and cities in a zero waste perspective in 
the future. By using a foresight approach we suggest to identify and discuss key prevention and 
valorization measures, to pinpoint knowledge gaps on the specific character of food waste in cities 
and to bring up relevant questions for research. 

2. Objectives 

Objectives of our work are twofold: i) identify high potential socio-technological innovations in food 
waste prevention and valorization and ii) extract research questions contributing to fostering and 
accompanying cities’ breakthrough strategies towards zero waste sustainable food systems, spe-
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cific to different urban settings worldwide (covering both industrialized and unindustrialized areas). 
Data collection on urban food waste flows was expected to support the analysis, but could not be 
accomplished in the course of this study as this kind of data has not been available at urban scale 
so far, a point that literature on urban metabolism applied to case studies confirms [11], [1]. Our 
analysis is based on examples most covered by media of food waste prevention and valorization 
initiatives from European, American or industrialized Asian cities. The lack of literature and of me-
dia attention makes us not consider the situation of cities in less advanced countries, although we 
have been reminded by experts that there exist similar initiatives as well.  

3. Methodology 

We define food waste as “any food with is edible and inedible parts which leaves the supply chain 
meant for human consumption”. Included are uneaten food (edible and inedible parts), by-
products, organic solid waste and effluents from food processing, preparation and distribution 
(food industry, caterers, restaurants, shops and artisanal food producers). Sewage waste however 
has not been considered in this study.  
 
We used a definition of urban scale close to the concept of functional urban regions . Not political 
or administrative indicators determine “urban scale”, but the influence on activities and prescription 
of these (for example on farming practices or on waste management) coming from the city. Urban 
scale according to our definition can therefore include non-urban areas on which the city bears 
influence.  
 
Twenty experts related to disciplines and fields of interest like industrial ecology, urban metabo-
lism, urban farming, aquaculture systems, waste recovery and processing techniques, law, ethics, 
system innovation and foresight studies were organized as a working group following a foresight 
study approach. A literature review, stakeholder interviews (food sector companies, waste man-
agement companies, NGOs, local governments) and 5 workshops with the group of experts were 
being conducted from September 2014 to June 2015.  
 
The 5 workshops allowed: 
 

 The definition of precise objectives and methods of the study (definition of food waste, 
boundaries of urban food systems, foresight study approach),  

 The validation of the method and discussion of a state-of-the-art working paper on ini-
tiatives in food waste prevention and valorization,  

 The organization of initiatives into broader categories of prevention and valorization 
measures; combination of measures into coherent food waste reduction scenarios 
within one business-as-usual and two alternative (green economy, “alter”) food sys-
tem contexts;  

 Set-up of these scenarios according to a typology of different urbanization dynamics 
(retrieved from the Agrimonde Terra foresight study) [12];  

 Identification of key measures expected to have high potential in food waste reduc-
tion; multi-criteria analysis of these key measures and identification of issues for re-
search. 

4. Results and discussion 

4.1 Characterization of food waste prevention and valorization measures  

Stakeholder interviews and literature review have shown that innovative approaches in food waste 
management are abundantly experimented worldwide (for example in Canada, the USA, UK, 
France and other European countries). Table 1 provides an inventory of the different food waste 
prevention and valorization initiatives collected in the course of this study.  
Food system actors involved are as different as business and catering companies, civil society, 
NGOs and municipalities.  
However, the specific link between these initiatives and urban systems is difficult to identify. In-
deed, some of them have been mentioned in relation to cities (for example in Seattle, in New 
York) which have been known for elaborating an urban food system approach. However it has not 
become clear from the analysis whether the initiatives’ occurrence is specific to a city’s context or 
whether they could be occurring as well in rural areas. Furthermore, literature on the topic of food 
waste prevention has not been found specifically applied to urban settings.  
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Table 1: Inventory of food waste prevention and valorization initiatives, classified by supply chain stage. 

                aim 

Supply  

chain stage 

FOOD WASTE PREVENTION  FOOD WASTE VALORIZATION  

Farming  - Better matching of supply and demand due 
to proximity of consumers with farming (in-
cluding business and community-based ur-
ban farming)  

- Genetic selection of raw material 
- Information availability and access  
- Field gleaning  
- Urban garden gleaning  
- Connection between food donors and 

receivers  
- Marketing of surplus or of food not accord-

ing to standards  

- Industrial synergies  
- On-farm composting and anaerobic 

digestion 

Processing - Optimization tools for stocks 
- More resistant packaging  
- Donation to charities  
- New products from discarded food 

- Animal feed  

Logistics  - Better transport packaging  - Inverse logistics to return food 
waste to farmers for composting or 
soil amendment  

Distribution  - Better planning and shelf management  
- Collaborative management of stock and 

orders to match both better  
- Adjustment of sales promotions and sales 

campaigns  
- Adjustment/deletion of expiry dates  
- Stock clearance operators  
- Tools for matching demand and supply  
- Processing and delivery at order  
- Reduced transport duration  
- Donation to charities  
- New products from discarded food 

- Animal feed 
- Conversion to energy  
 

Catering, restaurants - Incentives to leftover reduction  
- Price reductions close to shop closing hour  
- Management tools 
- Adjustment of plate sizes to clients’ appetite 
- Removal of lunch tray at self-service (can-

teen and restaurant)  
- Meals based on “inedible” parts of food  
- Doggy bags 

- Frying oil recycling  
- Collection for composting and 

anaerobic digestion  
 

Households - Changes in food related habits (e.g. use of 
a shopping list) 

- Changes in use of preservation techniques 
(cupboard organization, freezing, use of 
canned food, etc...) 

- Donation  
- Distribution of food amongst other house-

holds  

- Use of hens for recycling kitchen 
waste 

- Individual or community composting 
or drying  

Technologies - Higher yielding technologies at processing 
- Longer shelf-life  
- Remaining shelf-life indicator 
- Analysis and monitoring of consumption 

data (big data) 
- For food use (new products, extraction of 

valuable compounds for food) 

- For feed use  
- Biorefinery  
- Drying of organic waste  
- Composting 
- Anaerobic digestion of food waste 

Overarching tools 

Politics & regulation  - Landfill ban for organic waste  
- Waste taxation  
- Obligation in handling of organic waste (separate collection, valorization, …) 
- Changes in regulation of product standards  
- Obligations for food donation to charities  
- Reduced tax payment schemes due to food donation to charities, recovery of VAT  
- Certification, labelling  
- Support to the use of hens as food waste recyclers  

Awareness raising, 

education, training to 

professionals 

- Awareness raising campaigns  
- Recommendations for food waste reduction (households, catering, …) 
- Education and training 
- Networking tool and exchange of experience  
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4.2 Key measures for food waste prevention and valorization in urban settings 

Food waste prevention strategies mainly use communication and awareness raising tools, where-
as valorization of food waste mainly aims at energy recovery so far. However, coherent concepts 
and strategies linking different initiatives are currently missing in most case studies, while single 
initiatives on food waste prevention and valorization are abundant and using manifold tools (regu-
lation, technology, social innovation). 
 
Based on the initiatives collected for this study, experts have extracted key measures expected to 
be particularly efficient in food waste reduction and interesting to copy in many different settings.  
 
High potential key measures 

 Education of public and training of professionals  
 More flexible supply chain specifications,  
 Collaborative use of data, flow monitoring and smart sensors,  
 Regulation, taxation and financial tools,  
 Gradual withdrawal of food from market, selling off, stock clearance, on-site processing 

and donations,  
 Breakthrough manufacturing and packaging technologies,  
 Urban practices and urban planning,  
 Biomass valorization and biorefinery,  
 Fair distribution of responsibility between stakeholders 

 
Key measures identified in the previous stage have been discussed according to a multi-criteria 
approach both with the experts and during stakeholder interviews. For each measure, analysis 
key points have been made available as much as possible to show performances, forces and 
drawbacks. For instance, for the key measure « collaborative use of data, flow monitoring and 
smart sensors » it has been discussed that a kind of ecosystem of data sharing (production ca-
pacity, stock and sales capacities) between stakeholders would be feasible which would enable to 
produce just-in-time and to diminish food waste. Technologically, a data exchange platform would 
be possible as well. However, even if the technology is available, its implementation is far from 
reality. Stakeholders argue that the data is confidential and falls within the scope of data secret; it 
is therefore difficult to obtain. Furthermore, the economics and profitability of data sharing remains 
to be proven. Data protection and data ownership are discussed. These obstacles as to the ex-
tension of collaborative use of data, flow monitoring and smart sensors are considered highly rele-
vant by stakeholders and experts. 

4.3 Perspectives for research on the link between cities and food waste prevention and 
valorization 

Based on the multi-criteria analysis of food waste reduction measures (prevention and valoriza-
tion), some generic research perspectives specific to urban contexts have been identified: 

 Innovative Logistics needs to be adapted to urban requirements and limits. The logistics 
of waste collection and recycling translates into small-scale organized flows. For food 
waste reduction, close monitoring of supply/demand could entail more frequent delivery of 
smaller amounts to shops leading to overall higher environmental impacts and conges-
tion. Therefore, innovative logistical networks including supply and food waste collection 
need to be developed. Furthermore, reversed logistics needs to be considered, for exam-
ple in urban planning, in order to allow for increased efficiency in the collection. One rea-
son is that recycling infrastructure needs time to become profitable and depends on stable 
input from waste. 

 The question of scale is relevant not only for logistics but as well for processing. To what 
extent should processing and logistics be down-scaled to urban small-scale? 

 Robustness of the supporting system: Cities services are expected to be increasingly 
supported by digital information and communication technologies. Smart cities may pro-
vide opportunities for improved management of the supply and demand matching, for ex-
ample by the means of collaborative tools. Yet, the supply of abundant energy may no 
longer be the unique reference scenario in any case. How can current strongly technology 



Oral   TE Sustainable regions 

 

RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

581 

 

 

and energy reliant food systems become adjustable to a scenario of instability? What role 
for alternative preservation options to the cold chain?  

 Urban planning: How can urban planning back or prompt food waste prevention and 
valorization measures? What action can be taken by the municipality? Municipal deci-
sions on urban planning can for example include requirements on the nature and share of 
city infrastructure or surface dedicated to the purpose of food waste reduction. 

 Waste for agricultureμ what is the stakeholders’ perception on the “waste character” of 
organic matter from food waste, an obstacle or an opportunity? Contamination potential 
for the soil and the water?  

 Social acceptability of innovation in food waste prevention and valorization in cities. For 
example social acceptability of livestock in cities, of new packaging and processing tech-
nologies for food items, for digital technology based city management?  

 What public health issues can be relevant (for example infectious diseases from ani-
mals and allergies)?   

5. Conclusion and outlook 

Cities today are acting as laboratories for socio-technological innovations in food waste prevention 
and valorization, yet coherent concepts and strategies involving the different actors are missing. 
Technological and cultural challenges remain to be overcome, for example the analysis of “big 
data” to support alignment of supply and demand, the mutual share of information and joint plan-
ning of food supply, and societal acceptance of new technologies. Overall, data on food supply, 
consumption and food waste flows in cities in order to conduct material flow analysis are challeng-
ing to obtain.  
In a next step we are going to run fieldwork on food waste flows in four cities (Dakar, Chicago, 
Antananarivo and Montpellier) to contribute to closing this data gap and to progressing on the 
urban metabolism approach applied to food systems. 
  
The inventory of food waste prevention and valorization measures doesn’t really take into account 
the diversity of initiatives in cities in the world’s less advanced countries. A next step would be to 
repeat the analysis in developing countries, where population growth rate is projected to be high-
est in the future. This complementary analysis could be interesting because of the wide diversity 
of practices observed and claimed by the experts. New tools should be developed in order to ac-
cess information in those countries despite the lack of literature, such as interviews with local in-
dustrials for example. 
 
Key measures for food waste prevention and valorization should be analyzed more deeply and 
challenged by further stakeholder discussions.  
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1. Objectives 

Composting is a popular option with municipalities in developing and transitional countries to up-
grade collect-to-landfill waste management schemes [1]. Intensive urbanization trends and the 
related growth in organic waste production are the main drivers for the introduction of this method 
[2]. The current critical review describes relevance and potential of composting in asset-poor mu-
nicipalities to propose key indicators for the assessment of its local resilience.  

2. Methodology 

A multidisciplinary review assessed appropriateness of large composting initiatives in waste man-
agement and nutrient recovery in developing and transitional municipalities. The regions (i) Sub-
Saharan Africa, (ii) India and South-East Asia, (iii) the Middle-East, (iv) Latin America and (v) Chi-
na were studied. Key factors indicating appropriateness and resilience were identified by viewing 
(i) resource recovery potential, (ii) operational & technological resilience, (iii) institutional frame-
work & management, (iv) economic performance and (v) public perception. Indicators were cho-
sen based on objectiveness, direct relation to resilient operations & ease of acquisition in practice.  

3. Results and discussion 

3.1 Resource recovery considerations  

The role of composting in resource recovery is limited by the amount of available organic wastes. 
The identified per capita production appears to be comparable in the viewed regions.  In Asia, 0.6-
1.0 kg/capita/day is estimated for daily municipal solid waste (MSW); for Kampala and other 
Ugandan municipalities, the per capita value is in the range of 0.4-0.9 kg/capita/day [3]. Compara-
ble ranges were found for other African municipalities [4]. The largest fraction of this waste is or-
ganic. In Nairobi (Kenya) and Dar es Salaam (Tanzania), the organic fraction of solid waste (OF-
MSW) is shown to exceed 70 % [4,5]. OFMSW data from Chinese cities is somewhat lower 
(~50%), but in larger cities this value was shown to be higher, with OFMSW in Beijing being as 
high as 70% [6]. The high organics content in most developing and some transitional cities is 
wealth-related as low-income levels ensure most consumption to be food related. But limitations in 
(financial) assets also imply that municipalities may lack funds to collect all their MSW. This limits 
the potential of OFMSW composting. In West Africa, 10% (Benin) to 76% (Guinea) of the urban 
MSW is collected; other countries in the region feature rates around or below 40% [1]. In South-
East Asia, 71% of all MSW was reported for Vietnam and 70-80% for the Philippines, respectively 
[7,8]. Transitional cities (in Latin America and China) exhibit higher (>95%) collection rates. How-
ever, data reliability (worldwide) is limited and illegal disposal further reduces availability organics 
for composting. [1,9].  
Composting efficiently concentrates and stabilizes organic wastes [10,11]. In developing regions, 
a 40-70% volume reduction was possible to achieve [5]. The final product is expected to offer a 
valuable nutrient source, but its fertilizer value is debated. OFMSW composition estimates indicate 
N:P:K fractions of 1.3:0.8:0.9 % [10], but sources agree that waste-derived composts are to be 
seen more as soil conditioners than as fertilizers [5,11]. Despite their limited N supply, OFMSW 
composts offer emission-poor organic matter and a wide range of other nutrients. With their addi-
tional capacity to lower water need in soils (through the increasing of cation exchange capacity), 
they may be seen as potential contributors to food sovereignty in LDCs (least developed coun-
tries).  
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3.2 Operational capacity and technical performance 

Limited data availability was apparent even at the level of large-scale installations in the viewed 
regions. The CDM (Clean Development Mechanism) project listing is likely to offer the most signif-
icant database [8]. According to this portal, CDM-supported large-scale plants are mostly imple-
mented in Asia. Of the 16 initiatives, India and Vietnam are listed with 3-3 installations, China with 
2 and Bangladesh, Pakistan, Singapore and Indonesia with 1-1 plant, respectively. Two initiatives 
from Latin America (Columbia) and two from Africa (Egypt and Nigeria) complete the registry. 
Typically, these initiatives process between 350-700 tpd (ton per day) OFMSW [8].  
Outside the CDM database, the information on large-scale plants is very fragmented. A new com-
posting plant in Mexico City is mentioned as the only large-scale initiative of the country. With an 
estimated capacity of 2500 tpd OFMSW (that treats 80% of Mexico City’s OFMSW), it is possibly 
the largest plant in Latin America [12]. Composting is a common method in other Latin-American 
countries, but the only data found indicated 74 Brazilian initiatives with a processing range of 150-
1,200 tpd. The most detailed report on a national composting sector originates from Egypt. This 
work summarizes 43 composting facilities in 27 governorates [13]. In the NEMA region, Saudi 
Arabian information mentions the existence of at least 30 composting facilities [14]. Other men-
tions of composting plants in this region include a 260 tpd installation in Tripoli (Libya) and a high-
tech, commercial, agro-industrial waste processing plant in Israel [15]. In Sub-Saharan Africa, 
Ghana appears to possess one large plant (Zoomlion). A national-level program for Uganda cites 
a growing number of installations with a processing capacity of 50-200 tpd, designed to treat 
about 40% of the OFMSW in their respective municipalities [8]. 
Difficulty in obtaining more information may partly be the result of the significant rate of failed or 
sub-optimally operating plants. As an example, 9 out of the 11 compost-processing plants had to 
close down in India in the period of 1974-1996. In a more recent example, the OFMSW compost-
ing capacity of ~6000 tpd by four plants (Delhi, India) shrunk to just 500 tpd from a single plant 
between 2004-2006 [8]. Brazilian studies indicate that several major cities engage (d) in OFMSW 
composting in the past. In Brazil, 36 out of an initial 54 operations closed in the ‘λ0s [16]. Many 
surviving plants appear to produce compost at a fraction of their original design load. In Egypt, a 
study revealed an average plant output of 37% when compared to the initial design output [13]. 
The key reasons of failure or limited utilization appear to be similar for the different regions. The 
main obstacle is confirmed to be the application of high-tech, developed designs, often in combi-
nation with too short processing times [13, 16, 17, 18]. Within just a few years, such high-tech 
designs were replaced with simplified, local protocols in e.g. Egypt and Brazil. The Egyptian uni-
fied protocol also emphasized land provision by the recipient governorates. In their design, com-
post production followed a mixed waste collection process and pre-sorting at the plant. No forced 
aeration, but (daily) turned windrows were the technology of choice. Operations also had a ripen-
ing phase and a final sieving with a rotating drum or similar device. Other factors reducing resilient 
operations were the (i) high dependence on the quality of waste sorting (with a key emphasis on 
heavy metal contaminations), (ii) lack of a sufficient uptake market, (iii) difficulties in obtaining 
skilled personnel, (iv) inappropriate plant locations and (v) the limitations to electricity and water 
supply.  
 
3.3 Institutional framework and management 

Lack of detailed institutional framework and type of ownership was mentioned as main bottlenecks 
to the resilience of technology-intensive facilities in Brazil [16, 17]. Lack of specifications on the 
role of composting and its potential for nutrient recovery are apparent in most other countries as 
well. The focus of legislation on waste reduction implies that composting is not seriously regarded 
for its role in nutrient recovery. As a result, policy frameworks neglect defining protective 
measures (financial or legislative) to safeguard operations and compost distribution. Studies imply 
that privately-owned installations have a better chance to survive in this environment, likely be-
cause their operations had a superior focus on matching characteristics of market demand [13, 16].  
Existence of waste treatment alternatives, especially in the form of incineration plants, appears to 
limit composting appropriateness. Until the mid-λ0’s, China had a growing composting sector for 
OFMSW treatment. At its peak, it handled 20% of the produced MSW against a <2% of incinera-
tion treatment. Since then, this trend is reversed and composting is indicated to treat not more 
than 1-2 % of all MSW in Chinese municipalities [6, 19]. Sources point at the lack of political 
measures to stop the regression in number of plants. Despite the general support in national-level 
5-year plans, no specific program seems to exist to safeguard composting. As a result, incinera-
tion and to some extent landfilling have replaced this method in Chinese OFMSW management 
[6].  
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Systemic integration of composting in policy frameworks through e.g. a simplified licensing proce-
dure [20] could support an increased role and appropriateness of large-scale composting. Just as 
in developed countries, it is expected that adequate legislation (and its efficient enforcement), 
innovative waste separation solutions and financial drivers (e.g. subsidies, landfill taxes or even a 
landfill ban) may be necessary to make composting initiatives more resilient.  
 

 

3.4 Economic considerations 

Affordability of technology-intensive, large-scale operations depend on their profitability, which 
relies largely on product sales. This is a weak feature of operational sustainability in practically all 
composting projects. In developing regions, the primary reason of low profitability lies in the quality 
of the produced composts. OFMSW-derived compost is perceived to be inferior both to animal 
manures and artificial fertilizers. This has to do with the lower N concentration of OFMSW com-
post, the sometimes considerable contaminations (plastic, glass, heavy metals) and widespread 
subsidizing of artificial fertilizers [18]. A seasonally changing demand may also affect compost 
producers, as composts are in highest demand prior to the growing periods. Where proper, long-
term storage is not possible, the rapidly reducing N content results in a quick depreciation in com-
post price and demand. These limitations can be reduced by improving process management so 
that the end-product features little impurities and a constant quality in time.  
A second feature of developing composting initiatives considers the apparent lack of additional 
financing. In developed regions, gate fee-type arrangements ensure that composting plants get 
double financing for the production of OFMSW compost. Such a regulation is intended to 
acknowledge the role of plants in reducing organic waste streams. In practice, the gate fee income 
is indicated to be the main reason of profitability in developed countries [21,22]. In its absence, 
developing region initiatives need to rely on compost sales and in some cases collection and 
transport fees for their income. It is proposed that financial resilience in composting plants requires 
a specific legislative support – possibly in the form of a gate fee for the financing of their treatment. 
A less crucial, but frequently mentioned aspect of the financial viability of plants is indicated to be 
the high-cost leasing of their sites and the transport expenses of the sold product [23]. Such costs 
may be a significant burden on the low margin of profit achieved.  
 

3.5 Public perception 

Public perception is key in maintaining operations as contaminated products and odor nuisance 
were proven to reduce market demand in e.g. China and Brazil [6,16,17]. Strong smell from com-
posting plants has even led to plant closures [16]. Next to proper measures to reduce odor from 
the composting process, the siting of the installation is crucial. Because siting depends on the 
smallest distance to both waste suppliers and potential markets, a sufficient distance from inhabit-
ed areas needs to be considered [23]. This phenomenon was not only confirmed for developing 
locations, it was reportedly the key factor in the numerous plant closures in e.g. the United States 
[11]. 
 

3.6 Proposed objective criteria for a resilience-based assessment 

Eight objective factors are proposed that are easy to access and may have important implications 
on local appropriateness. They are to serve as indicators in areas with seriously limited data avail-
ability. Their interpretation should consider local context and may therefore vary per scenario.  
Feedstock composition: An objective factor that is either directly available or through a small 
survey. Seasonal changes in compositions should be considered. This factor carries indicates 
product quality and potential applications. This factor is most relevant for countries where process 
and product quality requirements are not defined in detail.  
Collected waste amount: An objective factor that is easy to obtain either directly or through 
known waste collection rates and per capita waste production volumes. It is a key parameter that 
suggests the optimal design size of a facility. Care should be given to the potential future im-
provement in waste collection as large amounts of OFMSW may become available for treatment.  
Existence of (at least wet-dry) waste separation: Objective factor that implies potential product 
quality and to some extent the product demand. Quality of separation is should be considered.  
Existence of alternative treatment methods: The existence of incineration, anaerobic digestion 
or similar methods in the area of implementation is easy to identify. This factor is most relevant for 
transitional areas as Latin America, China and possible the Middle East as implementation of 
(sophisticated) waste processing alternatives are more likely than in asset-poor, developing areas.  
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Specific legislation for composting: A less objective factor, but very important in assessing 
resilient operations for new or existing plants. As sub-factors, (i) existence of a gate fee or similar 
mechanism, (ii) a landfill ban or tax and (iii) subsidy of artificial fertilizers should be considered.  
Existence of a significant compost uptake market: This is a less objective factor that may also 
require a detailed assessment study. It is included, because the potential uptake market for the 
compost is perhaps the strongest indicator to nutrient recovery and profitability of the installations.  
Appropriate technical sophistication: A less objective indicator that can be best assessed 
based on the available information of past initiatives in the project area. Appropriate technical 
sophistication will differ per region and change in time with economic and technical progress. 
Risk of odor nuisance: An objective factor, sometimes already integrated in the specific com-
posting-related legislation. The review indicates a good relevance for public acceptance.  

4. Conclusion and outlook 

Appropriateness and potential of composting initiatives in developing and transitional municipali-
ties was reviewed. A multidisciplinary, international approach was chosen to mitigate effect of 
restricted data availability. Comparable experiences from different regions confirm that municipal 
composting is a relevant option for reduction of OFMSW, but their current role in nutrient recovery 
is very low. Despite the obvious need to recycle the increasing flux of OFMSW to agricultural soils, 
the reviewed initiatives often cope (d) with multiple challenges. Limited profitability, mismatch be-
tween local infrastructure and technical design, underdeveloped policy frameworks and restricted 
compost demand are shown to be the key areas of improvement. The proposed objective indica-
tors can help identifying resilient designs, but their interpretation needs to consider local context. 
Addressing of the listed indicators is expected to reduce the global nutrient recovery challenge 
through the supporting resilient implementation of locally appropriate designs.  
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1. Objectives 

Many regions of Europe have a surplus of nutrients from animal manures, among them Denmark, 
which has led to nitrogen overload of soils and subsequent pollution of the aquatic environment 
[1]. To reduce nutrient input to agricultural soils, more processing of organic wastes (e.g. manure, 
urban organic waste) is needed, which can then be exported to regions without a surplus. This will 
result in novel organic fertiliser products that farmers may or may not be willing to apply to their 
fields. To increase farmers’ acceptance of processing organic wastes, it is important to understand 
farmers’ attitudes towards their use. The objective of this survey-based study was to identify farm-
ers’ perceptions of advantages and potential barriers for their use. 

2. Methodology 

The survey consisted of 24 questions and took approximately 10 minutes to complete. Farmers 
were asked about their attitudes towards a number of organic fertilisers that fell into one of three 
categories – unprocessed manures, processed manures, and urban organic waste fertilisers (see 
Table 1 for types). They were asked about their current use of these fertilisers, their interest in 
their use three years from now, the barriers to using organic fertilisers, and also the most im-
portant advantages or reasons for using organic fertilisers. 

Table 1: The types of organic fertilisers considered in this survey. AD = Anaerobically-digested, TD = thermally-dried. 

Unprocessed manure Processed manure Urban organic waste 

Raw slurry Mechanically separated slurry – Solid or 
liquid fraction Biocompost from municipal solid waste 

Animal urine AD slurry  Raw/dewatered sewage sludge 

Raw solid manure Composted or TD manure/slurry Processed sewage sludge (compost-
ed, AD or TD) 

 Acidified slurry  Mineral concentrate e.g. struvite 

 
Farmers to participate in the survey were selected by the following process: 
 
 Farmer identity and address was obtained from the public 2011 Danish fertiliser accounts 

registry, covering all farms in Denmark using N fertilisers (around 43 000 commercial opera-
tions). 

 Farmers with more than 10 ha of agriculturally farmed land were selected, in order to avoid 
non-commercial operations. 

 1 800 farmers were randomly selected from this list, and their records checked against the 
2014 records to ensure that their business number (CVR) was still active. 

 1 585 farmers remained after this selection process, and this population was checked 
against original database to see if it was representative of the entire population, which it 
was. 

Farmers selected for the survey were sent a cover letter, survey form and a pre-paid return enve-
lope inside. Farmers were also given the option to fill out the survey online instead of returning the 
paper survey. Respondents within a certain deadline had the opportunity to enter in a prize draw. 
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3. Results and discussion 

Out of 1 585 letters sent, 448 farmers responded (425 by letter, 23 online), a response rate of 
28%. The respondents were found to be generally representative of Danish agriculture; the prima-
ry farming activity of respondents was close to those from the Danish farming statistics [2], with 
62% primarily farming field crops, 12 and 9% dairy or cattle farmers respectively, 6% pig farmers, 
with other land uses being less important. 

3.1 Current use of organic fertilisers and interest in organic fertiliser use three years from 
now 

72% of respondents presently used at least one type of organic fertiliser. Farmers could specify 
more than one type of organic fertiliser: 67% used an unprocessed manure compared with 19% 
who used a processed manure and 8% who used an urban organic waste fertiliser. Organic ferti-
liser use increased with farm size; 60% of farms sized 10-20 ha used organic fertiliser compared 
to 85% of farms with more than 100 ha. 
 
Farmers were asked about the organic fertilisers they were interested in using three years from 
now. Two-thirds of respondents were interested in using an organic fertiliser that was currently 
available to them, whereas 47% were interested in using an organic fertiliser not currently availa-
ble to them. Underlying this, 27% of respondents were interested in unavailable unprocessed 
organic fertilisers, 42% were interested in unavailable processed organic fertilisers, and 23% were 
interested in unavailable urban organic waste fertilisers. These results indicated a significant un-
met interest in organic fertilisers. 
 
Despite a significant interest in using different organic fertilisers, farmers generally expected to 
use the same amount of organic fertiliser (in terms of total N applied to their field) in three years as 
they do today. Only 14% of respondents expected to use more organic fertiliser in three years 
than today, with 79% expecting it to remain the same and 7% expecting a decrease. 

3.2 Barriers to organic fertiliser use and most important advantages or reasons to use 
organic fertiliser 

Farmers were asked to rank the top three most important barriers to their use of organic fertilisers. 
Difficulty in planning for organic fertiliser use compared to mineral fertiliser ranked first, followed by 
uncertainty in NPK content, odour issues for neighbours, machinery to handle organic fertilisers 
being too expensive, and the difficulty in handling or spreading the product. 
 
Farmers were also asked to rank the three most important advantages or reasons to use organic 
fertiliser on their farm. The advantage with the highest overall ranking was the improvement of soil 
structure by organic fertiliser. After this, advantages related to low cost, certainty in NPK content, 
little pollution and ease of application were perceived to be important. The reliability of NPK con-
tent was chosen as both a barrier and an advantage; farmers with experience of organic fertiliser 
use ranked certainty in organic fertiliser NPK content as a less important advantage, and ranked 
uncertainty in NPK content as a more important barrier. This indicated that farmers who had expe-
rience with organic fertilisers were more familiar with their limitations. 

4. Conclusion and outlook 

The survey showed that a majority of Danish farmers use at least one type of organic fertiliser. 
Although farmers generally did not intend on using more organic fertilisers in three years than they 
do today, there was a significant interest in organic fertilisers that are currently not available to 
these farmers, particularly processed manures. This indicates that in Denmark there is an unmet 
need for access to organic fertiliser processing technology and the resulting fertiliser products. 
Farmers considered the difficulty of use, uncertainty in NPK content, and cost of use to be main 
barriers to using organic fertilisers. Improvement in soil structure was considered the biggest ad-
vantage to using organic fertilisers; an advantage that mineral fertilisers cannot provide. 
 
The insights obtained into the attitudes of farmers towards organic fertilisers and their use will help 
identify processing technologies and resulting organic fertiliser products acceptable to farmers. 
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1. Objectives 

Wetland areas are important for grassland management, soil protection, carbon storage, water 
regulation and biodiversity. With ongoing structural changes in agriculture, a great number are 
abandoned because their conservation requires lots of work. Management with conventional high 
tech equipment is often hardly possible due to highly water-saturated soils. Today’s challenge is 
the search for sustainable management practices that are not time-consuming and have the same 
ecological impact as manual work. Use of work-horses can be an innovative approach for preser-
vation of natural and cultural landscape. 

2. Methodology 

In 2013 and 2014 the project “Sustainable Wetland Management with Workhorses” was imple-
mented in the regions Ausseerland and Enns Valley (Styria/Austria), where different Natura 2000 
sites and other protected areas with a wide range of wet lands can be found (Hochegger, Mayer, 
2014). The project was realized by the Agricultural Research and Education Centre Raumberg-
Gumpenstein in cooperation with land owners, farmers, Natura 2000 site managers, the Styrian 
League of Nature Protection and the Work Horse Association.  
 
Activities of the pilot project were: 
 
 Pilot tests of wetland management with work horses through combining tradition with innova-

tion by using modern, adapted equipment as well as the comparison of conventional agricul-
tural machines and manual work with hand mower and scythe. 

 Monitoring of potential impacts on biodiversity in relation to the method 
 Analyses of demand & supply for additional services, second income, local recreation, tourism 
 Elaboration of benefits for regional added value and socio-ecological approach 
 Awareness creation for (traditional) ecological sustainable landscape management practices 

to keep landscape open with extensive landscape management  
 Public relations 
 
Different wetland areas were selected as trial plots. Some of them have not been managed for the 
last 30-50 years, some were only managed by manual work (motor mower, hand work). For the 
mowing trials with workhorses an adapted mower with double knives was used (figure 1). The 
trials were implemented with the horse breed Noriker, a medium-weight, sure-footed, strong and 
persistent mountain-carthorse with high potential for working and free time riding.   
 

 
 
Figure 1: Mower with double knives: advanced technology, cutter bar is 2,2 m long, a three v-belts actuate the chain, very 

robust, does not plug up, best adapted for mowing meadows with horses, costs: about 6,800 € (Hochegger, 
Mayer, 2014). 
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3. Results 

Horse power has many regional benefits. The strengths and weaknesses of wetland management 
with work horses are shown in table 1. The multiple capabilities of work horses are a chance for 
sustainable ecological agriculture in rural areas and other services and a connection between 
rural and urban areas for recreation and sports as well as practical experiences. New income 
possibilities for horse owners and breeders and therefore can be seen as a valuable contribution 
to strengthen the rural economy. 
 
The main results of the implemented pilot project can be summarised as following: 
  
 Mowing of wetland areas is important to keep landscape open and to protect biodiversity e.g. 

in wetland areas and to reserve green infrastructure  
 Big and heavy machines cannot fulfil the management demands and requirements for pro-

tected areas and small structured areas 
 The use of horse power is possible under difficult site conditions and has low impact on wet 

soils. It maintains the biodiversity of wet meadows and keeps cultural landscape open, 
through the prevention of forest and scrub encroachment. A pasture management with slopes 
up to 30% is possible. 

 The use of workhorses supports small-scale grassland farming to protect cultural landscape. 
Furthermore it has many ecological benefits: minimal noise, no emissions from engines, no 
fossil fuels are necessary, animals like birds, deer, insects can easily escape 

 The financial effort for technical equipment is low with big potential for technical evaluation 
and optimization, e.g. adaptation of the mowing equipment to sites with other conditions, dif-
ferent application possibilities. 

 The hay can be used for innovative products or as litter for stables. 
 Apart from mowing there are multifunctional possibilities for use of horses and can generate 

second income for horse owners and breeders (thinning of forests, clearing of bushes or 
dwarf shrubs, cultivation and harvesting of potatoes, structural improvement of meadows, 
support of touristic services like riding, coach tours, horse sleigh rides and environmentally-
friendly transport activities (e.g. transport to cabins, removal of e.g. plastic litter in touristic vil-
lage Bad Mitterndorf or waste from other municipalities).  

 Working with horses has positive effects on children, teenagers, people with mental problems. 
 The Austrian Environmental Program (ÖPUL 2015) offers compensations for horse owners in 

less-favoured areas, rare horse breeds like Noriker, use  of horses in agriculture (e.g. pasture 
management and management of protected areas) 

 
Work horses for mowing of wet meadows is a good alternative instead of hand mowing, no mow-
ing and for small areas which are hard to reach but it needs subsidies (table 2). Also the removal 
of hay with a tarpaulin that is drawn by horses is more efficient as manual work (figure 2). 
 
Table 1: Advantages and disadvantages of using work-horses for the management of wetland areas. 

Strengths Weaknesses 
 

Horse power has a multidisciplinary effect  

Working horses do not consume renewable energies 

Working horses need breaks 

Time consuming management to keep landscape open  

Under difficult conditions (wet meadows) they work more 
soil-conserving than agricultural machines 

Working with horses needs special know-how which needs 
to be acquired 

The slower working-process enables other animals to 
escape in time 

Protection of small structured cultural landscape, biodiversi-
ty and rare breeds (e.g. “Noriker”), multifunctional effort 

Attractiveness for urban population looking for rest and 
relaxation in nature and open rural landscape        

In areas with more than 30% inclination the use of this 
mowing technic is not possible  

More funds and ambitious persons are needed (different 
initiatives are rising in Europe/ e.g. FECTU) 

In comparison to machines, the noise emissions of working 
horses are very low 

A distance of more than four kilometres to the next working-
location is not economically 

The mowing equipment for working horses is cheaper than 
a high tech tractor or machine  

Working with horses needs a lot of personal initiative and a 
direct contact to the animals, nature and environment  

Horses are no direct fodder-competitors against cattle  
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Table 2: The following aspects compare sustainable management of wetland areas with work horses and other mowing 
methods from the economic side. 

Machine/Method Ground coverage per hectare [h] Diesel consumption [L] 
 

Tractor 1 5-8,3 

Motor mower 6 4,1-8 

Scythe 12 to get to the site by car 

Horse-drawn mower 5 0 

Horse-drawn tarpaulin 4 0 

Removing by hand 12 0 

h-hours; L-liter 

 

 
 
Figure 2: The removal of hay with a horse-drawn tarpaulin that is more efficient than manual work. (Fuchs, E. 2014). 
 
 
Another important reason for the management of protected wetland areas (Mayer, et al. 2013) 
with horse power is the protection of soil and the reduction of soil compaction compared with ma-
chines which can cause huge damages. Studies showed that horses can use the same spot at 
least eight times before an extensive hoof print produces a compression of soil (Fleischer, M.; 
Süß, D. 2002; figure 3). The compression from a tractor or other big machines spread on the 
whole surface. The wheel ruts affect the soil-water-balance in a negative way.  
 
The benefits of the use of horse power comprise also the protection of species and the better 
chance for animals to escape in time during the mowing process.  
 
 

 
 
Figure 3: The hooves of the work horses cause less damage to the soil than agricultural machines (Fuchs, E., 2014). 
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4. Conclusion and outlook 

The local history of the Enns Valley and the Ausseerland is characterized by traditional grassland 
management to protect and preserve small-structured cultural landscape and wetland areas. The 
preservation of cultural landscape is essentially to stop forestation and the loss of biodiversity and 
at the same time to reinforce added value through sustainable tourism. The manifold landscape 
was and is an essential basis for the exchange between rural and urban areas and its population. 
The Enns Valley and the Ausseerland have a long tradition in recreation for people coming from 
cities like Vienna or Graz. Many secondary residences are still situated in these touristic areas. 
The sustainable tourism plays a very important role. The manifold landscape (mountains, pas-
tures, river valleys with its high potentials of habitats and species) as well as typical plants as Iris 
sibirica and Narcissus radiiflorus are trademarks for the regions. The high air quality, culture and 
tradition and typical regional products are important for economic benefit. All age groups from 
urban areas benefit by using these services for recreation, sport and research of nature (nature 
science and sport camps). The Leader Region Enns Valley and Ausseerland represents an im-
portant impact for sustainable land management. 
 
During the last decades a renaissance of the use of horse power is in progress. Horse manage-
ment for agriculture, riding, coach tours and therapy on horse (social farms) played and still plays 
an important role in winter and summer time. Old sumpter paths crossed the Enns valley. The old 
knowledge is used for new innovative tourism attractions and new economic initiatives.  
 
Today’s management is mainly based on agricultural subsidies. With the ongoing structural 
change in agriculture new strategies and innovative solutions are needed for future sustainable 
management. The realized project is a best-practice example for sustainable, ecological man-
agement of wetland areas to keep cultural landscape open and to develop a green puffer zone 
which can be used beside agricultural management also for recreation and awareness rising for 
protection of habitats and species. Local population and regional famers who still remember the 
use of work horses took great interest in the method which is at the same time an old and new 
approach. They were surprised about the modern machinery partly imported from Germany and 
USA. Also media and tourism showed great interest in the project. 
The sustainable management of wet land areas e.g. Natura 2000 sites and other relevant protect-
ed areas with workhorses was implemented in the new Austrian ÖPUL Programme (Agri-
Environmental Program 2015) to enhance environmentally-friendly management of agricultural 
areas. 
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1. Background 

Flanders has a long tradition of using biomass for food, feed and wood industry, as well as 25 
years of separate collection and recycling of bio-waste in rural and urban areas. Stakeholders of 
the different governments and industries asked for a clear sustainable policy for the destination of 
biomass (residues) in Flanders because Flanders is depending on the import of biomass for mate-
rial and energy production.  The Flemish government ratified on the 10th of July 2015 the first ac-
tion plan for the sustainable management of the most biomass and biomass residues for the next 
five years. The challenge is to find a balance between the more and more important place of bio-
mass in the waste to material transition and the transition from a fossil to a non-fossil society. 
 

2. Legislative demand 

In order to prepare the action plan we made an analysis of the supply and destination of biomass 
in Flanders in 2013 and a forecast for 2020. We evaluated the local and some surrounding and 
EU-strategies and political regulatory measures which encourage the bio-economy by linking rural 
and urban biomass (residues) and which enable compromise solutions between stakeholders with 
conflicting interests of the food, wood and energy industry. We give an overview of the most es-
sential shortcomings which ask legislative actions. 
 

2.1 Necessity of priorities and adapted policy instruments 

New ministers in 2014, new priorities. Different ministers for environment and energy do not make 
policy choices easier in Flanders. At the one hand there are the steps to be taken in the develop-
ment towards a bio-based economy. At the other hand not all the targets for renewable energy 
can be realized at the same time and cannot be mainly based on biomass.  Policy choices have to 
be made between creating/holding jobs, the position of competition of the industry, safe-guarden 
the (Flemish) soil quality etc. Even the choice between energy and materials is not an exclusive 
choice for one above the other. A dialogue with all Flemish stakeholders is necessary to come to a 
priority list for Flanders, to match the long term objectives and to develop the appropriate policy 
instruments to send in the desirable direction.  
 

2.2 Need for more supply to respond to higher demand 

Growth of the food industry means not only higher production per hectare of vegetables and feed-
stock, but also more import of wheat, sugar beets, soya, etc. 98% of the residues from the food 
industry find their way to food, feed, cosmetics, compost etc.  
 
The demand for waste wood in the particleboard industry and for energetic valorisation will be  
1.3 million tonnes higher in 2020 in comparison to 2014 (figure 2). The demand for the import of 
industrial wood pellets for energetic valorisation is about 2.5 million tonnes a year in 2020. 
 
Because of the high demand, the focus lies on higher use of the biomass residues in own country. 
The total amount that is separately collected is about 6.95 million tonnes, more than 36% in the 
food industry,1λ% is woody fraction, as shown in figure 1. This figure doesn’t include 23 million 
tonnes of manure. 
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Figure 1:  Locally collected biomass residues in Flanders in 2013 (excl. manure). 
 
 

 
 

Figure 2:  Local need for separate collected biomass residues in 2020 (excl. manure). 

2.3 Financial barriers 

A lot of challenges are waiting for the anaerobic digestion plants in Flanders because of the high 
standards for discharging liquid phases to surface water and the phosphate restrictions for using 
digestate on land. Different examples show the local potential of  specific use of treated digestate. 
Depending on the current price of artificial fertilizer, new opportunities for struvite and other recy-
cled nutrients are expected for the future. The composting plants for bio waste are looking for 
financing predigestion of the bio waste in order to combine the production of energy and good 
compost quality. The paper industry has converted to self-supply of energy by producing green 
power and heat by incinerating own biomass waste, together with wood waste from e.g. rural are-
as or RDF. Next to the need of investing in pilot and full scale plants, a certain budget for applied 
research in universities, research institutions and private companies is needed.  

3. Future : New Biomass Management Plan 2015-2020 

One year of intersectoral debate has led to an action plan towards a rural-urban sustainable bio-
mass policy that is accepted by the Flemish government on the 10th of July 2015. It contains ac-
tion programs with respect to 3 material chains:  
 

 The chain of organic-biological biomass (residues) of the chain agriculture, food to 
consumer; 

 The chain of biomass (residues) of parks, landscapes, forest etc.; 

 The chain of woody biomass (residues) of industry and households. 
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The expected corrections and new headlines related to the rural-urban related streams (chain 1) 
are the following. 

3.1 Policy made for the organic-biological biomass of the chain agriculture, food to  
consumer 

In Flanders we already had a legislative framework for bio- and green waste from households. We 
will continue and intensify this policy of bio-cycling at home and composting of green waste in so 
called green regions, and bio-waste digestion/composting in the bio-waste regions in the next five 
years.  
Figure 3 gives an overview of the future options for treating biomass and bio-waste in the whole 
chain. It’s clear that quality control, green subsidies for treatment and research etc. will encourage 
in all phases of production, consumption and treatment of biomass and biomass residues. Some 
actions are highlighted in the next points. 

 

Figure 3:  Policy management of biomass and residues in the chain of agriculture, food to consumer. 

3.2. Prevention of food losses saves money 

Process residues in the food industry will mostly be reused in the own production because of the 
growing resource costs (e.g. vegetables of the retail becomes a retail made sauce) or by industrial 
symbiosis with the production chain of another company. This gives a financial and an environ-
mental win-win. The industry is stimulated by the condition of best available technique in the li-
cense policy and by the introduction of energy and material efficient processes by the innovation 
subsidy. The purpose is to minimize the production of waste streams. On the side of the consumer 
reduction of the consumption, Vlaco and other organizations try to increase awareness of the 
production of waste. Saving waste is saving money. The European ambitions of the reduction of 
food losses by min. 30% between 2017 and 2025 are translated in a Flemish roadmap for preven-
tion of food losses and reuse of food waste as food.  

3.3. Separate collection is the key for optimizing valorization 

We focus on valorizing in the own region by intensifying separate collection for households (> 
70%) and industry (>90%). Good quality of the bio-waste (less than 2% impurities) is essential. 
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Farmers are advised to leave less waste on the field where feasible in order to reduce N-losses 
and to create a higher value. Those catering and retail companies that are not collecting separate-
ly should look for a win-win. The further introduction of the PAYT-principle (pay-as-you-throw) will 
reduce the quantities in the collection. This is leading to a paradox. The availability of a sufficiently 
large volume of bio-waste is a requirement for the economic profitability of new sustainable treat-
ment techniques. 

3.4. Optimization of the integrated chain approach of the treatment of biological side-
streams  

In the future the integral use of biomass will be more and more important to close the chain on a 
sustainable way. Therefore the Flemish ambition is a recycling rate of 95% of biowaste collected 
from households and 90% of the industry. This ambition is possible by one or more of the follow-
ing treatments: 

 Use of the waste streams “as is”, based on a good conservation technique, e.g. resi-
dues from the potato industry for feed, B-pears for juice production etc. 

 Winning specific components by extraction, e.g. pectine out of fruit that is no longer 
convenient for food, the residues can be used for feed or go to digestion; 

 Conversion of parts to biochemical based components e.g. aromates from lignocellu-
lose streams, fatty acids from animal waste; 

   The production of soil conditioners due to the Vlaco-quality control on the whole chain 
(Vlaco is the Flemish member organization for home and professional composting and 
digestion) is ECN-QAS-certified for compost and digestate. Vlaco coordinates the re-
search project for using green compost in potting soil for hobby use and professional 
use. Compost from bio-waste from households is more used in agriculture because of 
the positive effect on the organic matter and universal soil use. The DIMA-project of 
Vlaco will focus on the local potential of specific use of treated digestate for organic fer-
tilizers e.g. in public/hobby gardening etc. 2016 is the year of the Floraliën, an interna-
tional well-known flower and garden event in Ghent. Vlaco is cooperating for showing 
e.g. the positive effects of home gardening and compost use in a demonstrating sus-
tainable garden. In order to reduce the income dependancy of the seasonal variety in 
quantity of waste streams, some bio-waste composting plants plan to build a digestor 
(around 1 MW each) before the composting process in order to combine the production 
of energy (green power/gas) and good compost quality. To do so, subsidizing the inves-
tigation and the green power production is a conditio sine qua non.  

4. Conclusion and outlook 

The agreement of all stakeholders and the Flemish government on the biomass management plan 
and its priorities for 2015-2020 shows that compromises are possible between stakeholders with 
conflicting interests. It will be a big challenge for the rural and urban biomass and bio-waste sector 
to contribute to a more sustainable bio-economy on a cost effective way. This means that maxi-
mally creating economic added value and foreseen in the demand of bio-based energy will proba-
bly don’t match together.  The success is depending  on the implementation of the new biomass 
action plan supported by a mix of different instruments e.g. realistic goals for consumers and in-
dustry, support for a quality based chain management, bio-refinery facilities, green support for 
producing green power of biogas and using biogas for transport from digestion.  
This action plan provides a stable legal framework for investors in new and existing treatment 
plants and investments in the infrastructure for separate collection etc. Private and public stake-
holders see it as an opportunity because of the increasing costs of waste treatment, and probably 
the potential gains. We are aware of enough flexibility of the policy instruments to respond to 
changes in priorities. 
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1. Objectives 

To meet the sanitation demands for the residents staying in informal settlement far away from 
centralised wastewater systems, where Ventilated Improved Latrines (VIP) cannot be erected, 
Community Ablution Blocks are considered as a potential solution (SERI, 2011). The Decentral-
ized Wastewater Treatment Systems (DEWATS) combined with the CABs can be used for efflu-
ent (grey and blackwater) treatment. Community agriculture areas are planned to make use of the 
high plant nutrient content in the treated wastewater from DEWATS plant.  This would allow the 
communities to have a higher quality of sanitation as provided by the CABs, reduced municipal 
maintenance costs and the potential to contribute to improved livelihoods, employment creation 
and food security for the community through urban agriculture. This concept is being investigated 
at the Newlands Mashu experimental site in Durban where a DEWATS plant has been installed. 
The studies are focusing on processes that would ensure the safe use of effluent as well as un-
derstanding effluent movement through different soil types, root uptake mechanisms and the ef-
fect on crop growth and yield, while meeting environmental limits for N and P disposal. The specif-
ic objectives were to assess the DEWATS effluent chemical properties.  Swiss chard (Beta vulgar-
is L.) yield, nutrient uptake and land area required for irrigation with a specific volume of DEWATS 
effluent in different soils was determined.  

2. Methodology 

Method 1: Characterization of the DEWATS effluent 
The DEWATS effluent was analysed for Chemical Oxygen Demand (COD), mineral N, ortho-
phosphate, K, Ca and Na. The COD test was done according to the standard methods for 
wastewater (Foxon et al. 2004). The mineral N and orthophosphate were determined using the 
Merck spectroquant ® according to standard methods for wastewater test. Inorganic elements (P, 
K, Ca and Na) were analysed using the Inductively Coupled Plasma Atomic Emission Spectros-
copy (AES-ICP) according to the standard methods for wastewater (APHA, 1999). Data analysis 
were done using the statistical software GenStat® 14th Edition (VSN International, Hemel Hemp-
stead, UK). Means were compared using Standard Error of Deviation (SED`s) at the 5% level 
significance. 

 
Method 2: Tunnel crop growth experiments 
The experiment was designed as  3 x 2 x 3 factorial treatment structure using  a complete ran-
domised design (CRD) with the following factors: Soil types (Sandy loam, Clayey loam and Acidic 
soil- 3 levels); Irrigation water sources (DEWATS effluent  and  tap water, (TW) – 2 levels); Ferti-
liser rate (no fertiliser, half optimum and optimum rate – 3 levels) replicated  four times. The three 
soils; sandy loam (Cartref), clayey loam (Sepane) and acidic (Inanda) soils were collected from 
KwaDinabakubo (Hillcrest, Durban; 29°44.046'S; 30° 51.488'E), Ukulinga agricultural research 
farm (Pietermaritzburg; 30°24'S; 29°24'E) and World’s View (Pietermaritzburg; 29°35.003'S; 
30°19.7404'E) respectively. The soils were collected within the 30 cm depth and a composite 
sample for each soil type sent to CEDARA, Soil Fertility and Plant Analytical Laboratory, Pieter-
maritzburg for the analysis of chemical properties. Fertilizer treatments were based on the opti-
mum recommended rates:  Cartref (N 100 kg ha-1, P 270 kg ha-1 and K 435 kg ha-1), Sepane (N 
100 kg ha-1, P 195 kg ha-1 and K 10 kg ha-1) and Inanda (N 100 kg ha-1, P 195 kg ha-1 and K 445 
kg ha-1). Swiss chard (Beta vulgaris L.) was planted in pots filled with 10 kg of soil. Three seeds 
were planted per pot and thinned to one plant. The pots were irrigated to maintain 70 % field ca-
pacity on a five day irrigation cycle. Effluent and water quantities applied were recorded. Irrigation 
was applied using two litre polypropylene soft drink bottles (modified drip) to prevent crop contam-
ination of leaves according to World Health Organisation (WHO), guidelines. After 11 weeks plant 
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growth parameters (number of leaves, leaf area, fresh and dry yield) were measured. Above 
ground fresh mass was determined immediately after harvesting while dry mass was measured 
after drying at 70°C for 72 hours. The dried above ground samples were ground and sieved past a 
1 mm sieve and, together   taken to CEDARA for  plant tissue analysis. Soil samples were also 
taken after harvesting, mixed and a sample was sent to CEDARA for chemical properties as pre-
viously described.  

 
Method 3: Field experiments on nutrient leaching 
The experiment was designed as single factor analysis comparing DEWATS effluent (DEWATS), 
tap water with fertiliser (TW) and rain fed conditions with fertiliser in randomised block design 
(RCBD) replicated three times. Wetting Front Detectors (WFDs) were installed 10 cm from the 
Swiss chard (Beta vulgaris L.) plant at 30 and 50 cm depth to collect leachates. Irrigation was 
scheduled at five day intervals using the Soil Water Balance (SWB) model (Water Group, Univer-
sity of Pretoria). The SWB was used to estimate the water requirements during irrigation. These 
values were used to estimate the land required. Soil moisture was monitored using a neutron 
probe (CPN 503DR Hydroprobe, Campbell Pacific Nuclear, CA, USA). Leachates were collected 
after each heavy rainfall event and analysed for nitrate-N and phosphate-P using the Merck® 
Reflectoquant according to standard methods. Changes in the concentrations of nitrates and 
phosphates at different soil depths; 30 cm (rooting zone) and 50 cm (below rooting zone) were 
determined.  

3. Results and discussion 

3.1 Characterisation of the DEWATS effluent 

Table 1 shows the chemical properties of the DEWATS effluent used for irrigating Swiss chard 
during the experiment. Large amounts of ammonium – N was compared to total – N was ob-
served, the same with respect to orthophosphate – P which was higher than total – P. This obser-
vation was attributed to the operational problems on the DEWATS since these chemical analyses 
were done on different samples collected at different times. The DEWATS effluent contains signif-
icant amount of nitrogen, predominantly in the form of ammonium.  The analyses showed compa-
rably higher quantities of ammonium compared to nitrates. Crops mainly take up nitrogen in the 
form of nitrates, hence nitrification is essential. However, the process is dependent on soil proper-
ties such as pH, texture as well as irrigation management practices. The effluent contains consid-
erable concentrations of Na which can  have an effect  on soil aggregate properties and salinity. 
 
Table 1: Chemical properties of the DEWATS effluent used for irrigating Swiss chard during the experiments. 

Characteristic Quantity (mg/L) (n=4) 
Ammonium-N 94 ± 9.62 

Nitrate-N 0.625 ± 0.625 
Phosphate-P 19 ± 2.38 
Total nitrogen 61 ± 6.33 

COD 192 ± 21.1 
K 14.2 ± 2.3 

Total P 5.1 ± 1.45 
Ca 28.9 ± 7.3 
Mg 14.7  ± 4.73 
Na 35.5 ± 0.76 

 
 
 
3.2 Tunnel crop growth experiments 
Figure 2 shows a significant decrease in exchangeable acidity in plants grown on acidic soils, 
being high in tap water irrigation (1.53 Cmolc kg-1) compared to ABR effluent irrigation (1.35 Cmolc 
kg-1) as expected due to the liming effect of DEWATS effluent (Bame et al. 2013). 
 
Figure 3 shows the interaction between soil type and irrigation water on Swiss chard (Beta vulgar-
is L.) growth. A significant response to irrigation with DEWATS effluent was observed in the acidic 
soil (P<0.05), whereby all the growth parameters were higher compared to municipal water irriga-
tion due to the liming effect of DEWATS effluent (Figure 3). 
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Figure 2: The effects of irrigation water sources on soil exchangeable acidity (Cmolc kg-1) in different soil types . 
 

 

 
Figure 3: The interaction between soil type and irrigation water source on Swiss chard growth (Leaf area index, fresh and 

dry mass).  

3.3 Nutrient leaching 

Figure 4 shows the concentrations of nitrates and phosphates at two different depths (30 cm and 
50 cm) between the two treatments (DEWATS effluent and TW). Nitrates and phosphate concen-
tration differed significantly   between the two depths (P<0.05) with  more concentrated within the 
30 cm than 50 cm for  all treatments. This suggests that N and P leaching was not  significantly 
different between the DEWATS effluent and tap water irrigation treatments and nutrient leaching 
could not  be attributed to irrigation with DEWATS effluent. 

 
Figure 4: The concentrations of nitrates and phosphates in leachates from the field trials at two different depths (30 cm and 

50 cm) after irrigating with DEWATS effluent. 
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3.4 Estimation of Land area 

From table 2 more land area is required when irrigating in sandy loam soil especially during the 
summer season (1 120 m2 m-3 of DEWATS effluent). Smaller amount of land is required on clay 
loam soil irrigated in winter season, (960 m2 m-3 of DEWATS effluent) than in sandy loam soil. 
With this irrigation scheduling sufficient amounts of N can be applied, which are within the range 
for optimum Swiss chard production.  However, there would be need for supplementing the P 
since it is far below the optimum required for Swiss chard production (56.7 kg ha-1).  
 
Table 2: Determination of the amount Chemical properties of the DEWATS effluent used for irrigating Swiss chard during  
              the experiments. 

 

Sandy loam 
(Cartref soil) 

Clay loam soil  
(Sepane) 

 

Winter season 
(2012) 

Summer sea-
son (2012) 

Winter season 
(2012) 

Summer 
season (2012) 

Root zone deficit (m) 0.107 0.062 0.119 0.071 
Root zone irrigation simulated requirements (m) 0.256 0.256 0.256 0.256 
Total irrigation required (l ha-1) 3 630 000 3 180 000 3 750 000 3 270 000 
DEWATS effluent-N (mg l-1) 61.1 61.1 61.1 61.1 
DEWATS effluent-P (mg l-1) 5.1 5.1 5.1 5.1 
Simulated total-N (kg ha-1) 221.8 194.3 229.1 199.8 
Simulated total P (kg ha-1) 18.5 16.2 19.1 16.7 
DEWATS capacity m3 (90 days) 900 900 900 900 
Land served by each m-3  of DEWATS effluent yr-1 0.1 0.112 0.096 0.112 

4. Conclusion and outlook 

The DEWATS effluent contains mineral nutrients important for crop growth, such as  nitrogen, 
phosphorus and potassium. Nitrogen levels in the effluent are relatively high but there will be need 
to supplement phosphorus and potassium from inorganic fertiliser. The ability of DEWATS effluent 
to increase nutrient uptake is influenced  by soil physical and chemical properties. The liming ef-
fect of DEWATS has also been reported on acidic soils and was evident from the reduction in 
exchangeable acidity and increased crop growth in the acidic soil.  This suggests that the effluent 
can be used as a liming agent in acidic soils.  Irrigation with DEWATS effluent did not have a sig-
nificant effect on the leaching of N and P because N and P movement in the soil could not be 
attributed to the effluent. The results suggest that a  DEWATS plant can be able to irrigate about 
2 400 m2 to 2 800 m2 of agricultural land under a Swiss chard crop, depending on the soil type.  
 
There is  potential for DEWATS effluent use in agriculture for crop production as an irrigation wa-
ter and nutrient source. The study shows that soils and plants could act as a final wastewater 
treatment phase, in which soils  retain mineral nutrients thus making them available for uptake by 
crops for biomass production. Integration of urban agriculture with urban sanitation though com-
munity ablution blocks, DEWATS and agricultural land has a potential for sustainable agriculture, 
while ensuring the energy-food-sanitation nexus which will benefit poor urban farmers. 
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1. Objectives 

Transport produces about 20% of Finland's greenhouse gas emissions. Transport is the second 
largest CO2 emitter following the electricity and heat production emissions. Although Finland has 
invested heavily in biofuels in heat and power production and the share of renewable in energy 
production is 36.8% (in 2013), the share of petroleum products in transport is still about 90%. 
Many studies have concluded that biomethane is one of the most sustainable biofuels available 
today [1]. Biomethane is a gaseous fuel, which is produced from biogas and as well as natural 
gas, it can be used as vehicle fuel in different types of vehicles. The sustainability of biomethane is 
partly because biogas can employ various types of waste materials as feedstock and when bio-
methane is produced from energy crops, the residual from the process can be used as fertilizers, 
thus minimizing the use of inorganic fertilizers. The air emissions from the use of gaseous fuels in 
vehicles are also lower than from liquid fuels, because of the higher ignition temperature and a 
higher lower flammability limit than liquid fuels [2].Feedstock availability, the most critical require-
ment for biomethane promotion, is linked to systematic analysis and planning the sustainable use 
of regional biomass resources. In many cases the theoretical biomasses potential for bioenergy 
production may be large, nevertheless a detailed analysis of land availability and the infrastructure 
may limit the actual amount of potential biomass to half of the theoretical amount [3].  
 
The role of financial supports, both national and EU funded, that control the use of fertilizers and 
agricultural land is essential when planning the biogas production from field biomasses. Well 
managed biogas production from field biomasses can sustain fertility of the fields by closing the 
nutrient cycles. However, the harvested phosphorus yield may exceed the allowed phosphorus 
fertilization when field phosphorus level is good or high under the terms of Environmental support 
of Agriculture in Finland [4]. Under previous years (2007-2013) 95% of the field area [5] used in 
the Finnish Agricultural production was run according those terms, implying importance of those 
restrictions. Thus the area needed for spreading digestate may exceed the area needed for bio-
mass production additionally the digestate may be needed to be processed to some extend to 
separate the main nutrients (P and N) from each other. Further some additional nitrogen fertiliza-
tion may be needed for good biomass yield [6]. 
  
Logistics and storage play important role in economics of biogas production and their role is pro-
nounced in Finland where spreading of digestate is not allowed in wet soil or during winter (from 
November to March) [7] and wet soil is restricting the spreading typically some periods each year. 
Transportation costs of digestate may easily exceed the respective value of digestate nutrient 
content [6]. Further, the effects of logistics on the local traffic and dwellings should be taken into 
account. 
 
The objective of the research was to plan sustainable biomethane production from energy crops 
for city busses in Turku. The aim was to assess how much fields are needed and how digestate 
can be used as fertilizer in sustainable way in surrounding areas. The objective was that the bio-
gas plant and fields in surrounding area form a closed cycle of nutrients and that this example 
case brings tools for future biogas plant planning.  

2. Case study description 

In Turku, about 3 Mm3 of biomethane is produced per year from waste materials. Needed amount 
of methane for city busses in the area is about 5.6 Mm3. Basis for the study was that extra 2.6 
Mm3 of methane could be produced from energy crops. The potential location of new biogas plant 
(Topinoja area) was selected as a request of Turku city, as there is an existing biogas plant pro-
cessing biowaste and sludge in the same area and the area is logistically potential area for bio-
methane distribution. The area (Fig 1) is between rural and urban area. Grass was selected as 
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raw material as methane potential of ensiled grass is good, years of crop failure are rare and pro-
duction costs compared to energy content of product are reasonable. Also, cultivation, harvest 
and preservation of grass are known and all technical solutions are available (compared to e.g. 
maize production in Nordic countries) [8]. The needed amount of field for grass cultivation and 
nutrient recycling was based on two alternative scenarios. In base case only grass species were 
cultivated requiring strong nitrogen fertilization. In alternative case, cultivation was partly based on 
a mixture of grass and clover that is able to fix nitrogen from atmosphere. Mixture was cultivated 
on the fields where spreading digestate is not allowed due to the high phosphorus status of the 
field, where cultivation of clover would enable harvesting relatively good yields without fertilization. 
It was assumed that cultivation will follow EU nitrate regulation [9] and terms of Environmental 
Support of Agriculture 2014 [4] (e.g. taking phosphorus status of the field in Turku area into ac-
count). It was also assumed that nutrients from biogas digestate will be recycled back to fields and 
the inevitable nitrogen loss will be replaced with chemical fertilizers used on grass fields. Soluble 
nitrogen and water soluble phosphorus of digestate were taken into account when calculating the 
amount of nutrients that should be returned on to the fields.  Solubility of nitrogen and phosphorus 
in digestate were assumed to be 65% and 85%, respectively. The field phosphorus level was 
calculated from statistics of soil samples [10]. 
 
For field location information and distance calculations, geographic information system (GIS) was 
used. Fields over 1.5 hectares were taken into account. Transportation distances were derived 
using the OD Cost Matrix application in ArcGIS Network Analyst which uses the Dijkstra’s algo-
rithm in order to determine the shortest path from a starting point to a destination location. The 
criteria for storage locations were good roads between Topinoja and storages, large field density 
and low population density between storage areas.  

3. Observations 

In was assumed that the harvested 7500 t dry matter (DM) grass/ ha would remove 22 kg/ha 
phosphorus and the yield (5625 t DM /ha) of clover –grass mixture would remove 13 kg/ha phos-
phorus. The phosphorus amounts are above the maximum allowed yearly phosphorus fertilization 
of the grass fields according to the terms of Environmental support of Agriculture in Finland 2012, 
assumed that the field has phosphorus status at least satisfactory/tolerable. Phosphorus status of 
the fields of the study area was satisfactory/good, meaning that part of the digestate should be 
used for fertilizing something else than grass for biogas production. Further, it was taken into ac-
count that the pure grass species require nitrogen fertilization despite the phosphorus status of the 
fields. When calculating the field area needed for sustainable raw material production for biogas 
plant, the factors taken into account included the phosphorus status of the fields, crop yield, 
amount of harvested nutrients and allowed fertilization of grass and nurse crop of establishment 
year. 
 
The needed grass area for producing 2.6 Mm3 methane is from 1100 to 1300 ha depending on the 
proportion of clover in the grass mixture (Table 1). High grass yield is achieved by the pure grass 
species if additional source of nitrogen fertilization is used (in addition to the digestate 87 kg nitro-
gen/ha grass). Area needed for grass re-establishment is from 280 to 350 ha yearly, barley would 
be cultivated as nurse crop. Additionally, some phosphorus surplus (2 kg/ha) will be establish in 
the case of pure grass species, meaning that additionally over 200 ha grain area will be fertilized 
with the digestate. Further approximately 10 % safety margin was suggested to cover the yearly 
variation in the yields. Thus regardless of the composition of grass sward 1800 hectares would be 
needed to operate nutrient cycle and biomass production of the biogas plant. 
 
The needed 1800 ha area can be obtained within 9 km radius from Topinoja biogas plants if pre-
sumed that all field plots above 1.5 ha in size are available for biomass production (Fig 1). With 
increasing distance, the field area increases rapidly enabling energy crop cultivation along with 
food and feed cultivation. If 20 % of the farmers of surrounding area are producing grass for bio-
methane production and/or using digestate to fertilize their fields, the needed 1800 hectare field 
would be located less than 15.4 km radius from biogas plant.  
 
Quite often silage and sludge transportation is done by tractors when the distance is less than 10 
km. However, Topinoja area is located near big roads so tractor transportation would have a 
negative effect on local traffic. Using temporary storages would enable truck transportation and 
possibility to choose the time for transportation, e.g. avoiding rush hours. 
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Table 1: Calculated field area needed for running sustainable biogas production to produce 2.6. Mm3 biomethane. Two 
alternative scenarios compared. 

 Red clover included* Without clover** 

Methane production m3/kg DM 0.30 0.31 

Harvest kg DM/ha 6 769 7 500 

Nitrogen yield kg/ha 184 180 

Phosphorus yield kg/ha 18 22 

Methane production m3/kg ha 2 068 2 355 

Needed grass field area, ha 1 257 1 104 

Area for grass sward establishment, ha 348 276 

Additional area needed for digestate nutrients recycling 0 213 

Total amount of field, ha 1 605 1 593 

* Mixture of red clover and grass species (typically timothy and meadow fescue) cultivated on the fields having good or high 
phosphorus level (39 % of the field area, phosphorus class above satisfactory).  

** Only grass species (timothy, meadow fescue etc.) cultivated and additional nitrogen fertilization included 

DM = dry matter 

 
 

 
Figure 1: The needed 1800 ha fields close to Topinoja area (distance max 9.3 km along roads). 
 
Due to traffic reasons, the temporary storages were suggested during this project, both to grass 
silage and to digestate. Amount of fields near selected storage areas is about 9 000 ha. This area 
is big enough to produce the needed amount of energy crops if at least 20% of fields in the area 
are producing energy crops. If all the field close to storage area are used for energy crop cultiva-
tion, the needed transportation distance from field to storage is on average 2.5 km. If about 33% 
of fields in the area are used for energy crop cultivation, the transportation distance will increase to 
about 4.6 km. With 20% filed, the transportation distance is in average 6 km. 
 
The economics of the biomethane production is depended on the distance from fields to the bio-
gas plant but also the price of oil and the alternative crop, e.g. barley. The price of biomass will 
increase if the distance to biogas plant is increasing (Fig 2). The price includes compensation to 
farmers of the field use, the price of harvest and transportation and the price of nutrients (including 
spreading of fertilizers and digestate, digestate transportation and profits of selling nutrients). The 
high cereal price increases also the prize of energy crops as alternative use of fields is more 
tempting for the farmers.  
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Figure 2: The price of biomass is depended on the distance from the biogas plant. 
 
In previous studies, it was calculated that the biomethane production is more profitable when all 
the produced gas can be sold for transportation use as gaining profit from electricity or heat is 
more difficult in Finland [11]. In this case, the amount of produced biomethane is based on the 
need of local bus transportation if they were using biomethane as a fuel. However, at the moment, 
city of Turku has not made the decision to change all local bus transportation running on bio-
methane. 

4. Conclusion  

When planning a biogas plant which utilizes field biomasses, the amount of nutrients in digestate 
and the allowed/needed fertilization of the crops should be taken into account in order to obtain 
closed nutrient cycle. In Turku case, the needed field area for digestate distribution is larger than 
the area needed for biomass production. In conclusion, 2.6 Mm3 of biomethane can be produced 
on the target area based on closed nutrient cycle and grass silage as raw material and the bioen-
ergy production can be done along with food and feed production. In generally, crop and fertiliza-
tion planning is in crucial role when planning a biogas production from field biomasses and should 
be done prior to the investment decision. The total economics of the biogas plant could also in-
crease, if the digestate was processed to more valuable fertilizer product, reminding more chemi-
cal fertiliser and thus being more familiar for farmers. Although, for that, more advanced digestate 
treatments technologies are needed. 
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1. Objectives 

More than 50% of the world’s population lives in urban area [1]. Since then, one of the world’s 
main problems is the increasing amount of urban solid waste along with rural to urban area con-
version. The SMART-3S (Short Simple and Save) system is prepared to solve the urban solid 
waste management problems within densely populated urban area in Indonesia, mainly through 
waste reduction at source. Currently Indonesian municipal solid waste management is moving 
from “collect-transfer-dispose” to “collect-separate-treat-utilize and dispose” paradigm.  
  
BEST-NGO experienced for more than 10 years on the community-based waste management 
through Material Recovery Facility (MRF). MRF is a facility for community-based waste reduction 
at source. By end of 2014 there are more than 500 MRF exists in Indonesia and this is one of the 
most successful indicator for the improvement of municipal solid waste management in the coun-
try. Unfortunately, each MRF needs a minimum of 200m2 land. As the land availability is becoming 
an issue in the cities, there is a necessity for new concept of urban solid waste management that 
still leads to waste reduction at source but occurs at a smaller land. In Indonesia the SMART-3S is 
considered as a new technology that is introduced to the community level. The SMART-3S con-
cept is addressed for the regions that are excluded from MRF’s coverage. 
 
This paper describes the pilot implementation of SMART-3R technology at the household level, 
taken from the example of the implementation in a mid-to-high settlement and in a low-to-mid 
income settlement, both located in Tangerang Selatan City, Indonesia. The paper also describes 
the suitable characteristic location and budget for the technology including the main actors who 
play role during the operations and maintenances. In addition the paper also describes the analy-
sis of the liquid compost quality as an end product of SMART 3S technology and the comparison 
of wastewater nutrition and hazardous contents. Currently the pilot observations are still ongoing. 
Therefore the data and information described in this paper are not in the complete forms and the 
analysis is not thorough. 

2. Methodology 

This paper introduces The SMART-3S as an in-house technology. The SMART-3S, shown in 
Figure 1 is proposed to serve high-rise and low-rise settlement. As shown in Figure 1-ii, this tech-
nology uses a small shredder machine to blend the organic waste, after the waste is excluded 
from hard material such as bones, thick fruit skins and hard seed to cover the knife of the shred-
der. Thus the process creates slurry. From these sinks all slurry are collected in a private or com-
munal-storage, shown in Figure 1-iii. The liquid compost, which is produced from the slurry, will be 
emptied regularly from time to time and can be used as a fertilizer [2]. 
 
 Method 1: learning-from-experiences 

The first method was learning-by-doing; by this method the liquid compost product from the 
SMART-3S was tested in the organic farmland in the front yard. The selected plants are toma-
toes, chili and eggplants. A 3-months observation was conducted to get the result of direct im-
plementation. This method also plays roles as a “showcase” or “to be seen” method that is 
proposed as live entertainment and educational campaign to grab people’s interest in the sur-
rounding area. It is expected many people will replicate the system whenever they see many 
types of the fruits are ready to be cultivated in front of the house. 
 

 Method 2: quantitative analysis 
The second method is a laboratory test of the qualitative analysis method for the household 
waste. In order to convince people about the nutrition and hazardous ingredients of the prod-
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ucts, preliminary test for BOD, TSS and fat was measured. Also the PH, C-Organic, N-Total, 
P2O5, K2O and some metal contain like Fe, Pb, Cd, and Hg were measured. In addition the E-
coli and Salmonella Sp were also measured. As a comparison, the liquid compost from the 
SMART-3S was compared to the wastewater analysis from the black water storage at the 
same source using decentralized wastewater treatment system at the same household. The 
analysis results will lead to further treatments and improvements of the SMART-3S. Also the 
observation for the plants using the liquid compost from the SMART-3S is still on progress. 
  

 
Figure 1:. The SMART- Short Simple and Save (3S) System. 

 

3. Results 

Challenged by the lack of green/open space and also different human daily life behaviors, the idea 
of implementing this technology is adjusted from the favorable things in our life: low cost and low 
maintenance technology. The main proposed goal from this technology is that human should 
change their views to waste as resources and they should not threat their household waste far 
away from the waste source. Thus it will reduce the amount of fuel consumption from waste col-
lection and transfer activities and promote zero waste urban settlement. In this regard, the neces-
sity of environmental action based on waste-as-resources principle, such as urban farming, can 
be more recognized. 
 
Urban area faces many environmental problems including un-covered waste generation at the 
landfill that is lack of green/open space. Urban people spent many working hours out side the 
house. In this way, as The SMART-3S waste in-place, they are proved to make life a way better 
and simpler, especially for the households with assistance which is common in the cities. This 
system emphasizes less contact with waste but bring direct benefit from the products. Since it can 
be applied for private and communal waste treatment that happens at home, it is assumed that 
the product has less contaminant compare to the products from the industries or other farming. 
The treatment happened before the organic waste is mixed with any other non-organic material, 
moreover hazardous waste/material. The investment cost for the SMART-3S is considered low for 
a long-term period. Also it is considered as easy maintenance as the organic waste still can be 
stored until the storage is full. It triggers people to do urban farming that address water scarcity 
and food sovereignty.  
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Table 1 shows the result of analysis of the liquid compost from the SMART-3S in December 
2014.This preliminary test showed that only 2 from 5 parameters were allowed; those are the pH 
and the Total Suspended Solid (TSS). Meanwhile, the Chemical Oxygen Demand (COD), Biologi-
cal Oxygen Demand (BOD) and oil and flat exceeded the maximum level.  
 
Table 1. Analytical Result of the liquid compost from the SMART-3S, status per December 2014. 

No. Parameters Unit Method of Analysis Result of 
Analysis 

Maximum 
Level 

1 pH - SNI 06-6989.11-2014 6.1 6-9 
2 Total Suspended Solid, TSS mg/L SNI 6989.3-2004 96 100 
3 Chemical Oxygen Demand, COD mg/L SNI 6989.2-2009 619 200 
4 Biological Oxygen Demand, BOD mg\L JIS K 0102-21-2008 327 100 
5 Oil and Fat mg/L SNI 6869.10-2011 26 10 

Source: Center of Environmental Impact Laboratory, Environmental Agency, 2014 
 
Further test was conducted after the liquid compost has been processed for the next 4 months. 
This time the test included some major nutrients and metal contents. In general the major nutri-
ents in the liquid compost are lower than the standard requirements and therefore is considered 
poor. Many of them, such as the C-Organic, N, P2O5, K2O, could not meet the requirement. The 
pH and some metal contents like As,Pb, Hg, and Cd are suitable with the standard requirement. 
But many of other metal contents like Fe, Cu, Mn, Zn, B and Co are far bellow the requirement. 
Besides, the E.coli and the salmonella Sp in the liquid compost exceeded the limit.  
 
In order to get clearer composition of nutrients, the analyses result was compared with the 
wastewater from the same household. In general, the allowed parameters in liquid compost are 
also allowed for the wastewater material and so does the exceeded parameters. The main differ-
ence is, that the E.coli and the salmonella Sp did not exceed the maximum requirement that is 36 
from the limit of 100. Please refer to table 2 for more detail result. 
 
Table 2. Analytical Result of the SMART 3S liquid compost and Wastewater status per April 2015. 

No. Parameters Unit SMART 
3S 

Waste
water 

Method of Analysis Standard Re-
quirement 

1 C-Organic % 0.1 0.04 Walkley and Black/Spectronometri Min. 6 
2 As ppm 0.4 n.a. HNO3/F-AAS Maks 2.5 
3 Hg ppm 0.01 0.02 HNO3/F-AAS Maks 0.25 
4 Pb ppm 6.4 0 HNO3/F-AAS Maks 12.5 
5 Cd ppm 0.1 n.a. HNO3/F-AAS Maks 0.5 
6 pH - 5.8 7.2 Potensiometri/pH meter 4-9 
7 N % 0.07 0.07 Kjeldah/destilasi 3-6 
8 P2O5 % 2.0 10.2 HNO3/Spectronometri 3-6 
9 K2O % 21 23.3 HNO3/F-AAS 3.6 
10 E.Coli MPN

/ml 
270 36 Permentan 

no.70/Permentan/SR.140/10/2011 
Maks 100 

11 Salmonella 
sp. 

MPN
/ml 

210 36 Permentan 
no.70/Permentan/SR.140/10/2011 

Maks 100 

12 Fe ppm 0.2 1.3 HNO3/F-AAS 90-900 
13 Mn ppm 0.2 0.4 HNO3/F-AAS 250-5,000 
14 Cu ppm 0.2 0.1 HNO3/F-AAS 250-5,000 
15 Zn ppm 4.5 5.6 HNO3/F-AAS 250-5,000 
16 B ppm 2.0 2.7 HNO3/Spectronometri 125-2,500 
17 Co ppm 0.1 0.05 HNO3/F-AAS 5-20 
18 Mo ppm n.a. n.a. HNO3/F-AAS 2-10 

Source: Center of Soil Research Laboratory, the Ministry of Agriculture, 2015 
 
Although the first investment is quite high for buying the shredder, the SMART-3S is considered 
as a low cost and low maintenance technology for a long term. However, since the level of difficul-
ty of the pretreatment and post treatment of the compost products are different, it is better to char-
acterize the specific locations to implement this technology. As the SMART-3S needs more tools 
and it is located to the sink in each house, it is suggested to be allocated for mid-to-high income 
housing settlement and to have a communal wastewater treatment from this facility only and other 
houses with sink in the kitchen. It is also assumed that not every house in the level of mid-to-high 
income has own sink in their house.  
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Table 3. The characteristic of The SMART-3S System. 
No. Parameter The SMART 3S 

1 Technology Not new 
2 Tools requirement* Shredder, storage, sink 
3 Land requirement 200 cm  x 100 cm 
4 Investment Cost* Around 380 US$ 
5 Operational Private and communal 
6 Housing characteristic mid to high income 

high-rise, settlement/apartment, Low to mid income, single 
landed house with sink and centralized wastewater treat-

ment plant 
7 Product Liquid fertilizer 
8 Cultivation (1 household) Up to 1 year (depend on the size) 

*excluding the land ownership and working tools 
 

4. Conclusion and Recommendation 

Urban people need solutions to manage their waste from home, under a simple technology, less-
space and direct benefit to their life [3]. Waste treatment at source guaranty the products of these 
systems contain less contaminants. This technology cut-off some additional budget and costs. 
The SMART-3S adjusts urban people’s life, while promoting urban waste separation at source 
and waste-as-resources principles so the result is highly efficient. These technologies are suitable 
for the housing settlement in densely populated area in Indonesia where the MRF is absence. It 
can be implemented in private house and/or decentralized level. They promote waste-as-
resources principle, by applying urban farming such as verticulture, and permaculture at the 
front/back yard for organic products, thus creating zero waste from organic waste. 
 
As the technology applied at the community’s house, the main responsible person to take in-
charge is also the community and the owner of the house. Thus the local authority can manage 
the non-organic waste and the residual of the organic waste. However, table 2 shows the poor 
nutrients of the liquid compost from the SMART 3S. As it promotes the quality food production 
through organic waste reduction, for further treatment it is recommended to explore some nutrition 
and specific treatments in order to improve the quality of the liquid compost as soil improver. 
Moreover, to convince the safety food for consumption it is recommended to do further testing to 
the food/harvested products.  
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1. Objectives 

This study focuses on manure management as a source of greenhouse gas (GHG) emissions to 
 

 Understand emission sources and quantify GHG emissions  
 Identify effective GHG mitigation options and estimate their reduction potential to reduce 

GHG emissions  
 Determine trends and estimates of pollutant interactions from implementing proposed mit-

igation options 
 Develop an integrated systems approach to estimate emission reductions from mitigation 

options, accounting for interactions 
 Improve GHG emissions, mitigation options and pollutant interactions in existing parame-

terization of the integrated assessment model – Greenhouse Gas and Air Pollution Inter-
actions and Synergies (GAINS) developed by the International Institute for Applied Sys-
tems Analysis (IIASA) 

2. Methodology 

In this study we investigate emission sources, abatement methods and pollutant interactions, in 
order to develop an integrated approach to mitigate GHG emissions from manure management 
for the European Union (EU-28). Mitigation of GHGs, nitrous oxide (N2O) and methane (CH4) are 
the primary focus, although interactions with ammonia (NH3) emissions are also analyzed. The 
methodology consisting of five steps is described below and also illustrated in Figure 1. 
 

 Step 1: Identify sources of emissions within the manure management chain 
 Step 2: Construct a reference scenario, along with their emission estimates  
 Step 3: Identify GHG mitigation options and quantify their reduction potential  
 Step 4: Estimate emission reduction w.r.t reference scenario, accounting for interactions 
 Step 5: Develop an integrated manure management model incorporating mitigation op-

tions and pollutant interactions  
 

 
Figure 12: Modelling framework. 
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3. Results and discussion 

3.1 Emission sources 

Manure management is a major source of GHG emissions in the agricultural sector.  It contributes 
to around 37% of GHG emissions associated with total agricultural emissions. The sources of 
emissions from manure management are emissions from animal housing, manure storage and 
handling, application of manure to soils and organic deposition by grazing animals. In addition 
there are also indirect emissions from leaching and volatilization of organic matter. Table 1 gives a 
breakdown of the GHG emissions associated with various sources within manure management. 
Indirect emissions are calculated separately and assigned to the respective emission source in the 
table. Nitrous oxide contributes to major share of the emissions (70%) as compared to methane 
(30%). Emissions from housing and storage represents the largest source. Emissions within each 
source is further sub-divided and separated based on different animal and manure types (solid, 
liquid and slurry). Country specific emissions data for EU-28 is obtained from FAOSTAT (2010), 
EUROSTAT (2009) and UNFCCC (2010) databases. 
  
Table 11: Breakdown of emissions from manure management for EU-28 (2012). 

Emission Sources 
CH4  

(Gg CO2 eq.) 
N2O  

(Gg CO2 eq.) 
Total (Gg CO2 

eq.) 
% contribution to 
total emissions 

Housing and Storage 51,585 30,487 82,072 47% 

Organic deposition from grazing NA 43,278 43,278 25% 

Animal manure applied to soils NA 49,311 49,311 28% 

Total 51,585 123,077 174,662 
 

3.2 Mitigation options 

The mitigation options considered in this study refers to technologies that are currently available in 
the market and in use. Hence, more speculative mitigation options are not considered. Mitigation 
options are identified based on different stages within the manure management flow. This is illus-
trated in Figure 2. It is important to note that implementation of mitigation measures for a particular 
emission source may affect emissions from another emission source. This interaction is described 
in detail for N2O, CH4 and NH3 and subsequent changes in emissions are quantified. Country 
specific emission reduction potential for the described mitigation options is derived from published 
literature and reports.  A sample table outlining the emission reduction potential and interaction 
effects of selected mitigation options are presented in Table 2. An integrated approach will be 
developed using the emissions reductions and associated interactions to estimate the overall ef-
fectiveness of a single and combination of mitigation options.  
 

 
Figure 2: Manure management chain and proposed mitigation options. 
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Table 12: Emission changes (relative to Reference). Compilation from a literature survey comprising peer reviewed    
    studies (preliminary results) 

Mitigation Stage Reference Scenario Mitigation Options 
Emission Changes 

N2O CH4 NH3 

Housing Deep Litter 
Slatted Floors -55% +54% -9% 

Frequent Removal -41% +55% -9% 

Storage No Cover 

Artificial Film -66% -33% -89% 

Chopped Straw +100% -3% -71% 

Granules +100% -5% -75% 

Wooden Lid -17% -16% -32% 

Granules + Acids NA -26% NA 

Surface Crust 0 -11% -57% 

Application Material Raw Slurry 

Digestate +2% NA -11% 

Liquid Fraction 0% NA -24% 

Solid Fraction -16% NA +132% 

Application Technique Surface Spreading 

Injection +119% NA -71% 

Incorporation +119% NA -58% 

Band Spreading +51% NA -44% 

Inhibitors -35% NA NA 

Feeding Conventional Feed 

Reduced CP (1 to 3%) NA NA -29% 

Reduced CP (3 to 5%) NA NA -54% 

Reduced CP (>5%) NA NA -81% 

Addition of Tannins NA NA -29% 

Treatment No Treatment 

Anaerobic Digesters -61% -52% NA 

Slurry Separation +200% -34% NA 

Acidification NA -26% -23% 

Composting NA NA NA 

Aeration +82% -57% NA 

3.3 Implementation in GAINS 

GAINS uses exogenously supplied current and projected activity data, emission factors, resulting 
GHG emissions and the technical potential for emission controls along with the costs of these 
measures. The model also has the capability to account for the interactions between emission 
controls of different pollutants (Amann 2011, Isaksson 2012). Total emissions of each pollutant 
are calculated according to Eq. 1. The equation accounts for cases where emission controls are 
applied and where it is not (eff = 0).  
                                      , = ∑  { , ,, , } x { , , , } � { − , } x { , , , }                                           Eq. 1 

 
Where 
 i, j, a, t  country, sector, activity, abatement technology 

Ei,p  emissions of the specific pollutant p in country i, 
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A  activity in a given sector, 
ef  “uncontrolled” emission factor, 
eff  removal efficiency, and 
X  actual implementation rate of the considered abatement. 

 
The cost estimates are a combination of investment, operating and maintenance costs along with 
the cost-savings from mitigating a unit of the pollutant. This is indicated in Eq. 2. Abatement tech-
nologies considered here are assumed to be accessible to all countries at the same conditions in 
GAINS. However, country specific costs are differentiated and calculated based on possible ca-
pacity of operation, applicability of specific abatement measures, wage rates and resource availa-
bility.  
                                                                =  

�  +  – �                                                                     Eq. 2 

Where 
Cton   costs per ton of pollutant removed 
Ian      investments        
OM     operating and maintenance cost          
CS      cost savings                  
Eton   emissions mitigated 

 
Different environmental targets ranging from maximum technically feasible reductions to lower 
mitigation targets generates different abatement strategies for GHG emissions from management 
of manure. Country specific emissions reductions and abatement costs depend on environmental 
target levels. Cost functions will help compare and contrast between countries, emission sources 
and abatement options.    

4. Conclusion and outlook 

The agricultural sector is a source of food and is indispensable to society. However, it is a major 
source of GHG emissions (~10–12 GtCO2 eq./yr). International agreements to reduce agricultural 
emissions have not been effective, in part due to missing concepts of realistic “low- carbon” situa-
tions. GHG emissions from management of manure is an important emission source within the 
agricultural sector.  There is also significant interactions between GHGs and NH3. This study 
quantifies and characterizes GHGs from management of manure and identifies low-carbon mitiga-
tion strategies accounting for interactions between GHGs and NH3. This holistic approach and 
results would be helpful for farmers, crop advisors and policy makers struggling in a sector that 
itself is highly vulnerable to climate impacts.  
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1. Objectives 

In 2050 the world population is estimated to grow up to 9.1 billions demanding for a 70% raise in 
food production [1]. In a world increasingly urbanized and characterized by a scarceness of green 
spaces and natural resources, cities have been playing, along the recent years, an important role 
in the conservation and increment of productive areas by implementing crop production within 
urban limits, and using organic materials as fertilizers. Although in many European cities urban 
gardening has a long tradition, currently in expansion and fulfilling other roles than food produc-
tion, in other continents urban farming represents a major source for population subsistence, 
namely in southern Asia, in Latin America and in Africa, where it stands with economical im-
portance since the early λ0’s [2]. This concept has been evolving to Northern America, to Europe 
and to Australia with contrasting objectives of pleasure and recreation, socialization and social 
inclusion, education, aesthetics, environment and therapy [3]. However, in Portugal the concepts 
of urban and peri-urban agriculture (UPA) are still a quite recent novelty in academic and political 
agendas and regulated urban gardens start emerging from the 2008s onward, largely due to the 
deep economic crisis that has been hitting the country since then. The major goal of this paper 
was to understand the main gardeners’ motivations to cultivate urban plots located in the first 
three regulated Urban Parks implemented by the Lisbon City Hall. 

2. Methodology 

Three pilot municipal Urban Parks located in three different Lisbon neighborhoods implemented 
by the City Hall were studied (Quinta da Granja, Campolide and Telheiras). These Parks were 
selected because their gardeners were the unique with some experience about gardening on a 
Municipal Horticultural Park (HP) when the fieldwork started. To evaluate urban farming potential 
to contribute to a greener growth, the link between townsmen residents and farming motivations 
was evaluated by enquiring 49 from a total of 80 gardeners. Questionnaires were conducted face-
to-face, from June to September 2013, and included several topics in order to: (i) identify the de-
mographic and socioeconomic profile of the respondents, (ii) former links with agriculture and the 
rural, (iii) gardening frequency, daily time spent on the garden and agronomic practices, (iv) char-
acterization of the farm, and (v) gardener’s motivations and their perceptions about the contribu-
tions of urban agriculture to the city and city dwellers. Gardeners were approached in the garden 
and the surveys were realized early in the morning or at the end of the day and during the week-
end when they were gardening. 

3. Results and discussion 

3.1 Urban gardening in context 

Most of the respondents in the three case-study gardens are men (61%), middle aged (69% are 
over 45 and less than 64 years old), with high levels of education (61% have 12 years of formal 
school or higher education), and are actively employed (57%). They live in small households, e.g. 
with two or three people (55%), and 16% of the total gardeners households have someone unem-
ployed (Table 1). This last percentage reflects the unemployment rate in the country that has been 
increasing from the 2008s onwards, reaching 16.2% in 2013 [4], in consequence of the economic 
crisis. It is interesting to note the close link of the most part of the respondents with the rural areas 
(82% and 57% frequently visit and/or spent their childhood in rural territories, respectively), and 
the agricultural activity: 31% had already exercised the agricultural activity before migrating to the 
city, 37% are sons/daughters of farmers and 31% still have relatives and/or friends who farm a 
small plot of land (Table 1). 
 
In general, gardeners live very close to the cultivated allotments, which is a prerequisite to apply 
for a plot in a Municipal Horticultural Park. Gardening is a routine task for most gardeners who 
spend less than 3 hours (61%) cultivating a considerable diversity of vegetables every day. This 
was observed in the HPs Campolide and Telheiras. Gardeners from Quinta da Granja HP are 
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those who spend more hours in their garden (between 3 and 7 hours per day: 39%) and also per-
form their activity more frequently: every day including Saturday. For most gardeners, farming is 
not an activity that they perform individually since 67% of the gardeners are helped or at least 
have the participation of their wife/husband or, less frequently, of a son/daughter. 

 

Table 1: Survey results on demographic and socioeconomic characteristics of inquiree.  

Data type Overall 
Quinta da 

Granja 
Telheiras 

Jardins de 

Campolide 

Sample (n) 49 22 16 11 

Gender:     

women (%) 39 32 44 46 

men (%) 61 68 56 54 

Age group     

30-34 1 1 – – 

40-49 9 3 4 2 

50-59 16 4 7 5 

60-64 11 4 4 3 

65-69 6 4 1 1 

≥ 70 6 6 – – 

Education     

illiterate 2 1 – 1 

6 years of formal school 15 11 1 3 

9 years of formal school 2 1 – 1 

12 years of formal school 10 4 2 4 

higher education 20 5 13 2 

Occupation     

actively employed 28 10 10 8 

retired 19 12 6 1 

unemployed 2 – – 2 

Household     

one person 4 3 – 1 

two people 23 11 5 7 

three people 10 4 4 2 

four people 12 4 7 1 

with someone unemployed 8 3 1 4 

Former links with agriculture and the rural     

Son/daughter of farmers 18 11 2 5 

Former farming experience 15 8 2 5 

Relatives/friends still farming 15 5 9 1 

Time spent in the rural during the child 
hood 

28 10 13 5 

visiting regularly the rural 40 17 15 8 

 
When urban farming is supervised by municipalities in developed countries, it usually follows 
some rules of organic farming for economic reasons which reduce or prevent the use of commer-
cial fertilizers, or to avoid risks of environmental contamination and to promote public health. Agri-
culture is known as an activity with a potential for environmental contamination from fertilizers 
inefficiency and from the use of pesticides. The opposite is expected from urban farming. 
Agricultural practices used by the gardeners from the three HPs do not differ significantly among 
each other. Tillage is always done manually, using a hoe or a garden rake, to prepare seed bed-
ding. The soil is always kept free of weeds which are removed by hand and used after for the 
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production of a homemade sort of compost. Gardeners claim that keeping their garden free of 
weeds is both a necessity to eliminate competition with vegetables, and a question of aesthetics. 
The majority (92%) of the inquiries use the compost they prepare out of the material collected at 
weeding and food waste, to fertilize the soil, representing a spare of mineral fertilizers and re-
sources conservation. Manure collected from local animal breeding facilities is also used for fertili-
zation. Horse, goat, chicken or rabbit manure are the most frequently used and generally free, 
from military institutions (National Guard) breeding horses located in the vicinity, or from relatives 
or friends raising poultry. Only four respondents said they have used mineral fertilizers for soil 
amendment, a practice which is permitted by the garden code.  
 
No gardener claims to have used commercial pesticides, but a few elderly use copper sulphate. 
Due to the low precipitation level in Lisbon, water stress may occur in Spring and Summer, when 
the gardens need to be irrigated. Water is applied using a can or a hose connected to the public 
supply network. Gardeners do not capture rainwater for future watering.  
 
Because gardeners do not use chemical fertilizers nor pesticides they label their gardening prac-
tices as natural or organic and identify themselves as organic producers. However, and although 
the city Council provided them some technical sessions about organic farming when allotments 
were distributed, gardeners ignored or misunderstood what organic practices really are. In other 
words, many gardeners classify their practices as organic because they have in mind two models 
of agricultureμ the “bad agriculture” (large-scale, intensive, polluting and producing non-healthy 
food) and the one they practice and clearly identify [3]. In contrast with gardener’s self-evaluation 
about their “good and sustainable agricultural practices” a recent study reveals that urban garden 
production systems, namely in Quinta da Granja HP, used high application rates of nitrogen and 
water. Both the use of high doses of nitrogen from organic amendments, which surpass crop re-
quirements, and the excess of irrigation has important negative impacts on environment and hu-
man health [5].  

3.1 Benefits from gardens and the gardeners motivations 

In this experimental analysis, urban gardening has proven to be an activity with multiple social, 
health and economic benefits, which serves to mitigate problems related to food insecurity, unem-
ployment and social disintegration. Most gardeners see socialization with other gardeners as a 
factor which has contributed to improve the quality of their lives. Gardening is not only an individu-
al activity but also a moment to socialize in gardening context, to share technical advices, to ex-
change seeds, to disseminate less frequent vegetable species which are not usually included in 
the traditional Portuguese diet, for example zucchini, eggplant or sweet potato, among others. 
Due to this diversification of species grown in the HPs, 43% of the respondents claim to have 
cultivated or eaten one or more vegetables for the first time. Apart from this innovation and diversi-
fication in the diet, gardening has allowed the gardeners and their families to have a more healthy 
diet: 67% of the respondents eat more quantity of vegetables and with more frequency.  
All the vegetables grown in the HPs serve for domestic consumption (c. 100%). Whenever there is 
surplus and the vegetables production is not totally consumed by the gardener in his(her) house-
hold, it is offered to other members of the family, mainly sons/daughters (53%) or friends (14%). 
Just one gardener donated the vegetables produced to a food bank and one other sold the sur-
plus. Although saving money is far from being a driving motivation for gardening, the vegetables 
grown for domestic consumption have a positive impact in reducing household vegetables pur-
chase: 45% of the respondents estimate savings between 50% and 75% of the total amount of 
money spent to buy vegetables, and 41% value these savings between 25% and 50%.  
Finally, gardening has other kind of benefits. As gardeners, in particular the elderly, retired and 
those who fall into the most modest social groups enjoy to emphasize “when I am here [in the 
garden] I am doing something”, “I garden because I like and I do something useful” or “gardening 
means to spend my free time in a productive way”. In short, urban agriculture promotes social 
inclusion within society of the elderly and poorest, in particular, who by gardening can openly 
show not only that they carry with them specific skills and knowledge, but also that the latter are 
useful both for themselves and society. The usefulness or the positive contributions of gardening 
to society and the city are issues quite well perceived by gardeners: 47% assume that urban agri-
culture contribute to the beautification of the city; 41% are proud for providing and disseminating 
agricultural activity among children and city dwellers, and ¼ nurture the reconnections between 
the rural and the urban, or bring city dwellers close to nature. 
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When asked how they used to spend the time currently occupied with gardening, 78% said “at 
home/alone/doing nothing” [3]. Gardening is also a way socialize in a friendly atmosphere and 
pleasant context, “where one can listen to the birds”, to foster interaction between social groups 
and, in some situations, to promote a mix of generation. At the same time, gardeners recall good 
memories when physically reconnect with the land. The socialization role of the gardens goes 
beyond contacts between gardeners: almost 2/3 of the respondents use gardens to make outdoor 
meals with friends and/or relatives, during the spring and or summer [3]. 
The gardeners motivations for cultivating indicated in the questionnaire is in the following order: 
pleasure or passion for agriculture and working with the land (71%), to grown their own food/to be 
sure about the good quality of the consumed vegetables (55%), to practice organic farming, as 
they perceive it, (33%), to occupy free time (31%), to remind/recall the rural life-style (25%), to 
have physical contact with nature (25%), to socialize/make friends or to make physical activity 
(23%), to save money (20%). Only very few identity gardening with a way to develop creativity in 
decorating the plot (12%) and fewer mentioned motivations related with promoting biodiversity 
(three respondents from Telheiras HP) [3]. 

4. Conclusion and outlook 

Gardeners from the recent regulated Municipal Urban Parks are predominantly men over 45 years 
old, with a great percentage of retired individuals. Urban farming is not related to unemployment, 
but with pleasure or passion for agriculture and working with the land, along with the need to alter 
consumption habits towards the use of organic products and zero use of fertilizers. The majority of 
urban farmers have or had a previous link to rural areas or/and farmer’s history in the family. 
Although in Lisbon the still tiny available area occupied by regulated urban gardens, compared to 
other European cities, has resulted less as a strategy of public policy for the alleviation of poverty, 
but as a way to diversify the Municipal Ecological Infrastructure and recover part of the city land-
scape occupied with non-regulated urban agriculture, we consider that the Lisbon city Council 
approach to urban gardening is a missing opportunity to recognize and value the benefits of urban 
gardening to the city, as evidences from many European cities have been proving. Resource re-
cycling and conservation, therapy and recreation, education and safe food provision, green archi-
tecture, open space management, besides food security in times of economic crisis are some 
illustrative examples of those benefits. In addition, urban gardening should also be used by the 
city Council as a tool to promote community development, urban governance and civic participa-
tion, as well as the environmental benefits which include the revitalization of brownfield sites in the 
cities, improved air quality and reduced energy consumption for food transportation, improved 
urban biodiversity and a greener economy. These are crucial assets still underdeveloped in the 
Portuguese society, when compared to Central and Northern European countries. 
Finally, the city council also could make use of Urban Parks to disseminate among urban dwellers 
the several advantages to grow one’s own food, and to promote biodiversity and better agronomic 
practices among urban gardeners. 
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1. Objectives 

Waste minimization, more precisely waste recycling has become a world-wide concern now-a-
days. This is mainly because of the serious problem of waste accumulation creating pollution, 
health hazard and natural havoc particularly in developing countries like India. In such a system 
wastes of one enterprise are treated as resources or raw materials for another. In the present 
study an attempt has been made with the following objectives to explore the possibility of waste 
management through recycling in an Integrated Farming System (IFS) model in rainfed areas with 
judicious use of wastes and farm resources.   
                                                                 

 To analyse the possibilities of recycling the agricultural waste in the Integrated Farming 
System model to sustain agricultural productivity. 

 Improving economic viability through zero waste strategies or optimization of waste min-
imization. 

 To present a zero waste model focussing essentially on using available scarce re-
sources and waste recycling more efficiently, effectively and sustainably for natural re-
sources. 

2. Case study description 

Assuming a family having 5 members with 10,000m2 cultivated area, an Integrated Farming Sys-
tem (IFS) model with Crop + Cattle + Fishery + Apiary components under rainfed situation was 
developed to meet their annual food requirement as far as possible and to present a zero waste 
model after conducting field experiment under All India Coordinated Research Project on Integrat-
ed Farming System at Assam Agricultural University, Jorhat, Assam, India. The data presented 
here relates to the year 2013-14. 
 
In this system, animals reared for milk were fed on crop waste along with fodder crops and the 
voids in turn were used as manure for crops grown in the system, in fishery unit, for vermicom-
posting and for liquid manure production. De-siltation of Fish ponds were carried out after every 
two years and the fertile silts were used for the cultivation of horticultural crops. 
 Components: Field crops (Cereals, pulses, oilseeds, fodder crops), horticultural crops 

(fruits and vegetables), fodder crops, livestock (2 milch cows and 1 Heifer), Fishery (two 
ponds with 500 m2 and 420 m2 area), Apiary (5 beehives), Vermicompost unit (8.41 m3), 
Liquid manure production unit (1.79 m3), Biogas unit (2 m3). 

 Vermicompost unit: The vermicompost were produced four times in a year and cow dung 
along with the crop residues/ bio-wastes were used in the ratio of 2:3. Crop residue/ bio-
waste include dried water hyacinth, vegetable wastes, straw and wastes obtained at the 
time of winnowing of rice.  

 Liquid manure unit: Every day output of cow dung and urine mixture was channelized to a 
four-chambered tank and liquid manure was produced through the process of sedimenta-
tion.  

 Bio-gas unit: Initially 2000 Kg cow dung along with required amount of water were poured 
in the bio-gas plant and kept for fermentation for a period of 45 days. When release of gas-
ses were observed, then 55 Kg cow dung per day was used to continue the release of gas-
ses which were utilized as fuel. 

3. Observation 

3.1  Recycling of agricultural waste in the Integrated Farming System model 
 Bio-waste production in the IFS 

In the IFS model designed, total quantity of bio-waste obtained from different components were 
quantified and presented in table1.  
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Table 1: Bio-waste production in IFS model. 

Items Quantity produced 

Paddy straw (Kg) 2920 

Crop residue (Kg) 1820 

Litter fall (Kg) 2050 

Cowdung (Kg) 23119 

Cow urine (lit) 14235 

Silt (tons) 146.40 

Rice bran (Kg) 802.56 

Mustard oil cake (Kg) 240.60 

 
Bio-wastes obtained from different components of the system are very rich in essential plant nutri-
ents which are presented in Table 2.  
 
Table2: Nutrient content of different bio-waste. 

Bio- waste Nutrient content 

Nitrogen (%) Phosphorous (%) Potassium (%) 

Paddy straw  0.28 0.17 0.27 

Crop residue 0.30 0.19 0.32 

Litter fall 1.29 0.09 1.00 

Cowdung  0.4 0.2 0.1 

Cow urine 0.5 0.003 1.35 

Silt  0.0293 0.025 0.0175 

Mustard oil cake  4.50 1.50 1.00 

Vermi-compost 2.04 1.22 2.58 

Liquid manure 0.66 0.32 0.50 
 

 
Bio-waste utilization in the IFS 
Bio-wastes obtained from the system were utilized in different components within the system itself 
and are presented in Table 3.  
 
Table 3: Bio-waste recycling in IFS model. 

Bio-waste Quantity 

produced 

(Kg/lit/ton) 

Recycled within the system in different component (Kg/lit/ton) 

Crop 

unit 

Hort. unit Dairy 

unit 

Vermi-

compost 

unit 

Fishery 

unit 

Liquid- 

manure 

unit 

Bio-

gas 

unit 

Un-processed waste 

Paddy straw 2920 - - 2800 120 - - - 

Crop residue 1820 - - 1220 600    

Litter fall 2050 Used for organic amendment of the soil 

Cowdung 23119 2000 - - 480 204 835 19600 

Cow urine 14235(l) - - - - - 14235 - 

Silt 146.40 (t) - 146.40 - - - - - 

Rice bran 802.56   252.56  550   

Mustard oil cake 240.60      240.60   

Processed waste 

Vermi-compost 544  544 - - - - - 

Liquid manure 4866.67 (l) - 4866.67 - - - - - 

Bio-gas 511 m3 Used to meet up fuel requirement of the household 

 
 
Processing and value addition of bio-wastes 
Some of the bio-wastes generated within the system were processed as vermi-compost, liquid 
manure and bio-gas to increase their nutrient content, reduce bulkiness for easy handling, reduce 
nutrient loss and increase market value.  
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Vermi-composting 
Vermi-compost was prepared in 8.41 m3 vermi-compost unit from cow dung, paddy straw and 
different vegetables and fruit wastes like discarded cabbage leaf, waste obtained at the time of 
winnowing of rice, dried water hyacinth, semi dry banana leaves etc. From 120 Kg cowdung and 
180 Kg crop residue including paddy straw (bio-waste) of the IFS models itself 136 Kg vermi-
compost was produced in one cycle. The process was carried out for 4 cycles thereby generating 
544 kg vermi-compost annually in the system. 
 
Liquid manure production 
Every day output of cow dung and urine mixture from the cowshed were channelized to a four 
chambered tank and through the process of sedimentation in the three chamber, complete liquid 
manure was collected in the 4th chamber. The collection of liquid manure was quantified as 40 
litres/three day thereby in a year approximately 4866.67 litres of liquid manure was obtained.  
 
Bio-gas plant 
Cow dung obtained from the cattle component was also utilized to produce bio-gas in a 2m3 size 
bio-gas plant. Bio-gas production was quantified approximately as 1.4 m3 per day and thereby in a 
year 511 m3 bio-gas was produced which is equivalent to 219.73 Kg of Liquid Petroleum Gas.  

3.2 Improving economic viability through zero waste strategies 

Besides improving environmental quality, waste recycling reduces the requirement of market pur-
chased input for farmers thereby decreasing cost of production. This in turn increases the net 
return for farmers and secures economic viability by sustaining farm income. Table 4 shows the 
market value of bio-waste produced in the IFS model. 
 
Table 4: Market value of bio-waste produced in the IFS model. 

Bio-waste Quantity produced 

(Kg/lit/ton) 

Price/unit (Rs.) Market value (Rs.) 

Un-processed waste 

Paddy straw 2920 (Kg) 1.00 2920.00 

Crop residue 1820 (Kg) 0.30 546.00 

Litter fall 2050 (Kg) 0.20 410.00 

Cowdung 23119 (Kg) 0.50 11560.00 

Cow urine 14235 (Kg) 0.50 7118.00 

Silt 146.40 (ton)   

Rice bran 802.56 (Kg) 10 8026.00 

Mustard oil cake 240.60 (Kg) 12 2887.00  

Total   33467.00 

Processed waste 

Vermi-compost 544 (Kg) 10 5440.00 

Liquid manure 4866.67 (liter) 0.562 2735.00 

Bio-gas 217.5 Kg LPG (511 m3) 63.72 13860.00 

Total   22035.00 
Market value of different bio-wastes prevailing at the locality were considered. 
 
Total requirement of paddy straw and crop residues required for the cattle and vermi-compost unit 
was obtained from the bio-wastes itself and thereby saving an amount of Rs.3466.00 approxi-
mately. Similarly rice bran and mustard oil cake produced as a bi-product of paddy and toria 
(rapeseed) processing which were used as fish and cattle feed saved about Rs.10913.00.  The 
processed wastes, vermi-compost, liquid manure and bio-gas saved a total of Rs.22035.00 for the 
household whereas un-processed waste amounted to Rs.33,467.00. 
Bio-wastes produced in the system (both processed and unprocessed), also substituted a major 
amount of chemical fertilizer required for the crop components in the system. Table 5 shows sub-
stitution of chemical fertilizers by the bio-wastes both in terms of quantity and money value in the 
system. 
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Table 5: Substitution of chemical fertilizers by the bio-wastes (in terms of quantity and money value) in the system. 

Bio- waste Quantity produced 

(Kg/ton/liter) 

Amount of chemical fertilizer substituted (Kg) Market 

value (Rs.) Urea SSP MOP 

Paddy straw  2920 17.74 31.03 13.17 724.66 

Crop residue 1820 11.85 21.61 9.73 509.68 

Litter fall 2050 57.39 11.53 34.24 1305.40 

Cowdung  23119 200.67 288.99 38.61 5591.56 

Cow urine 14235 154.45 2.67 320.93 7347.89 

Silt (ton) 146.40  93.08 228.75 42.79 3988.46 

Vermi-compost 544  24.08 41.48 23.44 1077.52 

Liquid manure (litre) 4866.67  69.70 97.33 40.64 2401.80 
 Total: 22946.97 

SSP: Single Super Phosphate; MOP: Muriate of Potash Market rate of Urea, SSP and MOP prevailing in the locality 
was considered 
 
Thus, the zero waste model designed as IFS model serves as an economically viable model with 
the system profitability (net return) of Rs.1,26,828.00 with a B:C ratio of 1.68. Such a high B:C 
ratio could be possible due to recycling of wastes generated within the system. 

3.3 IFS model as a zero waste model 

Integrated Farming System (IFS) model designed can be considered as a zero waste model on 
account of utilization of all crop and animal wastes as raw materials and resources for each other 
through efficient recycling (Figure 1). Jayanthi (2006) also opined that by virtue of adoption of one 
of the modern agricultural technology viz., Integrated Farming System (IFS) in the farm activity, 
there is a possibility of improving untapped potential of each and every produce by recycling with 
dual benefits. As per report of FAO (1985), total production of crop residues and animal voids in 
India by 2020 AD would be to the tune of 447 million tonnes and 1130 million tonnes respectively, 
which would cause havoc to the environment if not recycled within the agricultural system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Bio-waste recycling in IFS model 
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4. Conclusion 

Thus, it can be concluded that Integrated Farming System (IFS), besides playing a significant role 
in securing sustainable production of quality food and other products, also helps in sustaining farm 
income by reducing the cost of production in one hand and eliminating environmental degradation 
in other. Due to efficient recycling of agricultural waste as manure, animal feed etc., cost of pro-
duction decreases and soil fertility also improves to a greater extent. Such a system fulfils basic 
food requirements of the household as well as act as an important approach or strategy for waste 
management. Therefore, an inferences may be drawn that the IFS model developed can provide 
an excellent opportunity for organic waste recycling besides reducing farmer’s dependency on 
external market purchased inputs leading to improved farm income in one way and also improving 
environmental quality in other by reducing the pollution from the bio-waste accumulation. 
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1. Objectives 

National nitrogen budgets trace and quantify flows of nitrogen (N) in and out of various compart-
ments or pools on a national level. Commonly used pools include energy and fuels; materials and 
products in industry; agriculture; forest, semi-natural vegetation and soils; waste; humans and 
settlements; atmosphere; and hydrosphere [1]. While the aspects of agricultural food production 
and fuel combustion dominate in many existing studies due to their large magnitude and environ-
mental relevance, other flows of N related to consumers (i.e., humans and settlements) are fre-
quently neglected. However, it has been estimated that non-food N might account for more than 
50% of the (reactive) N that is available for consumers [2]. 
The aim of this study was thus to extend the boundaries of conventional nitrogen budgets towards 
the consumer sphere by considering the N contained in human-made goods and compounds. 
Using Austria in 2010 as an example, following flows have been quantified: N in food and agricul-
tural products, N in non-food industrial products (synthetic & natural polymers, wood & paper 
products, waste), N related to pets, gardens and green spaces. Full details of the study have re-
cently been reported by Pierer et al. [3]. 
 

2. Methodology 

The study is based on the principles of material flow analysis and covers flows within the national 
borders of Austria as well as imports of food or material products. All results refer to annual flows, 
based on the year 2010, for which data were most consistently available.  
In an iterative process, first, potentially relevant flows of N related to products and processes were 
qualitatively identified. Next, respective mass flows and nitrogen concentrations were estimated 
and combined to quantify N flows. The analysis covered only the nitrogen contained directly in the 
respective products, and did not account for N emissions that occurred along the entire product or 
process chain as in lifecycle assessment or footprint analysis. Nitrogen flows that accounted for 
more than 100g N per inhabitant and year (i.e., about 850 t N for Austria in total) were considered 
as relevant. Data sources used include appropriate statistics by Statistics Austria (food supply 
balance sheets, foreign trade statistics) and FAO (food supply data, production data), as well as 
national reports such as the Federal Waste Management Plan published by the Federal Ministry 
of Agriculture and Forestry, Environment and Water Management, scientific literature and industry 
reports.  
To account for uncertainties caused by imprecise or lacking data and necessary assumptions, 
“uncertainty factors” were assigned to all quantified flows based on the type and quality of the 
respective data sources used. Uncertainty factors ranged from 1.1 (low uncertainty, e.g. current 
official statistics) to 4.0 (high uncertainty, e.g. calculation derived from assumptions only). The 
uncertainty range of the results was determined by dividing (for the minimum value) and multiply-
ing (for the maximum value) the best estimate result by the respective uncertainty factor [4]. 
 

3. Results and discussion 

As shown in Table 1, the most relevant N inflows to the consumer sphere stemmed from food 
supply (52% of total inflows of 127 000 tonnes N), but material products were also relevant (28%). 
Compost and fertilizer application in gardens and public green spaces accounted for 12%, and pet 
food for 7%. N outflows (92 800 tonnes N in total) could largely be attributed to human excretion 
and food waste (54% and 13%, respectively), followed by garden waste (16%), waste from pets 
(10%) and material waste (7%).  
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Separate analysis of inflows and outflows allowed to identify a gap, a surplus of roughly 34 000 
tonnes N. This discrepancy indicated that either flows had been overlooked in this analysis, and/or 
N accumulated in the form of durable consumer goods. Focusing on household consumption ra-
ther than (industrial) production further limited the availability of appropriate data and statistical 
information. In addition to the main results, Table 1 gives uncertainty factors and the derived min-
imum and maximum values for all quantified flows.  

Table 1: Consumer-related N flows in Austria 2010. Differences in totals due to rounding. 

Flow name 
N flow  

( t N a-1) 
UF 

N min  

( t N a-1) 

N max 

( t N a-1) 

Inflows 

Food supply  66 200  60 100 72 800 
(animal food) 36 600 1.1 33 200 40 200 

(plant food)  29 600 1.1 26 900 32 500 

     

Material products 35 500  23 500 55 800 
(synthetic polymers) 11 900 2 5 900 23 800 

(textiles)  9 400 1.33 7 100 12 600 

(wood & paper products)  13 500 1.33 10 100 17 900 

Others (detergents, tobacco) 800 (various) 400 1 600 

     

Pet food 9 400 1.33 7 000 12 400 

     

Input to private gardens & public green 
spaces 15 700  8 400 29 900 

(mineral fertilizer) 2 200 1.33 1 600 2 900 

(compost) 13 500 2 6 800 27 100 

     

Outflows  

Food waste 11 900 1.33 9 000 15 900 

     

Human excretion 50 400  41 600 74 300 
(to sewage system) 47 200 1.33 38 500 68 200 

(to hydrosphere) 3 100 1.33 3 000 5 300 

(to atmosphere) 200 4.0 50 800 

     

Material waste 6 000 2 3 000 12 100 

     

Waste & excretion from pets a 9 400 1.33 7 000 12 400 

Green waste & garden waste 15 000 2 7 500 30 100 

     

     

N balance  

Total inflows 126 700  99 100 171 000 

Total outflows 92 800  64 400 138 100 

N balance (inflows – outflows) 33 900  34 700 32 900 

     

UF- uncertainty factor;  
a 

due to lack of data outflow set equal to inflow;  
 

Food: With 66 200 tonnes N, 60% of which comes from domestic sources, food supply accounted 
for the largest share of N inflows. However, a remarkable part of the food supplied is wasted 
(18%). This indicates a large potential for reducing N losses that might be achieved given the 
growing concern and public awareness related to food waste. It was assumed that the entire N 
consumed as food was excreted by humans as well. Thus, population dynamics (i.e. N accumula-
tion in the bodies of children, and the net change in population related to births, deaths and migra-
tion) were not considered in the study. Depending on sewage connection and treatment, the ex-
creted N either passes through the sewage system or goes directly to the hydrosphere.  
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In 2010, 55% of the total food nitrogen supplied came from animal-based food, which is a noticea-
ble increase from 47% in 1961 (data not shown). Comparing food supply per capita over time 
shows that total food supply has increased (from 6.8 kg N/cap/year in 1961 to 7.9 kg N/cap/year in 
2010), with a clear rise in animal N supply (+39%) offsetting a slight decrease in vegetable N sup-
ply (-2%). In interpreting these figures, it has to be considered that food supply is not equal to food 
consumption. To derive food consumption, food waste and other losses (such as human-edible 
food that is fed to pets instead) would have to be subtracted from total food supply. However, 
since no historical data on food waste are available, this could only be done for 2010 as the prin-
cipal year of analysis. It seems reasonable to assume, however, that the share of food waste in 
Austria increased over time, as Europe moved from food scarcity during and after the world wars 
towards the current situation of massive food surpluses in just a few decades [5]. 
 
Pets: Pet food supply accounted for 7% of inflows and was quantified based on recommended 
protein intake for the most common non-agricultural animals, including dogs, cats, ornamental 
birds, aquarium fish, small mammals, and pleasure riding horses. Due to lack of data, pet food 
supply was set equal to waste and excretion from pets, accounting for 10% of all flows on the 
output side. The uncertainty factor associated with pet food accounts for the fact that although pet 
food was assumed as a separate inflow, a certain share of it might actually come from human 
food supply.   
 
Material Products: Accounting for 28% of inflows but only 7% of outflows, material products were 
the main factor explaining the balance surplus of 34 000 tonnes N. Accumulation of durable con-
sumer goods alone cannot explain this gap. While Gu et al. [6] assume that 25% of material in-
flows accumulate in the consumer sphere, it would have to be 83% in our case. Two other aspects 
may contribute to this discrepancy: First, with regard to the outflows, there are residual waste 
streams that are not included in the waste statistics and/or not directly assigned to households (for 
instance end-of-life vehicles). Second, with regard to incoming material products, some industrial 
materials might have been incorrectly assigned to households, overestimating the inflows.  
While material products are not commonly quantified in nitrogen budgets, our results suggested 
that due to their magnitude they are worth considering. As the N is bound in the materials, it can 
be argued that its environmental effects may be rather small – but that preposition is yet to be 
confirmed.   
 
Gardens & green spaces: Similar to material products, gardens and green spaces do commonly 
not get much attention within national nitrogen budgets, as they are assumed to be of minor im-
portance. In addition, data are scarce in particular for private gardens due to their heterogeneous, 
fragmented, small-structured and private character [7]. However, considering that N flows related 
to gardens and green spaces accounted for 12% of inflows and 16% of quantified outflows in our 
study, these aspects deserve closer observation. Although not covered comprehensively in statis-
tics, there are indications that urban gardening systems cause N accumulation due to high N ap-
plication rates [8]. While generally viewed very positively, the environmental impacts of gardens 
may need consideration, too. In contrast to agriculture, there are no regulations in place with re-
gard to nutrient use for private garden owners [7]. Further studies in this area could help raising 
awareness about the environmental effects of different garden management practices (concerning 
the use of mineral fertilizer and compost, but also pesticides). This might become even more im-
portant given the current trends towards urban (and rural) gardening in different forms.  

4. Conclusion and outlook 

Focusing on the apparent knowledge gap of flows involving non-food products and processes, this 
study indicates ways to contribute to more complete consumer related nitrogen budgets in the 
future. Although concentrating on Austria, the study is exemplary in identifying previously neglect-
ed relevant flows of N. A better understanding of these flows is needed to shape future policies 
with regard to nitrogen-efficient consumption. In particular, nitrogen flows related to private gar-
dens, urban gardening and public green spaces and their environmental effects as well as inter-
connections with conventional agriculture are worth a more in-depth analysis. This applies even 
more as the results are strongly dependent on national characteristics and the availability of ap-
propriate data sources, with potentially large differences between countries within the EU. 
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1. Objectives 

To assess to what extent households, industry and local authorities could contribute to reduce, 
reuse and recycle P-rich waste products in agriculture. The purpose is to show, conceptually, how 
to improve global food security through sustainable management of nutrient resources in waste 
products, and thus prevent prematurely crossing planetary resources boundaries. 
 

2. Methodology  

Phosphorus (P) is an essential nutrient for plant growth, and around 80% of mined P is lost in the 
process of bringing food to the plate. The remaining 20% is usually wasted through sanitation 
systems [1]. A systems approach to turn nutrient-rich waste into a resource for agriculture presup-
poses both physical infrastructural adjustments and minor behavioral changes.  
 
A life-cycle thinking is applied here, using an extended-waste-hierarchy comprising both solid and 
liquid wastes. Step 1 is to reduce (a) waste generation, and to (b) minimise harmful contents in 
flows and products in order to recover P in wastes. P-rich solid (e.g. biowaste) and liquid (e.g. 
urine) waste can be reused (Step 2) more or less as they are. Step 3 concerns P-rich liquid and 
solid waste e.g. black water and sludge that can be recycled into new products (also after extract-
ing biogas). The conventional solid waste hierarchy comprises two more steps: incineration and 
landfilling. These are not included here, since the EU parliament has already decided that only 
waste that cannot be reused or recycled should be incinerated, and landfilling is only for residues 
after exhausting the previous steps. 
 
Two examples of managing P from households (Chapter 3.1) and P on a global scale are pre-
sented using data from various studies (Chapter 3.2).   
 

3. Results and discussion 

The OECD [2] estimates that at the end of this century 1.5 billion people will reside in rural areas, 
providing food for the 8.5 billion living in cities. At the same time, cities and infrastructure encroach 
on prime farmland, acreage for fuel production increases, the nutrient-rich organic wastes from 
cities is mostly wasted and not recovered and recycled as fertilizer. The ongoing global shift to-
wards more meat in diets puts further pressure on food production, because more land, nutrients 
and water are required per kilogram of meat protein than vegetable protein [3]. A business as 
usual scenario shows that current trajectories of food production and consumption are not sus-
tainable, and the following outlines ways to enhance nutrient management for food security [1]. 

3.1 Bending linear nutrient flows from households – systems perspective 

Cities are fast becoming “nutrient hotspots” in two senses – first as centres of demand for Nitrogen 
(N), Phosphorous and Potassium (K) in the form of food to be consumed, and second as location 
of large amounts of these nutrients in excreta and food waste. For example, urine is the largest 
single source of N, P and K emerging from cities [4]. However, most nutrients in urban waste and 
wastewater are not recovered and reused [5]. For the most part, solid organic waste is collected 
and transported to landfill sites, where the nutrients will often remain for years, unless they leach 
into groundwater or are emitted into the atmosphere (N). Toilet waste (excreta) from urban house-
holds, in the best of cases, ends up as sludge in a wastewater treatment plant. However, sludge is 
also often sent to landfills and to some extent incinerated due to its perceived or real toxicity. Such 
data are used in Figure 1 to depict common conditions in today´s urban areas.  
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Figure 1: Nutrient flows from households (HH) today.                  Figure 2: Scenario for nutrient household flows 2030. 
  
 
The term “bio-waste” refers to such items as food waste, and paper and garden waste. It is usually 
easier to manage solid organic waste than liquid organic waste, which gets caught in sludge that 
remains after wastewater treatment. For example, food remains, fat and grease from plates, pans 
and cutlery are easily swept into the organic waste bin, which makes it possible to use it for biogas 
production and/or to use the compost as soil conditioner in agriculture. Besides, the alternative to 
wash away fat, oil and grease with water, clogs sewer pipes, and costly repair is often necessary.  
 
Worldwide, the nutrient-rich excreta are commonly flushed to a septic tank for partial treatment. 
Part of the nutrients remains in the effluent, while part of the sludge is collected and ideally 
brought to a compost facility. However, illegal dumping is commonplace in developing cities. The 
theoretical flows in Figure 1 indicate a modest one-fifth of the P that households discharge is gain-
fully used, and only 5 % of the N. 
 
Nutrients in liquid waste are largely discharged to water bodies (red arrow in Fig. 1). Organic mat-
ter in sewers causes eutrophication and algal blooms in receiving water bodies. This may result in 
less aquatic flora and even dead zones on lake floors and reduced living space for fish. 
 
Considerable improvements of the capacity to reuse and recycle can be achieved by modifying 
sanitation systems (see Figure 2). Here, a hypothetical scenario for a typical city in the developing 
world has taken some steps to make its sanitation system more sustainable. Residents separate 
household solid organic waste, and the waste company composts it, and this added value reduc-
es illegal dumping. Also, urine-diverting toilets have been installed, which collect urine separately, 
while dewatered faecal matter is stored in line with World Health Organisation recommendations 
before being applied to soil [6]. The wastewater treatment plant has been improved to remove 
90% of the P, but, the same effect could have been achieved by prohibiting phosphate-based 
detergents, as the European Union did in 2013. 
 
The nitrogen-deficient greywater sludge contains polluting substances that may accumulate in 
soil. Therefore this sludge is only applied at tree plantations, after a treatment that removes the 
available organics to avoid clogging of soil pores. The urine can safely be applied on agricultural 
soil [6], and it represents the least polluted fertiliser available on the market, and has a well-
balanced nutrient composition [4]. The nutrient loss from well-managed urine is insignificant [7]. 
Likewise, the organic compost is likely to be of good quality and possible to apply on soil for food 
production. The short nutrient loop when using urine and composted organic matter in the garden 
is sustainable, whereas sludge from treated mixed wastewater is more risky and difficult to moni-
tor.  
 
With these few changes of the system, productive use of the P originating from households in-
creases from 19 % to 90 %, while N increases from 6 % to 79 %. This drastic reduction in wastage 
also means that water bodies are saved from nutrient pollution and eutrophication. It is equally 
important to note that these recycled nutrients can replace a significant part of the purchased 
mined chemical fertilizers, as indicated below. 
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3.2 Ways to recover nutrients and reduce mining of P 

The global potential to utilize recovered P from waste streams is considerable. Figure 3 shows the 
fate of P through the three first steps of the ‘extended waste hierarchy’. The mined phosphate rock 
is mainly used to manufacture fertilizers (81%), feed additives (9%), detergents (7%) and food 
additives (3%) [1], [8]. Reducing use of P (Step 1a) is possible for additives (10%) and detergents 
(7%). However, no shift back to more vegetarian diets is suggested, although it could reduce P 
demand considerably. The status attached to meat diets is strong and likely to be difficult to 
change. 
 
A reduction of mineral P fertilizer is a matter for the agricultural sector and not part of efforts to 
recover urban nutrients. We assume initially that there are no losses of P in agriculture. 
 
By not mixing various flows one may create a few flows that are not contaminated by our chemical 
society (Step 1b). Just like polluting industries today have to collect and contain their sewage and 
treat it separately, households could also dispose of its polluted greywater (often containing more 
varied chemical composition than industrial wastewater) in a separate sewer and recover and 
recycle nutrients from a fairly clean blackwater or urine and faecal matter.  
 

1 Food waste reduced to 20%, detergents down to nil, use of additives reduced to 2%  
2 Reuse 90% of all urine, reuse 30% of bio-waste. 
3 Recycle 90% of fecal matter and 70% of bio-waste (compost/biogas) 

  
Figure 3:  Potential to recover phosphorus (P) in the food chain, human excreta, and detergents with the help of the  

extended waste hierarchy. Green areas = recovered P and red areas = losses of P. 

 
P in fertilizers ends up in food one-third of which (27% of all mineral P) is estimated to be wasted 
before eaten [9]. This waste is the only suggested item to be reused in Step 1. A realistic, say, 
40% reduction (11% of all mineral P) is possible to achieve by simple measures in households, 
shops and storage facilities. 
 
The P in eaten food is excreted as urine (2/3) and faeces (1/3), and urine can be captured and 
reused in Step 2 (32% of all mineral P) with only small losses of nutrients. Also, some (5% of all 
mineral P) of the remaining wasted food can be reused as animal feed and compost material.  
 
With a well-designed city infrastructure it is realistic to recover 90% of P in urine and faecal matter 
(or from blackwater). Thus, 16% of all mineral P in faecal matter can be recycled in Step 3. Some 
70% of the remaining food waste can be recycled (8% of all mineral P). Anaerobic digestion and 
composting allow the nutrient-rich digestate and compost to be used as a fertilizer in agriculture.  
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The above measures increase P recovery from a few percentage points to 89%, and losses are 
limited to 11%. The recovered P is enough to replace all mined P used for fertilizer production. 
Recovered P together with soil P and manure is enough to secure food supply. 
 
However, actual P losses in agriculture would lead to a deficit of P. If the loss from mine to harvest 
is 50%, the recovery will go down to half i.e. 36% plus 17% from reduced detergents and food 
additives, in total 53%. The gap of 28% (81% minus 53%) has to be compensated by mined P. 
Other values of losses in agriculture leads to a proportional gap.  

4. Conclusion and outlook 

The two presented methods linking urban and rural areas by returning used P back to agriculture 
are complementary and indicate a great potential to save on mined P. Thus, extraction of nutrient 
resources is deferred by hundreds of years, and so is a transgression of planetary resources 
boundaries.  
The three hierarchical steps applied to non-agricultural waste are likely to increase the recovery of 
P from a few percentage points to some 90 %, all of which are plant-available. This, in turn, would 
save all mined P had there been no losses in agricultural sector. Even if these losses are 50%, the 
mining of P can be reduced by two-thirds. Food security is ensured for the predicted 50% popula-
tion increase during the present century, and in addition sustainable levels of harmful emissions 
from food production, consumption and nutrient waste management are achieved.  
Now is a window of unprecedented opportunity to design urban infrastructure, since houses and 
infrastructure for an additional 5 billion new urban residents in the 21st century have not yet been 
planned [2]. Therefore, necessary changes in infrastructure to achieve the above will require no 
extra resources, just early planning and gradual changes of old houses when these are renovated 
anyway. A win-win situation is imminent, providing both food security and reduced harmful emis-
sions to air, water and soil. 
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1. Objectives 

Based on the observation that around 70% of the EU’s citizens have their home in urban areas [1] 
and that their associated organic material flows lead to resource depletion and environmental 
pollution, a concept is provided that shall support the implementation of sustainable urban cycles 
based on more experimentation and better communication between various stakeholders. 
 
This work is based on the assumption that a lot of technological and organisational solutions for 
organic cycles within cities and between cities and the land are just waiting to be implemented. 
For example, topics like urban farming and green infrastructure were already discussed by 
Leberecht Migge in the 1920s and before [2]. However, a lot of these solutions require the active 
participation of the citizens and some flexibility in legislation. In contrast, today's recycling efforts 
for organic waste in cities focus mainly on central solutions and unified legislation. 
 
The idea is to bring pioneers of local urban cycles and interested citizens together with urban ad-
ministrators and planers, as well as with scientists and regulators in order to start fruitful discus-
sions or to enhance them. To support this, the concept of a transdisciplinary toolbox was devel-
oped and partly implemented. The novelty of this toolbox lies neither in its content nor in the ap-
plied methods, but in their holistic integration. 

2. Methodology 

The toolbox is based on Mediawiki, the software that runs Wikipedia, as well as on Semantic Me-
diawiki (SMW) [3] and some other extensions, which provide databank capabilities. These allow 
the user-friendly input and analysis of structured data. In addition, data can easily be extracted for 
the use with other software. The strength of the toolbox lies in the linkage between the tools. Exist-
ing data from EU and national statistic offices can be combined with single research results and 
citizen observations in a meaningful way. While the current framework was created with an engi-
neering viewpoint, the further development of the adaptive toolbox is based on the needs of its 
future users. 
 
While the flexible management of the content includes several more aspects, the following three 
elements, which are also visualised in Figure 1, provide the basic functionality for the toolbox. 

 Pages contain wiki-text only, although formats and attributes are described with a simple 
markup language. This translates the created content, including linked graphics into the output 
page seen by any visitor. 

 Templates are pages which can be linked from any other page, including from other templates. 
They allow the multiple re-use of specific information, formats or structures in pages, without 
re-writing them again and again. A simple example is the structure of an info-box. The toolbox 
relies heavily on templates to structure and combine data. 

 Forms allow structured data entries and updates. Each field of a form combines the entered 
data with a specific property. A form also links the page or parts of it to a specific template 
which turns the entered data into processable information. 

 
In contrast to traditional databases SMW offers a high transparency because, like in Wikipedia, 
each edit is easy to trace and if necessary to undo. Therefore, a rigorous user management is not 
necessary. The toolbox is based on a very flat hierarchy with only three types of users: 

 Unregistered visitors have access to all information and can potentially export data from the 
wiki, yet unlike in Wikipedia they cannot add or change any data, nor can they register auto-
matically to become a full user. 

 Registered (full) users can add and change data and information on pages which are editable 
by forms. Exceptions are some restricted fields in certain forms, which can only be edited by 
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users with administrator rights. The same applies to non-form pages which are protected. 
While users can move (rename) pages, they cannot delete them. Therefore any page move 
leaves a re-direct from the old page behind, which also makes it easier to undo bad actions. 

 Administrators can edit and delete all pages, including templates and forms. They are also 
responsible to register and eventually to block users if they do not adhere to the toolbox rules 
of conduct. Administrators can be experts in certain fields who evaluate user generated solu-
tions or scenarios, but they can also be wiki developers who implement new features or im-
prove existing ones. 

 
Figure 1: Basic operating principles of Semantic Mediawiki. 

3. Results and discussion 

The partly implemented toolbox is a wiki with databank capabilities based on SMW, which pro-
vides registered users with forms for structured data input and update. This allows the supplement 
of data not available from statistics offices and other central data providers. The geographical 
structure of the tool is based on standards used by Eurostat (NUTS). Basic geo-information capa-
bilities allow quick visual estimates of biomass potentials and their use for specific urban areas or 
whole regions. Local specifics, like city ordinances or implemented solutions can be entered and 
retrieved by local stakeholders or used for the networking between regions. Beside the information 
use at the local and regional level, policy advisors and scientific research could profit from the 
collated data as well. 
 
The toolbox contains currently six tools in different expansion stages. The tools are based on ex-
isting methods to structure and analyse data. Unlike in Wikipedia, any visitor, human or machine, 
can view and extract the collected data. Data is mostly entered via forms, which provide a user-
friendly interface and avoid unstructured data collections. Relevant statistical data is usually im-
ported by administrators, which can use the built-in import functionality for mass data. 
 
Analyses of data are provided via pre-defined queries, which can output the results in various 
formats, like tables, diagrams, or even maps. In addition, also specific export formats are availa-
ble, like csv-tables or xml-files. For specific interests not yet serviced by an existing query, any 
visitor can use the semantic drill-down or the search function, which covers the whole toolbox. 
 
The main relations between the single tools are illustrated in Figure 2. The following subsections 
provide more insight into their details. As the development of the toolbox progresses, certain func-
tionalities will change. Some ideas will become obsolete because they were not relevant for any 
target group. Other ideas may lead to new implementations. This applies not only for specifics 
within a tool, but also for the tools themselves. 
 
 

linked via 
template call, 

added by the form 

adds properties to 
entered values, i.e. 

data structuring 

possible calculation 
of data from this and other 

pages 
+ 

provides category, based on 
wiki-text 

linked via 
page category 

Wiki-text 
 

not seen by 
users 

Page 
 

„output page“ 
 

incl. automatic 
tables and other 
data result for-

mats 

Template 
 

compiles data 
into output 

page 

Form 
 

provides user 
friendly form 
based editing 



TE Sustainable regions   Oral 

 

632 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

Organics: This is mainly a database of organic materials which includes mirrored data from statis-
tic offices and results from literature. Each material got its own page with links to related regula-
tions and official classification systems. In addition, research results can be included to create 
averages and variations for specific material properties. Like in all other tools, provided data has to 
be referenced, so that other users can check and if necessary improve the data quality. 
 
Solutions: This tool is based on the pattern language concept by architect Christopher Alexander 
[4]. It is a way to break up complex tasks into manageable smaller solutions, which are hierarchi-
cally connected with each other. The required data for solutions include results from material and 
energy flow analyses. This includes precise definitions of spatial and temporal system boundaries 
[5]. Monetary information will not be implemented; because the current monetary systems in Eu-
rope are inherently instable [6] and therefore not appropriate to describe the costs of material, 
energy and labour. To account the latter, qualified working hours can be added. 
 
Especially for organisational solutions qualitative descriptions play a vital part, while they also add 
important information to technical solutions. For all entries certain quality standards apply. All data, 
may they be numerical or descriptive, have to be referenced with help of the References tool. 
 
Hard data can be entered with a high flexibility. Depending on the availability of data, a constant 
value, a range of values, a median, or an average can be entered. A fitting unit can be chosen via 
drop-down menu. The conversion of units is done internally by SMW, which allows the further use 
of the values in comparisons of solutions and within scenarios. 
 
Scenarios: With this tool several solutions can be combined to create different scenarios. The 
inputs and outputs of the chosen solutions are added up and are combined with given organic 
material flows based on the selected system (municipality or individual). This tool provides the 
most flexible choices and requires a skilled user to produce a meaningful scenario. While it is cur-
rently not possible to automatically generate graphical overviews from the scenarios data, users 
can add their own illustrations to make their scenarios more comprehensible. 
 
Regulations: Beginning with international and EU-law, any regulation related to organic material 
is hierarchically structured down to municipal ordinances. Together with statistical data on material 
flows and geo-referenced solutions interesting regulations for potential organic material cycles 
could be identified, helping active citizens on site and legislators alike. 
 
References: Unlike in Wikipedia, each reference such as a book, an article, or a presentation has 
its own entry. Such a reference can then be cited at multiple other locations within the toolbox. 
This shall increase the quality of citations and it allows seeing which reference is used where. The 
structure of the references is based on the time-proven BibTeX format [7]. 
 
Existing references can be retrieved with a dynamic table that lists the reference page and four of 
the roughly 24 BibTeX properties: type, title, keyword(s), and author(s). A real time search nar-
rows the listed entries to the ones matching the entered string. In addition, there is also a built-in 
result format that can output all or specifically queried references in a single BibTeX file. 
 
Each reference page offers four tabs. The first lists all reference properties and an abstract, if 
provided. The second contains quotations which can be cited on several pages. This functionality 
is similar to the reference itself. It avoids the repeated entry of the same quote and it shall in-
crease the quality, i.e. the accuracy. The third tab provides the reference in different citation 
styles, including as BibTeX entry. The last tab lists the pages on which the reference is cited. 
 
Geo-Portal: The geo-portal is based on two Eurostat-codes, NUTS for referencing countries and 
subdivisions for statistical purposes and LAU for smaller administrative units like districts and mu-
nicipalities [8]. Each solution, scenario, organic material flow or regulation can be geo-referenced 
and would then show up on built-in map queries. 
 
The pages for each administrative unit can be reached either via structured lists or in some cases 
via a map interface. The map interface is based on the Mediawiki Map Extension and Google 
Maps with page-embedded overlays, which are linked to the respective administrative units. The 
necessary administrative boundaries were retrieved from Eurostat and converted for the toolbox. 
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Figure 2: Interaction between the tools of the toolbox. 

4. Conclusion and outlook 

The developed concept of a transdisciplinary toolbox for urban organic cycles in Europe integrates 
several methods to cope with the complexity of the topic. The partial implementation of the con-
cept, which can be found at www.localorganic.eu is highly flexible and can potentially be adapted 
to any needs of the intended user groups. 
 
A collaborative toolbox with Semantic Mediawiki (SMW) is nothing new. A working example is the 
2009 established Open Energy Information (http://en.openei.org) backed by the US Department of 
Energy. Yet, a toolbox with SMW can potentially much more than record, store, and retrieve non-
linked data collections. It should be possible to create the outlined toolbox that represents the 
complex relations between a multitude of alternative solutions and scenarios for handling organic 
material in European cities. Hopefully, this could support a widespread bottom-up movement of 
experimentation and innovation to turn organic waste flows into local cycles. 

Acknowledgements 

This work is partly based on results from the project FERTIPLUS (Grant Agreement No. 289853), which is co-funded by the 
European Commission, Directorate General for Research & Innovation, within the 7th Framework Programme of RTD, 
Theme 2 -- Biotechnologies, Agriculture & Food. "The views and opinions expressed in this text are purely those of the 
writer and may not in any circumstances be regarded as stating an official position of the European Commission." 

References 

[1] EUROSTAT (2014): Regional Yearbook 2014. Statistical Office of the European Union, ISBN 978-9279389061. 
URL dx.doi.org/10.2785/54659 

[2] Migge, L. (1926): Deutsche Binnen-Kolonisation. Dt. Kommunal-Verlag, Berlin-Friedenau, URL http://goobipr2.uni-
weimar.de/viewer/resolver?urn=urn:nbn:de:gbv:wim2-g-2761890 

[3] Koren, Y. (2012): Working with MediaWiki. WikiWorks Press, CreateSpace, ISBN 978-0615720302, URL 
http://workingwithmediawiki.com/ 

[4] Alexander, C.; Ishikawa, S.; Silverstein, M. (1978): A pattern language: towns, buildings, construction. Oxford Uni-
versity Press, New York, 1978. ISBN 978-0195019193. 

[5] Brunner, P.H.; Rechberger, H. (2004): Practical Handbook of Material Flow Analysis. CRC Press LLC, ISBN 1-
5667-0604-1 

[6] Lietaer, B.; Arnsperger, C.; Goerner, S.; Brunnhuber, S. (2012): Money and Sustainability – The Missing Link, A re-
port from The Club of Rome – EU Chapter. Triarchy Press, Axminster UK, ISBN 978-1-908009-7-77 

[7] Fenn, J. (2006): Managing citations and your bibliography with bibtex. The PracTEX Journal,(4), URL 
http://tutex.tug.org/pracjourn/2006-4/fenn/fenn.pdf 

[8] Schäfer, G. (2013)μ Europa vergleichbar machen− der Weg zu einer kleinräumigen harmonisierten Regionalstatis-
tik. 289-295, In: Flächennutzungsmonitoring V, IÖR Schriften (61), Rhombos Verlag, ISBN 978-3-944101-18-7 

 

Organics 

Data about the 
amount and 

quality of organic 
material can be 

used in solutions 
and scenarios. 

Solutions 

Technical and 
organisational 
approaches to 

handle organics 
link to references 
and regulations. 

Scenarios 

Organics and 
solutions can be 
freely combined 

to illustrate 
alternative 
scenarios. 

Regulations 

Each regulation 
can be linked in 
any page about 
organic material 
or solutions, incl. 

backlinks. 

References 

Each reference 
got its own page 

which can be 
cited in all other 
tools to provide 
transparency. 

In addition to direct tool links, data can also be referenced in the Geo-Portal 



TE Sustainable regions   Oral 

 

634 RAMIRAN 2015 – 16th International Conference 

Rural-Urban Symbiosis, 8th – 10th September 2015, Hamburg, Germany 

 

TE-O_14 Software tool for a global evaluation of different 
manure management systems focused on  
specifics scenarios – MANEV TOOL 

Herrero, E.1; Teresa, M.1; Bescos, B.1; López, M.1 
 

1 Sociedad Aragonesa de Gestión Agroambiental, 500018 Zaragoza, Spain 

eherrero@sarga.es  

 

1. Objectives  

MANEV is a free software tool aimed at the supporting for the election of a manure management 
system that better fits into every agricultural scenario according to the main features involved: 
environment, economy, energy, agronomy, social impact, sanitary guarantees and legal frame-
work. The environmental protection and the sustainability of the agricultural sector enhancing the 
use of treatment technologies in areas with high livestock concentration are the main targets of 
this work.  
 

2. Background  

There is a wide variety of manure treatments available in the market aimed at different handling 
features. Each management strategy has its advantages and disadvantages when considering 
environmental, agronomic, technical, energetic, cost and labour issues [1]. Consequently, before 
investing money, it is of paramount importance to get a support tool that could assist stakeholders 
and farmers on identification, evaluation, and selection of the more suitable option of the manure 
management for a specific area and aim [2].  
Integrated assessment tools should provide awareness in the multiple risks of manure man-
agement and guidance to the farmers into cost-effective practices through the use of efficient 
technologies. Decision support systems are necessary to fill the gap between the scientific 
knowledge, technological market and practices of the livestock breeding sector.  Economic and 
market policies and regulations of manure management present boundary conditions which 
determine whether a given technology is attractive to the farmer or not [3]. 
 

3. Methodology  

The MANEV tool was developed within the framework of the LIFE+ MANEV project. The technical 
knowledge and experience of the project partners, coming from 8 different European regions with 
a strong livestock industry in 4 different countries, was crucial in the definition of the goal and 
scope of the tool and in the design of the simulation algorithms. 
 
There are 25 different technologies included in the software based on separation techniques, en-
ergy production, valuable end-products, nutrient recovery and/or removal and tertiary treatments 
for pre-treated effluents. Additionally, more than 80 different predefined management systems 
have been designed combining these technologies and covering a wide range of management 
strategy approaches, technological complexity levels and investment and operating costs. 
 
In order to draw the tool to the wide range of potential users in the agricultural sector, two different 
types of use were established: a help assistant and an advanced mode. 
 
The programming language used was C# in a .NET environment. Comparable results are ob-
tained in all Europe using for the calculations European databases and information from official 
organisms and public administrations classified by country, as well as scientific papers. 
 
The MANEV tool was validated with the data obtained from the monitoring of 13 large scale treat-
ment plants across Europe. A specific common protocol was designed to obtain comparable re-
sults in the evaluations using the same criteria, indicators and parameters included in the tool.  
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4. Results and discussion  

4.1. General guidelines of use  

The MANEV tool is available on the web page www.lifemanev.eu in English, Spanish, Italian, 
Polish, French and German (figure 1). 
 

 
 

Figure 1:  Home of the MANEV tool 
 
Each user has a personal account with a database created with the information of his farms, plots 
and location. All these units can be saved and edited and are the starting point for the creation of 
projects in which different technological solutions are assessed in specific scenarios previously 
defined (figure 2).  

 
Figure 2:  Evaluation scheme of a project. 

 
 
The MANEV tool is targeted at the main stakeholders involved in the manure management: farm-
ers, technicians, public administrations and private companies of the agricultural sector. 
The software offers two working options:  
 
Guided user: There is a help assistant aimed at stakeholders with less technical knowledge in 
treatment technologies. This functionality orientates the user towards the management systems 
that better fit into his scenario and requirements. To address this target, the user should answer a 
questionnaire in which he will choose the management strategy, the technological complexity and 
the economic burdens he can afford. Finally, bearing in mind these features, the tool will show a 
list of predefined and closed management systems that fulfil with the requirements. The land 
spreading will be the key strategy and the recommended practice in those cases where possible. 

http://www.lifemanev.eu/
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Advanced user: A user with a deeper technical knowledge in treatment technologies will be able 
to combine different technologies and build up a specific management system. Only the value of 
some parameters in the input composition, depending on the treatment, will restrict the combina-
tions. These limits can be modified by the user. Additionally, the advanced user, based on his 
expertise, is able to change the value of some of the operational parameters involved in the calcu-
lations.  
In this case no management strategy is prioritized and it can be evaluated a whole management 
system or just a treatment unit standing alone (table 1). 
 
 
Table 1: Treatment units available in the software tool. 

Treatment units 

 
    

Mixture Separation 
Centrifugation 

Separation 
Chemical settling 

Composting 
Intensive windrow Stripping 

Storage 
Separation 

Chemical centrifuga-
tion 

Separation 
Pressing 

Composting 
Passive windrow 

Filtration + 
Reverse Osmosis 

Acidification Separation 
Screening 

Separation 
Chemical pressing 

Composting 
Static pile Land spreading 

Transport Separation 
Chemical screening NDN Evaporation Exportation 

Anaerobic digestion Separation 
Settling SBR Thermal drying Phytodepuration 

 
In addition, more than one project can be compared bearing in mind: environment, economy and 
energy balances, agronomy and social concerns and sanitary and legal protection. The result of 
this comparative assessment will support the user deciding which option could better address the 
local necessities. 

4.2. Challenges  

The development of this tool has addressed the following challenges: 
 
 Developing a decision supporting tool based on the use of treatment technologies which is an 

ever-changing environment. Therefore, the software has to be modular, flexible, easily updated 
and progress in parallel to the development and appearance of new technologies in the mar-
ket. 
It is crucial to establish an on-going process of improvement and a continuous supervision of 
the tool use in order to identify its weaknesses and comply with the user demands. 

 The obtaining of sound and efficient results locally within a European framework. The assess-
ment requires trade-offs and the key is balancing accuracy and relevance of the results ob-
tained. Therefore, the data gathered in the final report generated after the evaluation of every 
management system should be well-interpreted. The MANEV tool is meant for guidance and 
leads the user to the management option that better meets his necessities in comparison to 
other options, but absolute values should be cautiously understood. Some of the calculations, 
especially those related to economic data are strongly influenced by several external and local 
circumstances that cannot be gathered at European level. This constraint is due to his wide 
geographical approach. 

 The on-line tool available through the project website makes easier the access for the users 
and speed up its dissemination but also makes crucial the agility of the calculations.  

 The obtaining of external data directly from open databases on line allows the use of data up-
dated instantly but may multiply exponentially the number of processing steps to carry out eve-
ry calculation. The programming work must be carefully planned in order to save as many un-
necessary steps as possible in the calculations delaying the processing time. 
 
 

 The environment of the software should be friendly and easy to use. A huge load of data is 
required to the user, therefore the program must be clear and have an attractive and simple 
design in order to prevent the lost of interest of the users. Therefore, practical functionalities 
such as geo-location using maps and default values are provided to the user to speed up the 
processing.  
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5. Conclusion and outlook  

MANEV is a sound and consistent web tool that unifies the knowledge and experience of the dif-
ferent treatment technologies and the criteria used for their evaluation focused on the environmen-
tal protection and the sustainability of the livestock sector in Europe. 
 
The software fits into the user's expertise in the field of treatment technologies and manage-
ment systems and responds to two basic needs in the choice of a management scheme: obtain-
ing a general view of the suitable techniques under a specific scenario and the assessment 
from a global point of view of specific treatment process lines combining different technologies. 
 
The MANEV showcases all the research work and experience acquired during last years in the 
use of different technological solution in all Europe and make easier the access to all this infor-
mation to the final users. This work intends to provide a helping tool to all the stakeholders en-
compassing from policy makers to local farmers and lay the cornerstone for the foundation of a 
good practice learning showing the weaknesses and strengths of different management sys-
tems from a global point of view.   
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1. Objectives 

In recent years, as a consequence of the national financial crisis, several municipalities had to 
abate their management costs. Among these costs, significant budget reductions involves the 
conservation and maintaining of green spaces. According to Italian regulation green cuttings from 
urban areas is currently disposed of as a waste. Nevertheless, such biomass might be valorized 
as feedstock for anaerobic digestion plants. The objective of this study was to assess the yearly 
availability of green cuttings biomass in the Turin (Italy) Municipality and its suitability for biogas 
production as a way to increase Municipality’s revenue. 

2. Methodology 

The green areas of Turin were quantified according to the data provided by the Municipality and 
classified into five categories: i) public gardens, ii) parks, iii) sport fields, iv) public buildings, and v) 
traffic islands. The amount of green biomass produced by each category was afterwards calculat-
ed  according to the adopted management technique (e.g. fertilization, irrigation, cut frequency) 
and considering the information provided by the municipality. Samples of green cuts coming from 
a major urban park (surface area of about 80 ha, grass cutting 4-6 times per year between April 
and November according to climate conditions) were collected in September, just after 4th cutting, 
and analyzed for their biochemical methane potential (BMP). The BMP was measured at meso-
philic (40°C) conditions according to VDI 4630 (2006) [1] methodology. In detail, 2 L batch reac-
tors connected to tedlar gas bags (1, 3 L capacity) for biogas collection were used. Batch trials 
lasted 60 days. The biogas volume was collected daily into the gas bags and measured using a 
volume meter (Drum-type Gas Meter, Ritter). The methane concentration was measured by a 
Draeger XAM 7000 gas analyzer. Biogas and methane yields were normalized at 0°C and 1013 
kPa. At the beginning of the test the biomass samples were analyzed for their dry matter (DM), 
volatile solids (VS), hemicellulose (H-CEL), cellulose (CEL), and lignin (ADL) content, according to 
standard procedures [2, 3]. Grass species present in the tested biomass samples were also identi-
fied and recorded.  

3. Results and discussion 

The City of Turin has approximately 2,100 ha of urban green areas (23 m2 per habitant). About 
80% of these surfaces are represented by public parks and gardens, whereas the remaining 20% 
by green areas belonging to public buildings, sport fields and traffic islands (Figure 1).  

 
Figure 1: Average composition of Turin urban green areas. 
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Currently, about 1,600 ha of these surfaces (roughly equivalent to 80% of total urban green area) 
is being regularly cut. The number of grass cuttings per year are defined according to the use of 
urban green areas. In particular, parks and gardens grasses are cut on average 4-6 times per 
year (Figure 2). Naturalized areas (forests, river banks, etc.), however, are subjected to less 
maintenance. Only 5% (100 ha) of green spaces are cut 10-12 times a year or more. The latter 
are represented by public gardens, flower beds and portions of parks of particular interest. They 
are generally fertilized and irrigated. About 75% of green cuttings biomass is currently destined to 
landfill, whilst the remaining 25% is mixed with other municipal organic wastes (e.g., pruning resi-
dues) and used for compost production. According to the information provided by the municipality, 
the average disposal cost for such biomass is equal to approximately 30 €/t. 
 

 
 

Figure 2. Frequency of grass cutting number per year in green urban areas in Turin 

 
In areas where a lower number of cuts (about 4-6 per year) are practiced, biomass is commonly 
cut when it reaches the phenological stage of flowering or ripening, with vegetation height of about 
20-30 cm. In the latter areas the calculated production of biomass was of 6 t DM per hectare and 
year (Table 1). In areas on which a greater number of cuttings occur (over 12 per year), grassland 
generally presents at the time of cutting a height of 3-5 cm. On these surfaces, the annual produc-
tion of biomass resulted of about 8 t DM per hectare. Based on these data the potential biomass 
from the urban green areas of the city of Turin, that might be used for biogas production was esti-
mated to be approximately 10,000 tDM per year (average 6.10t DM/ha) (Table 1).  
 
Table 1: Evaluation of biomass production from grass cutting in city of Turin.  

n° of cuttings/year 
Surface Biomass production Total biomass production 

(ha) (tDM/ha) (tDM) 

4-6 408 6 2450 

6-8 735 6 4410 

8-10 372 6 2232 

10-12 39 8 312 

>12 46 8 368 

Total 1600 
 

9770 

In Table 2 are listed the characteristics of the biomass samples collected to estimates the potential 
biogas yields obtainable from grass cuttings of the urban green areas of the city of Turin.  

Table 2: Species composition, average characteristics and specific methane yield (n=3) of the tested biomass samples  
Species composition 

(%) 

DM  

(%) 

VS  

(%) 

H-CEL 

(%DM) 

CEL 

(%DM) 

ADL 

(%DM) 

Specific methane 

yield (m3
N/tVS) 

- Cynodon dactylon (35%) 
- Lolium perenne (25%) 
- Poa pratensis (15%) 
- Trifolium repens (10%) 
- Festuca rubra (10%) 
- Plantago major (5%) 

22.0 20.2 22.5 29.0 3.5 240.1 

 

26% 

46% 

23% 

2% 3% 

4-6

6-8

8-10

10-12

>12
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The floristic composition of the samples mainly consisted of graminaceous species (Cynodon 
dactylon (L.) Pers., Lolium perenne L., Poa pratensis L., Festuca rubra L.), while only a small per-
centage (10%) were legumes (Trifolium repens L.).  
According to the information provided by the municipality, the public gardens are generally seeded 
with graminaceous species because they are best suited to trampling and make the turf homoge-
neous. On average, the concentration of DM in the biomass samples resulted 22%, whereas the 
VS and DM ratio was higher than 0.90. Fibers (H-CEL, CEL and lignin) accounted for more than 
50% of the DM. However lignin, which is not degradable under anaerobic conditions and may 
prevent microbial access to hemicelluloses and celluloses [4], resulted lower than 4% of the DM. 
Total methane yield recorded during the anaerobic digestion batch trial ranged from 221.1 and 
266.8 m3N/tVS (average 240.1 m3N/tVS) (Table 2). Average methane concentration in biogas 
was 50%. These figures are comparable to those (155-298 m3N/tVS) reported by [5] for land-
scape management grass. A study [6] carried out in Denmark reported methane yields from road-
side grass ranging from 220 and 390 m3N/tVS. However, biomass yield and energy potentials of 
grasslands is strongly affected by growing conditions, floristic composition, cutting height and fre-
quency, level of irrigation and fertilization [7, 8]. In addition, the substrate-specific biogas produc-
tion was found to be reduced with growing age of vegetation due to increasing contents of struc-
tural carbohydrates (such as lignin) that is not easily available for anaerobic degradation [5]. 

4. Conclusion and outlook 

The study results suggests that grass clippings coming from the maintenance of urban parks 
could be collected and used to produce biogas instead of being disposed. In this way, the com-
munity reduces its landfill disposal costs (by approximately 1.6Mio € per year in the case of the 
city of Turin) and, at the same time, contributes to protect the environment by replacing fossil fuels 
with renewable energy. Specifically, according to the study results, by the anaerobic digestion of 
the whole biomass derived from the green urban areas  of the city of Turin, it would be possible to 
produce approximately 2100x103 m3N of methane per year. This amount of biogas could be used 
to produce 9.0GWh of thermic energy and 8.5GWh of electric energy. Considering the current 
Italian incentives, by selling the whole amount of produced electric energy, the average revenue 
for the Municipality would be of approximately 1,6Mio € per year. This income would cover the 
10% of the total annual cost for the municipal green areas management. Nevertheless, it must be 
pointed out that currently some operative limits to the use of grass clippings as feedstock have to 
be overcome. Their seasonal availability, concentrated in summer and spring, requires reliable 
storage techniques (e.g. silaging) to make grass clippings available also in autumn and winter 
conditions. Other biomasses from public green areas might be used as feedstock for A.D. plants: 
e.g. fallen leaves are known [9] to yield up to 240m3 CH4 t-1 VS and, thus, might contribute to 
widen the range of collectable biomasses from urban green areas. Nevertheless, these types of 
biomass can be contaminated by inorganic pollutants (e.g., heavy metals, plastics, cans, broken 
glass, metal fractions) that should be properly removed prior to anaerobic digestion. Further re-
search is needed to evaluate i) the concentration of inorganic pollutants (with special regards to 
heavy metals) in the grass clippings and, ii) if a positive net energy production can be obtained 
when specific equipment are used to remove contaminants and/or undesirable coarse material. 
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1. Introduction 

The population of the Kyrgyz Republic remains largely rural with 64 % of its population residing in 
rural areas. Rural inhabitants face many problems in daily life: lack of safe sanitation, WASH re-
lated diseases, energy poverty (lack of heating, light and fuel) and low nutritional status. The pro-
ject Home Comfort, which gained support from the EU, has created local capacity for improved 
rural living standards through addressing the nexus of energy and sanitation with the innovative 
technologies: urine diverting dry toilets (UDDT), solar water heaters (SWH), energy efficient 
stoves (EES) in Issyk Kul and Naryn oblasts in Kyrgyzstan.  
Alongside with capacity building and awareness raising, a number of objects demonstrating the 
innovative technologies have been implemented in demonstration centres, in resource centres, in 
vulnerable households (project funding) as well as replications in public places and households 
(co-funding or by own financial means), see figure 1. 

Figure 1: Number of technologies constructed during project duration of 2 years. 

2. Methodology 

The feasibility of the innovative “nexus” technologies was analysed based on a baseline and a 
final survey among 407 villagers (161 women and 246 men) of the target villages.  
For this paper, additional sources of information were used, which included informal interviews, 
monitoring the results of objects constructed in the context of the project, and reviewing guest 
books at 8 demonstration centres in the project area. Data for the cost-benefit assessment were 
gathered from project managers, a couple of villagers and prices in local markets. Also results of 
previous projects in the area were used. 

3. Description of the innovative “nexus” technologies 

Energy efficient stoves (EES): burn fuel more efficiently (1/3 of fuel is needed than for a conven-
tional stove) and produce less ash and less smoke than conventional ovens due to better combus-
tion efficiency. The energy efficient stoves can heat a house with any kind of fuels, such as coal, 
dried dung and wood. The cost occurred to install a stove for cooking was in 2011 ca. €150, and 
€207 for a stove for cooking and heating. 
Solar water heaters (SWH), also called solar collectors, use the energy from the sun for water 
heating and work without electricity supply. They provide hot water for: showers, kitchen use, 
laundry and home heating (depending on the size). Households using solar collectors have no 
extra fuel consumption for warm water heating and save money, which they would otherwise have 
spent on fuel. The price to install a standard SWH with a 200 l tank was €2λ3 in 2011. 
Ecosan or Urine diverting dry toilets (UDDT), also called ecosan toilet, can be implemented inside 
the house or attached to the house. The ecosan toilet does not need water for flushing, it does not 
smell, nor does it attract flies. Urine diverting toilets do not mix urine and faeces by using a sepa-
rating toilet seat. Urine is collected and stored in a reservoir. Faeces, which are collected under-
neath the toilet, must be directly covered by dry materials such as sawdust, soil, ashes, or a mix-
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ture of those. The toilet products, urine and faecal compost, can be used as organic fertilisers. The 
price for a standard UDDT is €428.  

4. Results of the assessment of costs and benefits of the technologies 

In this chapter, the financial costs and benefits of the technologies (UDDT, EES and SWH) at the 
household level are analysed and compared to the traditional technologies, which consist of sim-
ple pit latrines or ventilated improved pit latrines (VIP) for sanitation, conventional stoves for heat-
ing and cooking, public or private banya for warm water body washing. 
 
Quantitative assessment 
The quantitative assessment uses a time period of 10 years with an annual discount rate of 10%. 
Soft indicators like health, comfort and time saved are not included in the analysis because figures 
are very subjective, but they are nevertheless considered in section 5.2. The calculations are 
based on the assumption that the households have to replace their toilet, stove or bathing facility 
or that a new house is being constructed. 
In the graph, it can be seen that a UDDT is cheaper than a VIP latrine after 4 years. Because the 
pit latrine has to be replaced, the cash saved on relocation by using UDDT accumulates over the 
years, while the fertilizer (urine and faecal compost) adds to its financial benefit. 

 
Figure 2: Cumulative and discounted costs of the sanitation technologies. 

 
The EES has an investment costs of €207 in case of a standard stove for heating and cooking 
and €150 for a simple stove only for cooking. A conventional stove costs €256. The EES uses 
40% less inputs in the form of coal, wood and dried cow dung (kyzyak) to operate. According to 
the survey, people spend an average of €300 on these combustibles using traditional stoves, 
resulting in an annual saving of €120. In our model, we assume that after 5 years, the EES 
needs to be repaired for €80. 

 
Figure 3: Cumulative and discounted costs of the stove technologies. 

 
The SWH has an investment costs of €2λ3. After 5 years, the SWH needs maintenance for an 
estimated cost of €77. Additionally, €177 is needed to build a shower. The SWH saves €36 in 
fuels and electricity costs from water heating (calculated according to the insulation in Kyrgyz-
stan, the efficiency of solar collector and local energy prices). The banya is an individual sauna 
which provides also hot water and is used for showering in the households in rural Kyrgyzstan. 
The construction of a new banya cost €565, and after 5 years, maintenance at the cost of €40 is 
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needed. The cost for running the banya is approximately €150 per year assuming that the 
householders use the banya every week. Some people choose to go to a public banya where 
they pay approximately €250 per year.   
A banya is far more expensive than a shower. Over a period of 10 years using the latter instead 
of the former can allow households to save up to €1400. A solar water heater saves €273 over 
10 years compared to an electrical boiler, which cuts the costs of personal hygiene by half.  

 
Figure 4: Cumulative and discounted costs of warm water solutions. 

 
Qualitative assessment 
The soft indicators play a crucial role for householders when it comes to deciding whether to 
invest or not. The technologies improve the living conditions in a way that rural families can 
enjoy a level of comfort similar to  their urban counterparts. Especially women and girls benefit 
from the technologies in their daily life, see also table below.  
 
Table 1: Qualitative Benefits and Disadvantages. 

 Benefits Disadvantages 

EES More comfort; time-saving; energy-saving;  
More rooms can be heated; 
Improved health, better air quality in the house; 
There are options to integrate house heating; 
It stays warm for a long time; 

Must be built by a master to ensure 
the quality  
 

UDDT Increased comfort and hygiene: no bad smell 
clean, can be built inside; 
Improved health and nutrition; 
Relatively simple explanations; can be built and 
repaired with locally available materials; 
No water source required; UDDT does not re-
quire water;  
Multiple designs possible; can be used by chil-
dren. 

Adequate training is needed; 
Maintenance required (cleaning, 
emptying urine tank at least 4 times 
a year and the faecal chamber 
every second year). 

SWH Availability of hot water;  
Time-saving;  
Basic principles easy to understand;  
Flexible placement opportunities.  

Must be built by a master to ensure 
the quality 
Lower efficiency in the winter; 
Problems with freezing prevention; 
Risk of construction mistakes. 

5. Conclusions 

The three technologies EES, SWH and UDDT are “nexus” technologies to improve the living con-
ditions in villages of the oblasts: Issyk Kul and Naryn. They can contribute to improve health, cre-
ate opportunities to save resource and increase the level of income in families. The technologies 
are much appreciated by the villagers, and more specifically by women, whose empowerment is a 
crucial component of development. The decision to buy an innovative technology for household-
ers is perceived as a risk. For people living in poverty, the costs of the technologies are relatively 
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high, and the investment often represents several months of income for the family. This study 
however proved that villagers who are challenged by current problems in their daily routine are 
ready to take risks to improve their comfort and security. This is confirmed by many self-financed 
replications of the technologies during the project.  
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1. Objectives 

The overall objective of the study was to evaluate the application of terra preta sanitation [1, 2] 
system in a case study settlement in Arba Minch, Ethiopia. Terra preta sanitation is a recent de-
velopment under resources-oriented sanitation approach and there was no fully developed com-
munity level system embracing the whole concept. The first specific objective of the study was to 
assess the potential of the sanitation system implementation on recovering nutrients and organic 
matter contained in human waste for reuse in agriculture. Secondly, the study aims at evaluating 
the potential of the sanitation system to provide low-cost sanitation alternative in the case study 
area compared to other conventional sanitation systems.  
 
Terra preta sanitation (TPS) system was planned for the case study settlement based on results 
of experimental study [2], field data and information from literature. Based on the established sys-
tem components and boundary conditions material flow analysis was conducted to evaluate the 
nutrient and organic matter flows through the different processes. Simplified economic evaluation 
was carried out based on lifecycle cost analysis of the sanitation system considering the estima-
tion of capital investment, and operation and maintenance costs of the different sanitation system 
components as well as revenues from final treated sanitation products.  
 

2. Case study description and methodology 

 
The case study area is a settelement located in Arba Minch town, Ethiopia. 1250 households live 
in the settelement with average family size of five. The settelement is characterized by poor sani-
tation coverage with about 80% of the households using pit latrine as sanitation facility and 20% of 
the households without any kind of sanitation facility. 
The planned TPS system consists of two pathways for treatment and processing human excreta 
collected in terra preta sanitation toilet. The first pathway applies vermicomposting [3] as a method 
for further treatment and stabilization of collected toilet waste in combination with other organic 
materials and biochar to produce nutrient and organic matter rich soil amending material which 
was considered to be utilized in local agriculture. This system is referred as terra preta sanitation 
(TPS) system. The second pathway applies anaerobic digestion with subsequent vermicompost-
ing of digested slurry for further treatment and stabilization of collected toilet waste with other or-
ganic materials, and it is referred as terra preta sanitation with anaerobic digestion (TPSAD) sys-
tem. The scheme for the application of TPS system is shown in the figure 1. 
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Figure 1: Scheme of TPS system application. 
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The components of the TPS system consist of:  
 

 Facilities at the households which include TPS toilet which operates applying lactic acid 
fermentation process, urinal, urine collection container and wood gas cook stoves;  

 Collection and transport system which include vacuum and dump trucks, mini-vacuum 
tankers, temporary storage tanks at transfer stations, and operating personnel;  

 Further processing facility which include vermicomposting plant, lactic acid fermentation 
and urine storage tanks, temporary waste collection system, warehouse, site office and 
operating personnel; and 

 Utilization of the final treated sanitation products in local agriculture. 
 

TPSAD system is a modification of TPS system where the substrate collected in TPS toilets was 
considered to be digested in anaerobic digesters, combined with livestock manure and market 
organic waste, and the produced biogas energy is considered to be utilized by the local house-
holds. The digested slurry is further processed by applying vermicomposting, combined with bio-
char and other organic materials, to produce soil conditioner for agricultural application. The sani-
tation facility at the households and the scheme for collection and transport of filled toilet contents 
were considered similar to that of the TPS system.  
 
The daily per capita production of faecal matter and urine at Arba Minch is 0.3 kg and 1.1 L, re-
spectively. It was assumed that 80% of the urine and 100% of the faecal matter are collected at 
the households with 75% of the urine considered to be collected separately in urine collection 
container connected to urinals and the remaining urine is collected in TPS toilet mixed with faecal 
matter. The average household organic biowaste generation at Arba Minch is 600 g/d, and it was 
considered that all the organic biowaste is added to the TPS toilet to cover part of the sugar de-
mand for lactic acid fermentation process. Addition of biochar during vermicomposting process is 
an integral part of the TPS system as biochar is considered to enhance the long-term effect of the 
produced soil amending material in terms of improving soil property for sustainable agriculture [2]. 
To meet this biochar demand wood gas cook stoves were planned to be used by the households 
and part of the agricultural waste from the local agriculture was considered to be carbonized. 
 
Continuous vertical flow-through vermicomposting reactor was considered for further processing 
of the excreta collected in terra preta sanitation toilet. In vertical flow-through system organic ma-
terial is fed to the reactor from the top in thin layers and the earthworms process the waste and 
move to the upper layer leaving the processed waste to pass through the base of the reactor. For 
the TPSAD system fixed dome anaerobic digester was considered due to its relatively lower con-
struction cost and the good experience in Ethiopia for construction and operation.  
 
Material flow analysis of the sanitation systems was conducted using STAN software. Economic 
evaluation was performed by determining the total annual cost of the sanitation systems which is 
the sum of the total annualized capital investment costs and the total annual operation and 
maintenance costs of the sanitation system components, and comparing it with annual revenues 
from the final sanitation products. The benefits considered for the cost evaluation include reve-
nues in terms of monetary values of vermicompost, urine fertilizer and biogas energy. Initial capital 
investment costs were converted to annualized present values based on the life spans for the 
different components of the sanitation systems and the interest rate according to equation 1:  
 = . ++ −                                                                      Eq. 1                                

Where,  
APV: annualized present value of investment cost [ETB y-1], (ETB – Ethiopian Birr) 
I: investment cost [ETB y-1] 
r: interest rate [-] 
n: life span of different components of the sanitation systems [y] 
 
5% interest rate was used for the calculations of APV based on the current value used by Com-
mercial Bank of Ethiopia. The life span of the various components of the sanitation systems was 
assumed considering the material and the function of the component. Life span of 50 year was 
assumed for structural components made of concrete, 20 year for TPS toilet and 15 year for me-
chanical parts like vehicles and waste mixers [2].   
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3. Results and discussion 

3.1 Material flow analysis  

Organic matter and macro nutrients: nitrogen, phosphorous and potassium, recovery potential of 
the sanitation systems was evaluated taking into account transfer coefficients for transformations 
occurring through the different sanitation system components. The parameters used for the esti-
mation of nutrient and organic matter flows are detailed in [2]. The annual quantities of nutrients 
and organic matter that can be potentially recovered by the application of TPS system in the case 
study area following the two pathways for further treatment and processing are shown in figure 2.  
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Figure 2: Annual nutrient and organic matter recovery potential of the sanitation systems. OM – organic matter, TK – total 

potassium, TN – total nitrogen, TP – total phosphorous.  

Considerable potential was observed for recovering organic matter and nutrients by the implemen-
tation of the sanitation systems. 44.4 and 43.9 tons/y of nitrogen can be recovered for TPS and 
TPSAD systems, respectively. TPS system can recover 408 tons of organic matter which is more 
than that of the TPSAD which can recover 314 tons of organic matter. High efficiency of nitrogen 
and organic matter recovery is associated with the conservation effect of the lactic acid fermenta-
tion process [2] which was considered to be applied as human waste collection method in terra 
preta sanitation toilet and also the efficiency of vermicomposting process in conserving the nutri-
ents available in the organic waste mixture. Lower quantity of organic matter from TPSAD system 
is due to the transformation of organic matter to biogas in anaerobic digesters. 

Utilization of the final sanitation products in local agriculture:  Considering the fertilizer appli-
cation rate at the local state farm consisting of 820 hectare agricultural area and taking into ac-
count the nitrogen and phosphorus composition of the mineral fertilizers used, it was estimated 
that the nitrogen recovered can cover 100% of the fertilizer demand and the phosphorous recov-
ered can cover 39% of the fertilizer demand of the state farm.  
Utilization of biogas energy by the households: Assuming that a lamp consumes 0.11 to 0.15 
m3 of biogas per hour and operates 5 to 7 hours per day, the total biogas produced from anaero-
bic digesters will supply lighting to about 70% of the households using one lamp. Alternatively, 
considering per capita firewood and charcoal consumption of 120 kg/y at Arba Minch and the en-
ergy equivalence of 1 kg firewood and 1 kg charcoal to be 0.2 m3 and 0.5 m3 of biogas, respec-
tively, the biogas produced can replace firewood and charcoal energy for the whole settlement 
area (assuming firewood and charcoal contribute to 75% and 25% of the household energy). 

3.2 Economic Evaluation   

Considering the capital investment as well as the operation and maintenance costs of the sanita-
tion system components, the annual per capita cost of the sanitation systems was estimated to be 
534 Ethiopian Birr (ETB) and 597 ETB for TPS and TPSAD systems, respectively. Compared to 
the cost of sewerage based system and septic tank system which have average per capita annual 
cost of 1,085 ETB and 769 ETB, respectively (based on data from the year 2004), the TPS sys-
tems offer low-cost alternative. Moreover, TPS systems produce high quality soil conditioner and 
fertilizer as well as biogas energy, therefore the revenue from the final sanitation products has to 
be included in the economic evaluation. In the study the revenues from the final sanitation prod-
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ucts were estimated on the basis of market price of a similar product, i.e. price of organic compost, 
mineral fertilizer, electricity or firewood were used as a basis for assuming the value of vermicom-
post, urine fertilizer and biogas energy, respectively. Benefit to cost ratio was determined consid-
ering the values of the final sanitation products to evaluate the net annual cost of the sanitation 
systems which is shown in figure 3.  
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Figure 3: Benefit-cost ratio of the sanitation systems. 

 
Both TPS and TPSAD systems generate net benefit as indicated by benefit to cost ratio of greater 
than 1. The revenue generated from biogas energy in the TPSAD system paid the cost of biogas 
digester system and created net benefit. It is further observed that the net cost of the sanitation 
systems is strongly affected by the assumed price of vermicompost.    

4. Conclusion and outlook 

The findings of the study suggest that the terra preta sanitation system enables the provision of 
economically self-sustaining sanitation service boosting local agricultural production through utili-
zation of safely treated final sanitation products. Moreover, the integration of anaerobic digestion 
in terra preta sanitation as intermediate step between collection and further processing by ver-
micomposting was found to have overall economic advantage although the amount of organic 
material recovered for application of soil improvement was reduced by its conversion to biogas.   
 
For an effective application of the terra preta sanitation system there must be parallel activities 
to create awareness in the society and to disseminate knowledge regarding benefits of recycling 
resources after appropriate treatment of human waste. Policies and regulations allowing safe 
recycling of resources from human waste should be promoted and activities for recycling should 
be supported by local authorities to develop market for the final sanitation products. Moreover, 
in order to avoid any health risk associated with recycling of nutrients in human excreta it is 
recommended to use the vermicompost first as fertilizer and soil conditioner for production of 
non-editable agricultural crops like cotton, moringa, fiber and biomass crops. The land can then 
be used for sustainable food production at later years.  
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1. Objective 

The use of recovered paper in paper production has increased steadily and has established itself 
as an important resource in many countries [1]. With 500 sheets of recycled paper about 79.4 Liter 
of water, 16.3 kWh of energy and 7.5kg of wood is saved when compared to paper produced from 
fresh pulp [2]. However, recycling operations produce large amounts of different wastewater 
streams among which is the deinking sludge (DS). According to Blanco et al. (2008), it represents 
70% of waste produced by the European pulp and paper industry [3]. With the stringent European 
legislation on landfilling and the requirement of complementary fuel source for the incineration of 
such low calorific value sludges, the industry is faced with the challenge of finding a more ecologi-
cal and economical approach of managing the produced DS. DS contains mainly water but also 
substantial amount of organic fiber fines as well as inorganic compounds. The objective of this 
study is therefore to investigate the application of DS as a substrate for the production biogas as 
an optimization approach for the waste paper recycling industries.  

2. Methodology 

2.1 Experimental set up 

DSs from different sampling days, taken for a period of about 1.5 years, were provided from a 
waste paper recycling company in Northern Germany. DS was sampled after a predewatering 
step. DS was tested as a substrate for anaerobic digestion under mesophilic conditions in two 
different test systems.  
 

 Firstly, a batch test comprising of 15 one-L Duran glass bottles immersed in a tempera-
ture controlled water bath was carried out following the guidelines of [4]. Biogas volumes 
were measured by displacement method using Eudiometers [5]. The investigated DS was 
sampled in April 2014 (sample number: S2W70_14.04.24). Three different Inocula col-
lected from different operational anaerobic treatment plants were compared in the batch 
experiments. The first inoculum was taken from an anaerobic digestion plant that utilizes 
energy crops, manure and some commercial biowastes (Herling Group) and the others 
from conventional wastewater treatment plants (WWTP Köhlbrandhöft, WWTP Seevetal). 
They are described hereafter as Inoculum 1, Inoculum 2 and Inoculum 3 respectively. 
Cellulose was used as control substrate. The substrate to Inoculum organic dry mater 
(oDM) ratio was 0.5 for all the tests with DS and 0.13, 0.5 and 0.39 respectively for the 
tests with cellulose (control). The batch test did run for 22 days. 

 Secondly, semi-continuous experiments using a test system comprising of three continu-
ous stirred 10-L tank reactors (CSTR) made of polyvinyl chloride (PVC) were carried out. 
The reactors were immersed in a temperature controlled water bath. Stirrer velocity was 
set at about 70 rpm. The biogas volumes were continuously measured using millli-
gascounters (MGC-1 PMMA, Dr.-Ing. Ritter Apparatebau GmbH & Co.KG). The gases 
were collected in aluminum bags for further analyses. The feeding of DS and removal of 
digestate from the CSTRs was done with a peristaltic pump. DSs from three different 
sampling days were step-wisely used (sample Numbers: S2W70_14.11.19; 
S2W70_14.18; S2W70_15.03.11). For the semi-continuous experiments inocula com-
prised digestates from preliminary semi-continuous tests (inoculum 4 and 5) and a diges-
tate from a wastewater treatment plant (WWTP Seevetal; Inoculum 6). Since earlier in-
vestigation showed a deficiency in trace elements (TEs) compared to needed values giv-
en in [5], the influence of cobalt-Co, Molybdenum-Mo and Selenium-Se addition was in-
vestigated. A TE mixture containing Co-, Mo- and Se- solutions was prepared as follows: 
82.5 vol. % Co-solution (CoCl2.6H2O), 9.7 vol. % Mo-solution ((NH4)6Mo7O24.4H2OO)), 7.8 
vol. % Se–solution (Na2SeO4). 
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 The semi-continuous experiments were started with three different inocula as follows: Re-
actor 1 with 79.5 vol.% inoculum 6 and 20.5 vol.% Inoculum 4; Reactor 2 with 79.5 vol. % 
inoculum 6 and 20.5 vol. % inoculum 5 ; Reactor 3 with 100 vol. % inoculum 6 to provide 
different types of  microorganisms. The initial substrate to inoculum fresh mass ratio was 
0.17 for Reactor 1 and 2 and 0.21 for Reactor 3. The experiments were operated in five 
phases depending on the subsequent feeding pattern as shown in Table 1. The feeding of 
the reactors was done two times in a week. For this article, only results from phases 4 
and 5 were presented, 

 
Table 1: Description of feeding method for the three reactors during the semi continuous experiments. 

1 S2W70_14.11.19;  2 S2W70_14.12.18;   3 S2W70_15.03.11   

2.2 Analysis 

Characterization of DS samples  was carried out by measuring following basic parameters Water 
content (WC), Organic dry matter content (oDM), Total organic carbon (TOC), Total inorganic 
Carbon (TIC), Total Nitrogen (TN) and pH following guidelines described in [6]. A Multi N/C 3000 
device (Analytik Jena, Germany) was used for the TOC, TIC and TN analysis. Additionally, Acidi-
ty/ Alkalinity ratios (FOS/TAC) were measured for the monitoring of the stability of the process 
using a FOS/TAC device (FOS/TAC 2000, PRONOVA Analysentechnik GmbH & Co. KG). Sam-
ples were taken from the reactor before semi-continuous feeding. Normalized volumes (Tempera-
ture of 273K and Pressure of 1013 hpa) were computed according to [4]. Biogas qualities (CH4, 
CO2, O2, H2S and N2) were measured using a portable gas analyzer (BIOGAS 5000, Geotech 
Environmental Equipment, Inc.) after sufficient biogas amounts were produced in the batch test 
while for the semi continuous test they were measured regularly before each feeding. Normalized 
methane yields were calculated using biogas volumes and methane concentrations in biogas. 

3. Results and discussion 

3.1 Characteristics of deinking sludge 

Basic characteristic parameters of DS are shown in Table 2. The water contents of DSs (average: 
88.4 %FM) were lower than that of some common high water content Anaerobic Digestion (AD) 
substrates such as sewage sludge (92-96 %FM), pig manure (94 %FM), cow manure(90 %FM) 
and blackwater from vacuum toilets (99.4 %FM) [7,8,9]. When the organic content of the DS (av-
erage: 30.3 %DM) is compared with the same substrates it can be observed that DS has lower 
organic matter content than sewage sludge (60-80 %DM), pig manure (80 %DM), cow manure (80 
%FM) and blackwater from vacuum toilets (55.5 %DM) and [7,8,9].   
 
The average oDM measured in this study for both non-dewatered DS and dewatered DS are 35.8 
%DM and 30.3 %DM respectively (Table 2). The oDM of (non-dewatered) DSs reported by [10], is 
in the range of 33-64 %DM. [3] also reported 37 %DM, which is similar to the non-dewatered DSs 
investigated here. The dewatered DSs are slightly lower (Table 2), when compared with the non-
dewatered DS. The range observed in [6] for DS in general can be explained presumably by dif-
ferent wastepaper grades and also different types of deinking processes adopted. 
The TOC indicates sufficient amount of organics is contained in the substrate, which may be bio-
degraded in AD. The high TIC- can be attributed to the calcium carbonate content which is used in 
large amount as filler in paper making [11]. The ratio of the TOC to TN when computed from Table 
2 is 73.8. This give the information that sludge is low in nitrogen and this could limit the bioactivity 
and hence process efficiency in AD. The pH value of about 7.5 of DS is in a neutral range and well 
suitable for AD. With these characteristics DS seems to be usable for wet AD, but biogas gains 
have to be investigated for a prove (Chapter 3.2). 
 

Phase Reactor 1 & 3 Reactor 2  

 Number 

of feed-

ings 

Inoculum 

[ml] 

DS [ml] Inoculum 

[ml] 

DS 

[ml] 

TEs mixture 

[ml] 

Phase1 (day 6-48)1 11 664 136 586 122 82 

Phase 2 (day 52-87)2 11 1000 200 928 190 82 
Phase 3 (day 90-104)2 5 0 200 0 118 82 
Phase 4 (day 108-122)2 5 0 400 0 318 82 
Phase 5 (day 125-139)3 6 0 600 0 518 82 
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Table 2: Characteristics of deinking sludge.  

Basic parameter Unit Quantity Number of Samples 
analyzed 

Water Content (WC) %FM 88.4±2.8 6 

Organic dry matter content (oDM) %DM 30.3±2.5 
  35.8±4.0* 

6 
4 

Total Organic Carbon (TOC) mg/l 7620±1034 3 

Total inorganic Carbon (TIC) mg/l 6852±812 3 

Total Nitrogen (TN) mg/l 196±47 3 

pH - 7.5±0.5 6 

FM = Fresh Mass, DM = Dry Matter; *analysed from non-dewatered DS sample 
 
It can be assumed that the analysed DSs are well representative for DS in general.  

3.2 Anaerobic digestion in batch tests 

In the batch experiments, the DS was tested with three different inocula (mixed cultures) from 
operational biogas plant. The methane yield curves as seen in both Fig. 1(a) and 1(b) showed a 
lag phase of about 2 days for all control (Cellulose) and DS reactors. All three reactors resulted in 
a similar methane yield of slightly above 300Ml/kgoDM for cellulose as substrate (Fig. 1a). The 
described cumulative methane yield curves show that all the three inocula were active with slightly 
quicker performance for Inoculum 1. Figure 1(b) shows that all the three inocula consumed also 
DS to produce methane. Inoculum 2 form the biogas plant in Seevetal resulted in the highest me-
thane yield. However, the difference from the other two inocula is not particularly high. In all three 
inocula the necessary AD fermentation microorganisms were active. Comparing DS with cellu-
lose, it can be seen that the cumulative methane yield of cellulose was about two times than of DS 
(Fig. 1(b), Fig. 1(a)). 
The organics in the DS is composed of fibers and fines made up of hemicelluloses and cellulose 
which can be easily degraded by anaerobic bacteria. However, non-degradable or hardly de-
gradable organic compounds seem to be present. This could limit the utilization of the organics 
present in the sludge. No clear AD inhibition due to specific chemical constituents of the DS was 
observed. .  
 

  
Figure1 (a.) Methane yield curve with cellulose as feedstock; (b.) Methane yield curve with deinking sludge as feedstock 

 
 
For operating a biogas facility, the yield in relation to the fresh matter content is important. The 
biogas yields were 9.1 Nl/ kg FM, 11.5 Nl/ kg FM, 9.7 Nl/ kg FM respectively for the three inocula. 
The average biogas yield achieved in the batch test was 10.1 Nl/ kg FM. This is significantly high-
er than, for example the blackwater from vacuum toilets (2Nl/kg FM) [8] and from sewage sludge 
(5Nl/kg FM) [12], but also significantly lower than grease trap residues (30 Nl/kg FM) [8] or manure 
(pig manure (20 NL /kg FM, cow manure 30Nl/kg FM) [9]. This is owing mainly to the organics in 
the feedstock which is depending on the WC in combination with oDM. 
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3.3 Anaerobic digestion in semi-continuous experiments  

The three reactors in the semi-continuous system were operated using slightly different starting 
inocula (chapter 2.1). Inocula 4 and 5 were digestates from a previous laboratory scale AD exper-
iment. Inoculum 4 did not contain TEs, but Inoculum 5 did. Inoculum 6 was from WWTP Seevetal 
and was chosen, since it had the best performance in the batch test (Figure 1b). A further differ-
ence was regarding TEs supplementation during the process. While Reactor 1 and Reactor 3 had 
no TEs supplementation, Reactor 2 was supplemented with TES mixture (chapter 2.1). 
In phase 1 and 2, feeding of DS was accompanied with inoculum. This was done so as to com-
pare the result obtained with that in batch test. From phase 3 to 5 the feeding rate was increased 
step by step as described in Table 1. Only results of Phase 4 and phase 5 are described in the 
following. 
The average Hydraulic Retention Times (HRT) and organic loading rates (OLR) were 72 days and 
0.24 kg oDM/(m3d) for phase 4 while 50 days and 0.79 kg oDM /(m3d) for phase 5. 
Figure 2 describes the biogas production from the DSs relative to reactor volume. All three reac-
tors showed similar tendencies. However, Reactor 3 consistently showed the highest biogas pro-
duction to the end of the investigation.  

   
Figure 2:  Biogas production related to reactor volume (pulled lines) and methane yield in relation to organic  
     matter of DS (dashed lines) in the three semi –continuous experiments for phase 4 and 5 
 
Furthermore, the biogas production curves indicate an increase in biogas production from phase 4 
to phase 5. One reason is the different composition of the DSs used. In phase 4 were more bio-
degradables than phase 5 due to DS-composition: phase 4 had an oDM of 1.7 %FM, whereas the 
DS used in Phase 5 had an oDM of 4.5 %FM. The difference in the oDM and also in DM (2.8 
%FM and 9.9 %FM respectively) was probably caused by variation in the settings of the pre-
dewatering unit. Another reason is the increase of DS feeding from 400ml to 600ml (Table1) which 
increased the average OLR from 0.24 to 0.79kg oDM/(m3.d) Typical OLRs of AD are between 2 -3 
kg oDM/m3d [13]. That means there is still room for improvement. Acidity-Alkalinity ratio 
(FOS/TAC) obtained in this phase were from 0.05 to 0.21. This show that no acid accumulation 
was encountered during phase 4 and phase 5 and also suggest that more potential for increasing 
OLR above 0.78 kg oDM/m3d is possible. 
 
Figure 2 describes also the methane yields related to oDM of the DS. For the three reactors (reac-
tors 1,2,3), the average methane yields were 134Nl/kg oDM, 152 Nl/kg oDM and 130Nl /kgoDM 
respectively. These values are slightly lower when compared to the batch experiments (Figure 
1(b)). Contrary to the trend described by the biogas production curves, a slight drop in the me-
thane yield can be observed with the increase in OLR during the change from phase 4 to 5. This 
suggests that probably the DS of phase 5 contained more hardly biodegradable organics com-
pared to the DS of phase 4. Comparing the methane yield curves of the three reactors, it is obvi-
ous that Reactor 2 delivered slightly high results. There exist a significant difference between the 
methane yield values of the reactor 2 (with TEs) and reactor 3 (without TEs) (two-tailed t test; α = 
0.05). This difference can be explained to be due to the TEs supplementation which improved the 
bioactivity of the methanogens. On the average the methane content observed in phase 4 and 
phase 5 were 62.0%, 63.35 and 53.8% for the respective reactors. Also Karlsson et al. (2011) 
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reported that TEs supplementation (0.5mg/l of Cobalt) in the anaerobic treatment of sludge from 
the pulp-and paper industry improved the transformation of acetate into methane and resulted in 
an improved biogas production [14].   

3. Conclusion and outlook 

This study confirms that deinking sludge is a bioresource for anaerobic digestion. Methane yields 
between 100 and 200Nl/kg oDM seem to be possible. Further optimization may increase yields. 
Options are pre-treatment by enzymatic hydrolysis, consideration of nitrogen deficiency and long-
term studies to explore the microbial adaptation to substrate and supplemented TEs. Using biogas 
for heat generation to subsidies the high fossil heat demand of waste paper recycling process 
could be of economic benefit for waste paper facilities. 
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1. Objectives 

Regarding renewable energy production from sources other than digester gas, municipal waste 
water treatment plants (WWTPs) were almost ignored in Austria till now. As investigations on real 
world case studies have shown, WWTPs can not only treat waste water, there is also a high po-
tential for the efficient use of so far wasted heat and other resources.  

2. Methodology 

The main tool used in this study is the Process Network Synthesis (PNS), which is based on the 
p-graph method, employing combinatorial rules for generating technology networks [1]. The PNS 
is used for economic optimisations of complex process networks, which are represented in a su-
per structure. The super structure contains all possible technologies, raw materials and resources, 
intermediate products which are produced within the structure and used as inputs in other tech-
nologies, and products sold on the market. All energy and material flows, as well as other parame-
ters as capacities and costs of materials and technologies, available amounts of raw materials, 
and demands and prices for products need to be defined. The super structure builds the basis for 
the PNS calculation, performed by the software tool PNS Studio [2]. The result of this optimisation 
is the optimum structure, i.e. the optimal technology network, maximising total revenues [3], as 
shown in Figure . 
 

 
Figure 1: Super structure and optimum structure of a technology network [1], adapted. 

3. Case study and results 

3.1 Energy consumption and production at WWTPs 

For decades, the main purpose of municipal WWTPs has been to remove certain substances from 
waste water (road grit, nutrients, etc.) for protecting receiving waters from pollution. 
 
For the proper treatment of waste water, different treatment steps are applied (mechanical treat-
ment, biological treatment, advanced treatment). All treatment related technologies as well as the 
common infrastructure of the WWTP itself have demands on electrical and thermal energy. In 
general, these energies are provided by external suppliers. However, certain amounts of WWTPs’ 
heat and electricity demand are already covered from combustion and cogeneration of digester 
gas, which is being produced during anaerobic sludge treatment. In addition to digester gas, other 
(waste water based) sources of energy can be found at a WWTP as well.    
Today, a shift in professional opinion can be observed from considering waste water as waste 
towards considering it as a resource. According to Stedman (2015) [4], WWTPs in the United 
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evaluation of all feasible 
process networks linking 
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products, using a branch 
and bound optimisation 
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States now are seen and termed as waste water resource recovery facilities (WRRFs). Based on 
this approach, the authors of this article believe that WWTPs can also be integrated into local 
energy supply systems and thus serve as regional energy cells.  
 
The following products can be produced at a WWTP: 

Thermal energy:  

 Low temperature heat (below 65 °C) by means of waste water heat pumps, solar heat, waste 
heat of pressure boosters 

 High temperature heat (beyond 65 °C) by means of digester gas combustion, combined heat 
and power generation 

 Cooling by means of waste water heat pumps 

Electrical energy: 

 Electricity by means of combined heat and power generation, gas turbines, turbines in the 
effluent of a WWTP, photovoltaic panels 

Other resources:  

 Treated waste water as service water 
 Processed digester gas (biogas)  
 Processed sewage sludge 
 
Figure 2 gives an overview on the energy and resource consumption and production at a WWTP.  
 

 
Figure 2: Energy and resource consumption and production at WWTPs [5] 

3.2 Electricity and heat potentials at WWTPs in Austria  

The annual amount of electricity generated from digester gas can be estimated based on the ac-
tual load entering the WWTP and an average energy supply of 15 kWh per population equivalent 
and year [6]. For the 158 Austrian municipal WWTPs equipped with digester towers [7], electricity 
in the amount of 115.5 GWh/a may be provided to cover energy consumption at the WWTPs 
themselves. 
 
Moreover, thermal energy production from digester gas can be estimated in consideration of the 
actual load entering the WWTP and an average energy supply of 30 kWh per population equiva-
lent and year [6]. Therefore, a thermal potential of 231 GWh/a arises from the above mentioned 
158 WWTPs. 
 
Concerning thermal energy from waste water, the available amount of treated waste water and the 
temperature level represent essential determining factors. Taking into account a 30 percent reduc-
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tion of the wet weather flow, the annual runoff of about 1148 million cubic metres for 632 Austrian 
communal WWTPs with a capacity of more than 2000 population equivalents [8] results in an 
hourly dry weather discharge of about 91760 m³. 
 
The annual amount of thermal energy from waste water can be estimated based on the following 
assumptions:  
 The specific thermal capacity of waste water is calculated with the appropriate value of water 

(1.16 kWh/m³*K).  
 The average waste water temperature in the heating period is estimated at 10 °C.  
 The waste water in the effluent will be cooled down to 5 °C, so that 5 K can be extracted.  
 Heat pumps with a performance factor of 4 are used for the energy generation in a dual mode 

system. 
 
Assuming an application of the thermal energy in a mixture of functions (e.g. for residential, com-
mercial and agricultural purposes), the annual duration of thermal extraction can be calculated in 
the order of 4500 hours, which is considerably higher than potential full load hours for the exclu-
sive heat supply of residential buildings in the range of 1500 to 2200. Subsequently, the thermal 
energy potential from waste water can be estimated with an amount of 6386 GWh/a. This potential 
shall be contrasted for clarification of the magnitude with the heat generation in Austrian heating 
plants (without cogeneration of heat and power) of 8602 GWh in the year 2012 [9]. Table 1 pre-
sents the potential energy supply of Austria’s WWTPs. 
 
Table 1: Potential electric and thermal energy production at Austrian WWTPs. 

Electricity / GWhel Heat / GWhth 

Production from 
digester gas 

Production from  
digester gas 

Production from 
waste water 

115.5 231 6386 

 

3.3 The case study Freistadt  

To make the results more visible on a smaller scale, three different municipal WWTPs (30000 - 
150000 population equivalents) in Austria were chosen as case studies in a current national re-
search project. The research is focused on an economic optimisation of the available energy pro-
ducing technologies, by calculating an optimal energy supply system for the plant, using PNS 
Studio [10].  
 
One of those case studies is the WWTP Freistadt with a population equivalent of 30000, located in 
a city of 7500 inhabitants in the province of Upper Austria. The average waste water load of nearly 
1.7 million m³/a is treated mechanically and biologically. The result of the PNS Studio calculation 
shows that it is economically worthwhile to produce electricity on the plant location and cover parts 
of the in-house demand to reduce the need for net electricity. The remaining energy potential is 
converted into heat. In  
Table, the potential of electrical and thermal consumption and production in the plant in Freistadt 
is illustrated. It is to be noted, that high heat production levels come at the cost of lower electricity 
production, since the high heat price in those scenarios favours heat production. These intermedi-
ate results are sensitive to changes in energy prices, external demands and distances to energy 
consumers. 
 
To evaluate the possible thermal energy production on the plant, a sensitivity analysis was carried 
out using PNS Studio, considering different heat prices [11]. Up to a price of 35 €/MWhth, which is 
considerably lower than the current district heating price, the WWTP Freistadt only covers its in-
house heat demand of roughly 497 MWhth/a. In this scenario the heat producing technologies 
would be a micro gas turbine and a gas burner. Taking higher heat prices as well as heat con-
sumers in the surrounding area into consideration, more heat producing technologies were includ-
ed in the optimum energy system solution within the PNS results, which are producing a much 
higher heat amount on the WWTP, as shown in Table 2. 
.  
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Table 2: Potential annual energy production and consumption of the case study Freistadt. 

Heat price / €/MWh  Electricity / MWh Heat / MWh 

     Production Consumption Balance Production Consumption Balance 

35 
WWTPa 292 671 

-379 
546 496 

50 Waste water 
heat pumps      

50 
WWTPb  292 849 

-3962 
1812 497 

12491 Waste water 
heat pumps  3405 11176  

80 
WWTPc 53 849 

-4201 
2085 497 

12764 Waste water 
heat pumps  3405 11176  

WWTP-waste water treatment plant 
a including a micro gas turbine, a gas burner, and photovoltaic panels; b including a micro gas turbine, a gas burner, a heat 
pump recovering waste heat from boosters, solar thermal energy, and photovoltaic panels; c including a gas burner, a heat 
pump recovering waste heat from boosters, solar thermal energy, and photovoltaic panels 
 
The results show that not only the in-house energy demand would be covered, it could moreover 
be economically reasonable to supply surrounding areas of the plant with additionally produced 
heat. At a heat price of 50 €/MWh, for instance, only 7% of the electric demand (including heat 
pumps) can be covered, but the heat produced is 26 times the internal demand. 

4 Conclusion and outlook  

The results of the PNS calculations for economically optimal energy producing technologies on an 
Austrian WWTP show that the internal thermal energy requirements could be covered by the plant 
itself and, under certain conditions, excess energy can be used to meet external demands of 
neighbouring consumers. First results show that especially the in-house heat demand on a plant 
could be covered by various technologies. For instance, heat exchangers and heat pumps using 
the warm waste water as source seem to have a high potential. Even parts of the internal electri-
cal energy demands could be covered by the WWTPs themselves. Moreover, including local 
stakeholders helped to evaluate the market potentials of the produced resources like heat, elec-
tricity and biogas and integrate them into the energy network of the plant and the surroundings.  
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1. Objectives 

New sanitation systems are based on the separate collection and treatment of different 
wastewater flows. In Germany there are no design values for greywater treatment units available. 
This article elaborates characteristic values for greywater. Within the KREIS project a literature 
study, comprising more than 140 sources, was carried out to improve the data base. The litera- 
tures were reviewed and the greywater-data were evaluated statistically. To characterize the 
greywater and to improve the available several sampling campaigns were carried out at different 
demonstrations sites. 
The HAMBURG WATER Cycle® (HWC) is an innovative integrated water and energy production 
concept based on a 2-material-flow system (blackwater and greywater), which will be implement- 
ed, evaluated and further developed within the Project KREIS for the new district “Jenfelder Au” in 
Hamburg (Germany) for approximately 2,000 inhabitants [1]. The Basis of the HWC is the sepa- 
rated collection, drainage and on site treatment of wastewater flows from households. 
Greywater consists of discharges from washbasins, showers, baths, kitchen sinks, dishwashers 
and washing machines. Greywater excluding discharges from kitchen and washing machine is 
usually called light greywater, while greywater that includes only wastewater from washing ma- 
chines, dishwashers or kitchen sinks is referred as dark greywater [1, 2, 3, 4]. Within the scope of 
this study greywater consists of discharges from washbasins, showers, baths, kitchen sinks, dish- 
washers and washing machines. The composition of the greywater highly depends on user's be- 
havior, the equipment of the households (e.g. dishwasher), the used cleaning agents (e.g. deter- 
gents, soaps; etc.), the quality water supply and the type of water distribution [5, 6]. Greywater 
accounts for about 50 – 80 % of the total wastewater flow produced by households [5,7; 8, 9]. In 
Germany about 60 – 90 litre per capita and day (lpcd) of greywater is produced [1,10, 11]. 
The knowledge of loads and concentrations is required for the design of greywater treatment units 
and the assessment of negative environmental impacts. The objective of this study is the charac- 
terization of greywater and the improvement of the data base of greywater-values on the one hand 
and the estimation of design values for greywater treatment units on the other. Therefore as part 
of the KREIS project a literature-review was conducted, complemented by five sampling cam- 
paigns at the demonstration projects Berlin “Block 6” and Lübeck “Flintenbreite (Germany). 

2. Methodology 

The aim of the literature study is the estimation of design values using available data from a wide 
range of studies. The currently available design values are derived from studies in other countries 
and refer to specific values which depend on the particular framework conditions. Furthermore 
they are often based on small project areas or only few measurements [12]. 
More than 140 references were included into the desk study. The majority of the reviewed da- 
tasets with about 70 % are from Europe. In order to calculate standard values for the European 
context, the statistical analysis of the greywater characteristics is based on the data of European 
references with a focus on the complete household greywater flow. Most of the European data are 
from Germany (58 %), Sweden (16 %) and the Netherlands (11 %). Literature sources referring to 
mainly commercially objects were not taken into account. If no information on average values was 
given, these values were estimated based on the minimum and maximum values. Wherever the 
data could be converted into another unit, e.g. concentrations and volumes (flows) into loads it 
was done for the statistical analysis. Statistical values were used for the detailed description of the 
results. The data collection includes volumes, suspended solids (TSS), organic pollution (COD 
and BOD5) and the nutrients nitrogen (TN, NH4-N) and phosphorus (TP, PO4-P). 
The sampling campaigns were carried out by the Bauhaus-Universität Weimar in Berlin “Block 6” 
and the ecological housing estate Lübeck “Flintenbreite”. A new sampling-method was tested, 
which allows the separate assessment of the liquid and the solid phase of the greywater flow. All 
liquid samples were collected proportional to the flow. The greywater-sludge was collected sepa- 
rately by a filter bag and dewatered by gravity for two hours before analysis. A detailed description 
of the sampling technique is given in Sievers et al. (2014) [13]. The samples were analysed in 
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terms of total suspended solids (TSS), volatile suspended solids (VSS), chemical oxygen demand 
(COD), biological oxygen demand (BOD5) and nutrients (total nitrogen (TN), ammonium nitrogen 
(NH4-N), total phosphorus (TP), ortho-phosphorus (PO4-P)). Analyses of TSS and VSS of the 
liquid phase as well as dry residue (TS) and the organic part of the dry residue (oTS) of the grey- 
water-sludge were performed according to German standard methods. COD, TN, NH4-N, TP and 
PO4-P were analysed with cuvette tests from Hach Lange and Hach Lange DR 3900 Spectropho- 
tometer. BOD5 measurements were performed using the respirometric method with OxiTop sys- 
tems of WTW. All parameters were determined as repeat determination. COD, TN and TP analy- 
ses of the solids were performed by accredited laboratories in Weimar and Lübeck in accordance 
to German standard methods. 
The demonstration project “Block 6” is located in the district Friedrichshain-Kreuzberg in Berlin, 
Germany. All in all 71 apartments for 207 residents are connected to the greywater system, which 
collects the wastewater from showers, bathtubs, washbasins, kitchens and washing machines. 
The greywater is recycled and used for toilet flushing [14]. The three sampling campaigns were 
performed in a multistory building of “Block 6” with 20 apartments and 51 residents. They were 
realized within the building for a period of 7 days in November 2012, 10 days in April 2013 and 10 
days in March 2014. All samples were taken from a collection pipe inside the building. 
The ecological housing estate “Flintenbreite” is located in Lübeck, Germany. “Flintenbreite” was 
designed for 350 inhabitants in around 100 residential units. Currently about 200 people are living 
in 57 housing units in “Flintenbreite”. The sampling campaigns were conducted for a period of 12 
days in November 2013 and 11 days in May 2014. The measuring point was placed in the first 
sedimentation tank of the greywater treatment unit. Greywater was collected from 12 semi- 
detached houses with 46 residents. 

3. Results 

3.1 Literature Study 

The composition of greywater varies widely depending on factors such as drinking water source, 
quality of water supply, water use, household activities, socio-economic, cultural factors and the 
country [5, 12]. Literature reviews on greywater composition usually show a great variability in 
terms of volumes, concentrations and loads. The major problem in this literature study was the 
inconsistent data quality. In particular the reviewed articles gave no information about the number 
of samples or showed a great variance in the number of samples and there was often to little in- 
formation about the methods of sampling and analysis. 
Table 1 shows the average values, standard deviation, median as well as minimum and maximum 
of the greywater volumes and the loads per capita and day (gpcd) based on literature data. 
Greywater volumes per capita and day (lpcd) were about 79 lcpd on average, ranging from 
19 – 157 lcpd. The COD and BOD5 loads are within 11 – 103 gpcd and 5 – 37 gpcd respectively 
with average values of 42 gpcd for COD and 18 gpcd for BOD5. The COD/ BOD5 -ratio was calcu- 
lated to 2.3 which is slightly higher than for domestic wastewater. For the parameter TSS an aver- 
age value of 20.6 gpcd was calculated. The data analyses of the TP load showed an average 
valuesof 0.4 gpcd with a minimum of around 0.1 gpcd and a maximum of 0.8 gpcd. TN and NH4-N 
ranged between 0.4 – 3.1 gpcd and 0.03 – 1.1 gpcd respectively. Average values were 1.2 gpcd 
for TN and 0.3 gpcd for NH4-N. For aerobic treatment C:N:P -ratios between 100:10:1 and 
100:5:1 are optimal [15]. Based on the literature study the average C:N:P- ratio is 100:2,9:1 indi- 
cating a nitrogen deficiency for aerobic treatment. 
 

Table 1: Volumes and loads per capita and day based on the desk study 

Parameter n Unit Mean SD Median P-85% Range 

Volume Q 63 lpcd 79 28 71 110 19 - 157 

 TSS 32 gpcd 20.6 21.2 11.4 46,00 1 - 71 
org. Matter BOD5 39 gpcd 18 7 18 24 5 - 37 

 COD 56 gpcd 42 18 42 57 11 - 103 
Nutrients TP 58 gpcd 0.4 0.17 0.5 0.6 0.07 - 0.8 

 PO4-P 16 gpcd 0.3 0.3 0.2 0.5 0.03 - 1.35 

 TN 57 gpcd 1.2 0.6 1 1.7 0.4 - 3.1 

 NH4-N 21 gpcd 0.3 0.3 0.2 0.65 0.03 - 1.1 
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3.1 Sampling campaigns 

The Results of the sampling campaigns in „Block 6“ and Lübeck “Flintenbreite” show on average 
higher loads for the organic parameters with 36 – 105 gpcd for the COD and 20 – 54 gpcd for the 
BOD5. COD and BOD5 mean values were around 61 gcpd and 33 gpcd in “Block 6” and 44.8 gcpd 
and 26 gpcd in Lübeck. The COD/BOD5-Ratios can be calculated to 1.84 and 1.72 respectively 
and indicates a good aerobic biodegradability. For TSS and VSS loads in a Range of 1.7 – 15.5 
gpcd and 1.2 – 14.3 gpcd were found. The TSS and VSS loads in Berlin were significantly higher 
on average with about 8.2 and 6.7 gpcd than in Lübeck with 4.9 and 3.6 gpcd. 
 
Inhabitant specific loads of total Nitrogen (TN) and total Phosphorus (TP) were in a similar range 
like values found in the literature. The average loads of TN were about 1.2 gpcd (Berlin) and 
slightly lower with 0.84 gpcd in Lübeck. Average NH4-N loads in Berlin and Lübeck were in similar 
ranges with 0.15 gpcd and 0.13 gpcd respectively. The overall Ranges for TN and NH4-N loads 
were between 0.5 – 2.1 gpcd and 0.03 – 0.4 gpcd. Total Phosphorus TP showed range from 0.19 
– 0.76 gpcd, but the average loads per capita and day for the TP values in Berlin and Lübeck 
were equal with 0.4 gpcd. Table 2 shows the inhabitant specific loads along with the volumes for 
Berlin “Block 6 and Lübeck “Flintenbreite”. 
 
Table 2:   Average loads per capita and day in Berlin “block 6” and Lübeck “Flintenbreite”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The values of all measurements are summarized in Table 3. It shows the overall average values, 
standard deviation, median, 85%-Percentile and the minimum and maximum of the greywater 
volumes and the inhabitant specific loads based on all measurements. The results of the meas- 
urement campaigns are compared with the data of the literature study and the values of the DWA- 
A 272. DWA-A 272 gives inhabitants specific values for greywater for the German context, which 
are based on a relatively small number of data-sets [1]. 
The comparison of the different data shows that the average value of greywater volumes deter- 
mined during the sampling campaigns is about 10 % lower than volumes given in the literature 
and DWA-A 272 respectively. Particularly COD and BOD5 mean values of 54 gpcd and 29 gpcd 
are significantly higher than the literature values which are around 42 gpcd for COD and 18 gpcd 
BOD5. On the other hand the TSS loads given in the literature are considerably larger ranging 
from 13 – 20.6 gpcd than TSS loads of around 7 gpcd found during the sampling. The inhabitant 
specific loads for TN and TP measured in Berlin and Lübeck show a good correlation with the 
values given in the literature and are about 1 gpcd and 0.5 gpcd.  

     Parameter          Berlin                        Lübeck 

 n Unit Mean SD Median Range n Mean SD Median Range 

Volume Q 27 lpcd 78 14 77 61 - 114 23 57,10 6.1 56,00 48 - 69 

 
TSS 26 gpcd 8.2 2.8 7.4 2.9 - 15.5 22 4.9 1.5 5.2 1.7 - 7.4 

org. Matter oTS 26 gpcd 6.7 2.7 6.1 2.1 - 14.3 22 3.6 1.1 3.8 1.2 - 5.5 

 
BOD5 22 gpcd 33 11 30 20 - 54.4 22 26 6 26 18.5 - 42.2 

 
COD 26 gpcd 60 20 53 36 - 105 23 45 7 43 35.4 - 65.8 

Nutrients TP 27 gpcd 0.4 0.14 0.3 0.19 - 0.76 23 0.4 0.11 0.4 0.2 - 0.63 

 
PO4-P 27 gpcd 0.1 0.07 0.1 0.05 - 0.33 23 0.1 0.03 0.1 0.04 - 0.18 

 
TN 27 gpcd 1.2 0.3 1.1 0.7 - 2.1 23 0.84 0.22 0.83 0.5 - 1.1.7 

 
NH4-N 27 gpcd 0.15 0.07 0.13 0.01 - 0.4 23 0.13 0.05 0.13 0.08 - 0.25 
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Table 3: Average loads per capita and day of the sampling campaigns, the literature study and the DWA-A 272 (2014). 

4. Conclusion 

The compilation of greywater literature data and values from sampling campaigns show a large 
variability concerning the parameters TSS, COD and BOD5. The average COD and BOD5 loads 
found during the measurements are particularly higher than values from literature and contain 
around half of the organic load that can be found in mixed domestic wastewater. The resulting 
TSS loads based on the measurements on the other hand were notably lower compared to the 
values found in the literature. Based on the measurements future design values for COD and 
BOD5 are probably higher and for TSS slightly lower than values given in the literature. Regarding 
the TN and TP inhabitant specific loads the literature and the DWA values mesh with the results of 
the sampling campaigns. Probably future design values for TN and TP may be in same order of 
magnitude. Nevertheless further investigations are required to gather a higher data density and 
more detailed information on greywater characteristics before design values can be conclusively 
established. 
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1. Objectives 

The Water Framework Directive (WFD) of the European Union requires the member states to 
ensure a good qualitative and quantitative status of all water bodies by 2015. Hence there is a 
sense of urgency: National legislature is required to implement the political will and the require-
ments of the European Union in federal and state law. These legislations put pressure especially 
on the wastewater management associations in regions where no collection or treatment systems 
are installed yet. The German federal state Thuringia is an example: Ten years ago 50 % of the 
rural areas have not been equipped with an appropriate wastewater infrastructure [1]. Since most 
of the investment was done in settlements with more than 2000 inhabitants, this elicitation can still 
be considered as a current guide value.  
 
Additionally, the conditions in rural areas, which are affecting urban water management, are be-
coming more and more volatile. The scientific community names in particular demographic and 
climate change, increasing energy prices and nutrient scarcity as main challenges [2]. Almost all 
components of conventional grid-bound water infrastructure systems are in use for very long peri-
od of time and are associated with high investment and maintenance costs [3]. Furthermore, due 
to a decreasing population future prospects are deteriorating. Building a conventional system with 
high fix costs in an area with a declining population will lead to high and even rising fees. 
 
More flexible solutions, which seek to implement an integrated approach and a local value-added 
chain, are an appropriate countermeasure. Therefore we want to discuss in this paper, how a New 
Alternative Sanitation System (NASS) can counteract the crucial development by establishing a 
new partnerships between urban water management and agriculture. 

2. Methodology 

In the context of the research project TWIST++ wastewater systems for a rural model region in 
Germany are designed. The goal of the project is to adapt water infrastructure to future challeng-
es. Beside conventional systems, a NASS was identified to be an appropriate measure, too. The 
key objective of implementing NASS is to establish a circular, reuse orientated system (Figure 1). 
Reusing water and extracting nutrients and organic matter from wastewater becomes feasible by 
separation of the different wastewater streams from toilet (blackwater) and bathroom and kitchen 
(greywater) [2]. Furthermore, the technology can be adapted to the particular pollutants and to the 
quality requirements on reused water. Consequently NASS can not only respond to technical 
requirements but also to socio-economic developments [4]. 
 
A specific NASS was designed for the examined model region. A co-fermentation of blackwater 
and organic residues from agriculture (Figure 2) closes the local value-added circle of nutrients 
and energy. This aspiration is fulfilled by using the digestate as fertilizer on the fields of the co-
operating farm. Additionally, the produced energy can be used in an appropriate manner. A 
central treatment plant is intended to process the residual greywater and the rainwater. Depend-
ing on the level of pollution and the structural condition, the existing gravity sewer can drain the 
greywater [5]. Otherwise a (partly) restoration of the sewer system is necessary. 
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Figure 1: Concept for future urban material flows: New Alternative Sanitation Systems (NASS). 
 
 

Figure 2: System overview of the designed New Alternative Sanitation System for the model area. 
 
Besides the scope of the research project, the responsible wastewater disposer of our model 
region is now aiming to implement this concept in its associated area. Regarding the local 
boundary conditions almost 50 % of the 9.000 inhabitants in 24 villages are not connected to a 
biological wastewater treatment. Most of these villages are supplied only with a sewage system. 
It means in effect that the pre-treated wastewater is directly discharged into the water bodies. A 
first survey in two villages reveals that around 70 % of the population are satisfied with this situ-
ation. Furthermore 94 % reject higher fees to improve water infrastructure. Moreover the exam-
ined area is afflicted with demographic change with a decreasing population. 

3. Results and discussion  

This paper emphasizes a conceptual and planning approach in order to implement the core idea. 
The integration of transformation and management strategies helps to accomplish a more flexible 
system, which would be able to adapt to future changes. During the planning phase we observed 
legal barriers which have to be overcome to implement a NASS in cooperation with agriculture.  

3.1 Transformation Steps 

Since the introduction of NASS requires various changes in the existing system, many different 
aspects like legal requirements and issues of acceptance need to be considered [4], [6], [7]. Our 
approach is to transform the infrastructure from the current status over a probably long period of 
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time into a future-oriented, target system. Among the main requirements of such an innovative 
system implementation during a long-lasting process are: 
 
 During the process of transforming existing infrastructure facilities the service should be avail-

able continuously. This necessity requires a mindful combination of transformation steps. 
 An efficient use of financial resources is important especially in rural regions with decreasing 

population. Thus the transformation steps have to be assessed to what extent they can avoid 
sunk cost. The commercial service life of each component should be exploited as far as possi-
ble. 

 The boundary conditions, which determine the target system, may change. Therefore alterna-
tive transformation steps are preferable in order to achieve a higher flexibility.  

 
After having worked now for two years on the project we have determined the following transfor-
mation steps for the selected NASS (Table 1). 
 
Table 1: Technical transformation steps to implement a NASS.  

 1. Central Treat-
ment Plant  

2. Vacuum Sewer 
System  

3. Biogas plant  4. In-house sepa-
ration 

5. Sewer Resto-
ration  

Description Build a central 
wastewater treat-
ment plant at the 
outlet of the 
existing sewer to 
clean the pre-
treated 
wastewater and 
the rainwater. 

Install a vacuum 
sewer system, 
which drain the 
wastewater to a 
central point. 

Establish cooper-
ation with agricul-
ture to build a co-
fermentation of 
high polluted 
wastewater and 
organic residues. 

Offer incentives 
for all homeown-
ers to install in-
house separation 
of black- and 
greywater. 

Restore   
existing gravity 
sewer system. 

Requirement Preservation of 
settling pits on 
private property. 

Treatment of this 
stream must be 
ensured all along. 

Legal barriers 
have to be over-
come. 

Organisational 
framework has to 
be established. 

- 

Advantage Takes load off the 
water bodies. 

Demographic 
resistant system. 

Exploitation of 
wastewater-
bound energy 
and nutrients . 

Increases organic 
concentration of 
wastewater 
stream (input of 
biogas plant). 

Prevents the 
immission of 
groundwater 
and the emis-
sion of 
wastewater. 

Alternative - Restoration of the 
existing sewer 
system and 
cancellation of 
the NASS ap-
proach. 

If an agricultural 
biogas plant is 
already existing 
locally, making 
use of this has to 
be considered. 

Using other co-
substrate to 
increase the 
concentration. 

Building a total 
new sewer 
system, which 
allows  rainwa-
ter separation. 

 
 
3.2 Legal Framework  

In general the institutional context evolves together with the technical innovations frequently 
over a long time period. This interdependency helps to stabilize both processes, but prevents 
change, also [4]. An example for a legal barrier of the designed NASS is the currently forbidden 
use of wasterwater digestate as fertilizer. 
Londong & Hartmann (2014) suggest politics to become rather an enabler than a developer [8]. 
Through a temporary state of exception, open spaces for improvisation, provocation, experi-
ments and conflicts are accomplished [8]. Thus the advancement of the accepted rules of engi-
neering shall not be prevented, but some well-defined boundaries should be set.  
 

According to these considerations the responsible wastewater disposer decided to submit the 
project idea to the "Internationale Bauausstellung (IBA) Thüringen". A main objective of the IBA 
Thüringen is to create realms of freedom off the beaten paths. Using their network we have been 
able to enter into a dialogue with the law-making body in Thuringia even at an early stage of the 
IBA.  
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4. Conclusion and discussion 

New Alternative Sanitation Systems (NASS) are an adequate measure to establish a valueadded, 
resource oriented circular economy on a regional level. Hereby future prospects of rural areas will 
be enhanced, although implementing innovative infrastructure systems requires a careful plan-
ning. We suggest transition pathes, which step by step transform existing systems into NASS. The 
current state of the project is to overcome legal barriers in order to increase acceptance of all 
stakeholders. Additionally, the basic design of the first transformation step is in progress. At the 
moment, an organizational model is developed, too. 
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1. Introduction  

Darfur suffers from ongoing conflict for more than 9 years. It is an evident that water scarcity is the 
root of most conflicts of farmers and nomadic communities. The partial peace agreement empha-
sised the need for the return and resettlement of war victims to their place of origin in order to pave 
the road for a complete peace and resolution. This resulted many initiatives concerned of repatria-
tion. The poster reveals the suitability of onsite treatment and nutrient recovery as a possible solution 
to ensure more sustainable repatriation of the internal displaced persons –war victims- and illustrates 
the challenges to provoke the technology transition.  

2. General background   

Drafur is located in the west of Sudan and consists of 5 states. It has a population of 7.5 million, 2.2 
millions of them are registered as internal displaced persons (IDP's). Out of those 155,000 are veri-
fied voluntarily returned to their place of origin (IOM, 2014). The significant resources for Darfurian 
livelihood are water, fodder, wood and soil (Jeremy and Alan, 2012).The resources vulnerability are 
considered as one of the primary factors contributing to the conflict. Although the political context is 
complex and the sources of conflict are not always easy to define, the socio-economic environment 
of nomads and farmers competing over scares water source is considered as a trigger for many con-
flicts between local communities. The largest IDP camps are located in the surroundings of the capi-
tals of the states Nayala, Elfasher, Zalengei, Elgeneina creating slum-like situations. The water quali-
ty levels have very low attention and the presence of water contamination is largely neglected. While 
the war still ongoing in some parts of the region, a partial peace agreement between the government 
of Sudan and the liberation and justice movement highlighted supporting IDP's return to the safe 
places of origin as core objective. As a result many initiatives have formed to contribute to this objec-
tive. 

3. Peace and resolution program   

The Darfur Regional Government (DRA) is coordinating the implementation of a return program co-
lead by humanitarian partners (UNHCR and D. mission, 2012). As a result, 8 initiatives were formed 
to facilitate and monitor return adequacy. The initiatives are working platforms launched by the differ-
ent governmental bodies on the state level and the humanitarian partners (Ibid). Although the gov-
ernment institution are taking the lead of the projects implementation, the international community 
has the bigger stake of the project financing and monitoring mainly via Darfur community and a sta-
bility fund.  
The donor conference promised US$3.6 billion for early recovery activities in Darfur. The estimated 
January to December 2013 fund was $94 per beneficiary (UN, 2013). The fund is divided into differ-
ent objectives; food security accounts for 51% of the total donation, other objectives such water sani-
tation and hygiene, return and reintegration support. These objectives only gained a small fraction of 
the fund granted. The provision of the service in the IDP’s camp is regarded as priority objective 
(Ibid).  Additionally, the main activities for all projects rely on non-tangible outputs. For instance, the 
UK Trust Fund reported activities for 2011-2012 programs were mainly empowerment workshops for 
communities, awareness campaigns (eg. hygiene, gender equity), conflict resolutions, etc. Only a 
few tangible activities of building and rehabilitation of 26 school and 80 water sources account for a 
total expenditure of £900,000. The annum evaluation report highlights that the outputs did not meet 
3/5 substantially and 2/5 moderately the planed expectations (DFID Sudan, 2013).  
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4. The challenges  

The major difficulties identified by the humanitarian agencies regarding projects implementation and 
monitoring of fund were very much the same (DFID Sudan, 2013; UNHCR and D. mission, 2012; 
IOM, 2014): 
  

 The vulnerability of the resource –water- and provision of basic service (education, and 
health) remain a major threat for return sustainability.   

 The handover of projects remained a big challenge; the government and community abilities 
to operate the project is questioned.   

 Reporting of activities by partners (the governmental bodies) is very weak, no evidence of 
project implementations in some activities and the driving cost for projects is mostly un-
known.   

 Conflicts of interest between different stakeholders are not fully defined.  

5. The current water, sanitation condition 

The access to improved water and sanitation in the IDPs camps is estimated by 90% and 32% in the 
rural areas, see camp coverage figure C (WES, 2013). Ground water is directly supplied with addition 
of chlorine residuals. However, water camps ground water reveals high levels of pollution intermit-
tently. The topic is barely discussed due to the emergency and war context in the region; such topic 
is regarded as a trigger of conflict between civilians/IDPs and the government. The research in 
ground water contamination is considered as a threat by the local authorities, thus the water quality 
research rather scarce. The only source which addresses water quality in great detail -( Abdelrahman 
and Eltahir, 2010)- reveals high inconsistency in the final results presentation. However it confirms 
the presence of fecal contamination in all water sources examined in 7 camps.  
The design of the latrine is unimproved pits, the pit sized according to WHO guideline (WES, 2013). 
However, since the pit latrine is constructed by the household as community contribution, there is no 
full confirmation of meeting the specification. The general practice is to abandon the pit after being 
filled and to move the latrine elsewhere in the house. The ground water varies from shallow alluvial 
aquifer and a complex basement of around 2-55m water depth to deep a sandstone aquifer of 35-
110m water depth; the complex basement is the dominant aquifer (UNEP, 2007). Accordingly it is 
believed that the water sources in the region is highly contaminated.  

6. The pit latrine assessment  

Assuming the pit latrines are hygienically safe is faulty, unless the sludge is gathered, collected and 
treated for reuse or disposal. Although the WHO guideline considers the effect of leaching, contami-
nates are very low if the water table is deep enough to allow sufficient travel distance of at least 2 
meter below the pit; permitting acceptable level of microorganism deactivation. However, the micro-
organism deactivation, filtration of micropollutants and organic matters rely on the soil properties (eg. 
Grain shape, diameter) and geological conditions (eg. uniformity coefficient). Graham and Polizzotto 
(2013) review paper confirms the pit latrines (VIP; with lining walls and without) impact on ground 
water contamination is underestimated and recommendations for reducing the effect of leached con-
taminants are greatly variable between different sites. Furthermore, the study shows shallow ground 
water is contaminated in all sites where pit latrines are extensively applied (eg. eastern Botswana, 
Zimbabwe, Siberia and Kosova) regardless whether the guidelines have been strictly or vaguely 
followed.  

7. The proposed solution  

The onsite conventional wastewater treatment systems are probably the most convenient solution for 
water reuse in the IDP camps or the resettlement villages which are considered non-permanent set-
tlement either due the building material or government legislations. As well as, the onsite -household 
level- treatment system will rely on individual interest on implementing a mean for providing food 
security for their family; the grey water generated per household could be roughly estimated by 0.122 
m3/day 70% out of consumption which sufficient to irrigate 13.5 m2 of maize (FAO, 1986). Further-
more, the nutrient recovery would be an attractive choice for the target group which are already famil-
iar with fertilizers (organic and chemical) to increase crop production, nevertheless the challenge is to 
maintain constant quality of fertilizers. In the literature they are several  
studies identifies the efficiency of compost and urine for growing specific crops. For example the 
(Sangare, and Funamizu, 2014) study defines the optimum ratios of urine and compost pile for Okra 
cultivation and provides a practical guidance for using human waste as natural fertilizer in okra pro-
duction. Such systems are not just increasing sustainability of projects by ensuring physical exist-
ence of the target group in the settlement area, as well it solve vital problem of water scarcity special-
ly in dry season 9 month, and strengthen the food security within targeted community. 
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Figure 1: A: Pit latrine and B: Storage tank Alslam camp funded by Unicef. 
 
 

 
 

Figure 2: The water and sanitation coverage South Dafur State IDP’s Camp 2013. 
 
 
 

8. Onsite treatment  

Furthermore, they are several techniques which are developed for safe onsite treatment in develop-
ing countries such as urine diverting and mixed toilets with compositing in order to produce fertilizers 
(Katukiza, and Lens, 2012). Such devices are installed by NGOs, government institutions, and indi-
viduals in several peri-urban and rural areas, many of them show a good performance and sustaina-
ble use but only few are assessed to come with practical correlations between different factors affect-
ing compost process and pathogens inactivation. Thus they remain very site specific and the quality 
of the final product depends on the external environment in term of moisture content, temperature, 
rain intensity and quality of the influent.  
On the other hand, grey water treatment  has being applied in slums using fed soil or sand filters; 
well graded  with uniformity coefficient smaller than 5, the effluent used for irrigation purposes(Ibid). 
the technology is very cheap though it depends on the availability of raw material for infrastructure, 
examples of such systems are Mulch towers in South Africa (Zuma et al., 2009), grey water towers 
with nutrient recovery in East Africa (Kulabako et al., 2009). The major problems associated with 
these systems are breakthrough of contaminates, varying compositions of grey water, higher risk of 
diseases associated with raw vegetable consumption (Siobhan et al., 2006). Less common, more 
robust systems have been applied on household level such as, the horizontal flow trench system, 
intermittent sand filters, and the crate soakaway (Katukiza and Lens, 2012).  

9. Obstacles facing onsite treatment  

The public or the target group compliance with the use guidance seem to be a major threat, since 
every household is responsible for operating and maintaining such systems, thus the final product 
quality remains uncertain either due to poor understanding of the operating process or underestima-
tion of the health risk associated with non-advisable operating procedures. For example the Viet-
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namese farmers use the compost after 3-4 months instead of 6 months – the recommended time for 
safe use of pile compost- because it is the only time available for production of composite between 
two seasons without giving much concern about whether this period of time is enough for producing 
hygienically acceptable final product (Jensen, and Dalsgaard, 2009). However, this give an indication 
that the problem is quite complex is not just about implementing the right technology which can cope 
with the technological level, economic and social context, the designer of such system should realize 
why and how to make the beneficiaries interested following their guidelines or either design system 
which can fulfil the beneficiaries requirements on the first place.  
On other the hand, the researcher/executor full understanding of the site context for system selection 
and implementation. In Malawi experience on implementing composting toilets, the hygiene level of 
the final product remain minor threat due to the climate effect since the temperature is high and the 
open space of the farm land allows quick dewatering of the compost (Morgan, and Mekonnen, 2013). 
Although, this observation advocate that the desiccation process was governing the composting, the 
mixed pit latrine (no urine separation) had the higher implementation rate. In contrast to Vietnam 
experience where farmers were the major threat for latrines without nutrient recovery; several pro-
jects were failed due to damage of latrines in order to recover the compost (Jensen, and Dalsgaard, 
2009). The Malawi experience shows farmers were not in favour of using composite nutrient apart 
from those who are very poor and mainly construct composite toilets as aid for food security.  
Further challenges were the beneficiary dissatisfaction of the system final design will remain major 
barrier for further implementations and the affordability of the system is questioned. The Eco-San 
system major scepticism was concerning the design of the latrine; the depth of the latrine was too 
shallow compare to the traditionally used pit latrines creates negative impact of Eco-San acceptabil-
ity. Similar case challenged Eco-San in Zimbabwe concerning the volume of the latrine 1.17 m3 is 
considered small by the user and modification have been made to 0.282 m3 and evaluated by other 
researchers but recommendation for adopting the modified design was never reality (Morgan, and 
Mekonnen, 2013). On the other hand, the Malawian Eco-San affordability is based on providing sub-
sides and loans to the beneficiaries which failed to provide equal treatment for the stakeholders, thus 
it has a high negative impact on the implementation rate. 
Many researchers emphasis the need for context specific solutions wastewater treatment system but 
meaning mainly technical applicability, social acceptability, socio-economic aspects (affordability, and 
running cost), but hardly any look in depth on the technology transition phase after implementation or 
discuss the manner of integration of the new technology as part of the common practice in the site. 
Although, this might be the only option to maintain the existence of such system and for the technol-
ogy to develop carrying the site context and following the objective which such is technology made 
for.  

10. Conclusion and recommendations   

The Darfur situation of accelerating conflicts around vulnerable resources, the international aid re-
garded as major support to the government for increasing livelihood conditions in order to reach 
peace and resolution in the region. The result of the programs activities are mostly intangible due to 
the nature of activities implemented is very general, the lack of transparency between government 
and partners agencies, high corruption level in the government institutions.  Thus, from the region 
political and economic context it is clear that the micro projects with tangible outputs are needed 
especially if it has a direct impact in reducing water scarcity and supporting food security.  The pro-
posed onsite treatment targets beneficiaries directly and shift their role from war victims waiting for 
aid to productive citizens. The onsite treatment could be a very good solution for reducing ground 
water pollution and increasing peace. The technology is well researched in term of hygienically safe, 
applicability, functionality and the results are so far acceptable. Nevertheless, it can be clearly seen 
from previous experiences of such systems following bottom-up approach in reflecting the target 
group opinions on the final system design and make the target group realize the beneficial impacts 
that will gain by implementing onsite treatment in their houses. Along with, reducing uncertainties 
regarding continues implementation are key success parameters for shifting the technology from 
imposed solution to popular and common application at site.   

11. Key parameters for suggested research  

 Bottom-up approach; investigate people consideration around the application and carry their 
concerns to the design phase, and reduce the sense of inferiority by adoption and modifica-
tion of indigenous or favored deign by the community.  

 Technology transition; consider the technological level of the place eg. The technology ex-
ists on the surrounding markets, technician level of education.  

 Find entrepreneur; study the availability of local prospect beneficiaries out of selling, con-
structing, and provide maintenance for the application   
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 Reduce uncertainty by relying only on beneficiaries for the system continues implementa-
tion, and optimize the capital cost of the system according to the beneficiaries’ economic 
level without considering any subsidies.  

 Ensure that crucial needs and benefits of the system are very clear for the target group, and 
consider high involvement of the community in system development.   
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Mexico – Case study  
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1 National Polytechnic Institute. Edif. No. 8  Zacatenco D.F. México. 
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1. Objective 

Design a Rural Development – Sustainable Urban composed of six small businesses that use 
appropriate technologies and human and natural resources of the region. 

2. Comments 

Malinalco is a rural village with a population of about 10,000 inhabitants. It is located 110 km. by 
road from Mexico City. It has a semi-tropical climate that ranges between 28 and 32 ° C. There 
is a monolithic pyramid was ceremonial center of the ancient Aztecs. 
 
The main activity is tourism during weekends. There is a particular thriving business for breed-
ing and sale of trout, also 20 bakeries that use wood as fuel.  About 20 years ago some families 
had coffee trees for their own consumption. The nearest place coffee producer is 400km. from 
México City. 

3. Description of the case study 

The proposal is to train people who want to participate in the Project, so they can exploit the 
natural resources of the region using Appropriate Technology for their welfare, improving their 
diets and family income. The by products can be used also. 
 
It is proposed to build two greenhouses, one for growing vegetables and another one for flow-
ers. In the first one the space can be maximize up the floor, placing several trays, leaving space 
between them for different varieties as lettuce, cabbage and tomatoes.  Products can be used 
by producers to improve their diets and also market them to have surplus income. 
 
 

                   
 

Figure 1: The other greenhouse for growing flowers which can be marketed. 
 
 

mailto:e_arias2002@yahoo.com.mx
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Figure 2: In an area next to the greenhouses they can grow carrots, potatoes and peas. 
 
 
The byproducts such as stems and leaves mix with other ingredients can be used to make bal-
anced food for chickens and rabbits. 
 
It also intends to build three galleys with local materials such as stone and adobe. 
 
One of the galleys used for breeding hens for eggs and also to sell them and to have income im-
proving health and economical situation.   
 
Another galley for fattening chickens and they can eat that meat and over commercialization. 
 
The third gallery breeding rabbits and they and their families can improve their diet with this meat 
and sell what they do not consume as well as the skins. 
 
The balanced feed for these two species is partly what it is not used for human consumption of 
cultivated vegetables as well as heads and chickens feathers with other ingredients of the region. 
 
The feces of chickens and rabbits can be used to make organic fertilizer for vegetables. 
 
Another small business can also build with local materials a pond to grow tilapia that is a fish that 
does not require special conditions for their growth as trout. The meat produced can be consume 
by the workers and sell the surplus. 
 
Heads, skeletons and queues can be utilized as inputs for balanced feed. 
 
Also take advantage of conditions in the region to grow and process coffee, using the dry process 
that does not require as much water as wet way.  Solar energy can be used for drying coffee 
beans. This will be another income they had to sell coffee. 
 
Lemon, melon and grapes are fruits that can be grown for consumption and sale. 
It can be captured rainwater in a cistern to use this natural resource. 
 
The tomato is an easy vegetable grown in the greenhouse. Its seeds contain some protein so by 
food consuming improve their health because also help the prostate of men. This product can be 
combined with other like potatoes to make nutritious biscuits for consumption and also sold for 
income. 
 
It is possible to build an anaerobic digester to generate methane gas with organic waste and use it 
as fuel instead of wood. 
These six technical-economic activities may be located in one spot so that there is interaction 
among workers. 
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Figure 3: Sketch project distribution. 

 

4. Conclusion 

 
It can be possible to create a cooperative with the working groups in each of the six technical-
economic proposals activities: 
 
1. A group for the greenhouse and vegetable growing in the ground and one for the 
    greenhouse of flowers. 
 2. Another group for breeding and fattening of chickens and selling. One more for chicken 
     breeding selling position and tilefish. 
 3. A further group for breeding and selling rabbits. 
 4. Another for growing and sale of tilapia. 
 5. One more for the cultivation and processing of coffee. 
 6. And the last for the production and sale of nutritional biscuits. 
 
Participants in these activities people can learn Technologies not be dependent on these or 
others, as well as improving their diet and family economy. 
This proposal can be achieved by rural communities improving their feeding, health and ecosys-
tems and environmental sustainability. 
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The number of chickens, rabbits and fish depend on the number of people wishing to participate 
in this project.  
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TE-P_03 Systemic approach applied to a Mexican rural 
area, in order to improve the quality of life and 
economic well-being of people 
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1. Objectives 

How could a Systemic Design project support and encourage sustainable rural development? 
Can we, as designers, pull for the development of agro-food systems, contributing to the sustain-
able, inclusive and economic growth in rural regions?  
Is it possible to promote economic diversification combining traditional agricultural skills and new 
technical and technological know-how? 
Which strategies can be implemented to increase sustainable food production,  to ensure food 
security regionally, to improve human health, and to reduce poverty?             
How the Systemic Design can be the right approach to encourage social innovation processes for 
the improvement of the quality of life and the economic wellbeing of people in rural areas? 

2. Methodology 

This project follows the desk and field research design methods [1]. The combination of desk and 
field methods guarantees a rich and deep understanding of the facts to define an original frame-
work. The desk phase is composed by the group of knowledge produced in the past on the same 
issue and with similar approaches. It is required in order to meet necessary background to deal 
with the theme of the project. The field phase is about the direct observation of the reality and of 
the case-study. Despite it takes a lot of time and it is crucial for the project, cannot be said that it is 
more relevant than the first one. The success of the project comes precisely from the ability of the 
researcher/designer to coordinate these two phases and make the right contaminations to pro-
ceed in a parallel and alternatively way. The desk phase without that field one is sterile; the field 
phase without that desk one is weak.  
That methodology aims to turn the theoretical knowledge into pathways of change suitable to the 
needs and specific capacities of regions or localities, and to define the right level of replicability. 

3. Case-study description 

To answer at all the initial questions we applied the Systemic Design approach (SDA) [2] at the 
rural area of Ahuacuotzingo (Mexico, State of Guerrero). This approach allows us to have a clear 
definition of the steps to plans open systems strongly connected with the territory. The place was 
chosen because of its particular features related to food, both the production and the consump-
tion. Take action on these aspects means managing environmental, social, economic and health 
consequences. The area is characterized by low population and enterprises density, high unem-
ployment and emigration, especially to the United States. Since 1980, Mexicans have been the 
largest immigrant group in the United States. In 2013, approximately 11.6 million Mexican immi-
grants resided in the United States (up from 2.2 million in 1980) and they accounted for the 28% 
of the country’s foreign born (41.3 million) [3]. This situation generates a radical change in life-
styles, food consumption, and a loss in material culture, because people try to imitate other cul-
tures losing totally its own local and traditional know-how. In recent years, someone seeks to im-
prove the quality of life and well-being returning to farm the land in their own hometown. The 
population of this rural area, rather isolated, reveals to be intimately and intensely linked to the 
territory and to have a strong sense of belonging and aggregation. In addition, the farmers of the 
cooperative Ahuehuetla, with which we are working, are very motivated for a substantial changing 
towards sustainable rural development.  
Apply the Systemic Design Approach is a complex process consisting of several stages, manag-
ing a lot of variables and it implies the active participation of all actors involved. This means that 
the project needs many years to be implemented, but even if it is not finished yet and complete, 
the first results can be experienced in the context. 
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4. Research steps and  preliminary outcomes 

The SDA generates benefits for the whole community: from a better environmental quality, to the 
creation of new job placements. The first guideline of this approach is that the waste (output) of a 
system must become resources (input) of another system; in this way the system generates for 
itself resources, contents and meanings, by updating and developing independently [2]. 
In this project, SDA is applied to the activities of five farmers in Ahuacuotzingo who want to be 
able to improve their quality of life, starting from the resources of their own territory. 
The project consists of three phases: 

 The first stage is the analysis of the territory, called the Holistic State of the Art. It does not 
just research geographical and territorial aspects, but also characteristics related to the cul-
tural and social aspects. The Holistic State of the Art, in that specific project, was the deep 
analysis of the activities of these five farmers in order to identify inputs, outputs, and pro-
cesses in terms of quantity and quality. This initial analysis is necessary to define strengthens 
and weaknesses of the activities at the actual situation, in order to figure out what kind of ac-
tions are needed to improve the entire system. From this analysis, we noticed that the critical 
aspects are focused on food, both at the production and consumption level.  
Preliminary outcomes: At this stage of analysis, we defined the amount of input and output 
and their characteristics.  
It is important to underline that the activities of the five farmers from which we started are 
family run at micro-dimension with the simple and essential goal of self-subsistence. The 
productions are often managed in a very random and disorganized way. For this reason, the 
data from which we started the following phases are subject to many variations. 
 

 
Figure 1:  First phase, the Holistic State of the Art of Ahuacuotzingo (Cavideco community space). 

 

 The second phase is the development of the Local Agricultural Cooperative (LAC) composed 
by five farmers, that are involved from the beginning, and by two other interesting realities on 
the territory: a group of five women producing panela (a typical local product, a sweetener re-
sulted from the transformation of sugar cane juice) and another one of women who own and 
manage an organic greenhouse [4]. The aim of the LAC, called Ahuehuetla, is to cooperate 
and collaborate on the basis of some shared values to address common challenges and pro-
vide mutual benefits.  
Preliminary outcomes: The LAC seems to be the ideal framework for the implementation of a 
Systemic Design project. The goal is to work with local resources, and show that this rural 
area is not poor, redefining and designing new flows of matter and energy. In this way, the 
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farmers could become stronger under different perspectives: the support in investments that 
alone could never face; the sharing of equipment, tools and spaces.  
Furthermore, there are also intangible aspects that are very important: they are supporting 
each other, sharing problems and solutions. The creation of the Ahuehuetla Cooperative also 
allows the farmers broadens their perspectives: if currently they are limited to produce what is 
enough for their own outliving and obtain a minimum gain; all together they can act with a vi-
sion closer to a small-micro enterprise [5]. This perspective starts from the increasing of pro-
duction, because, right now, farmers grow only a small part of the land they have, despite the 
availability of water and staff. In this way it is possible to achieve quantitative results: the in-
creased number of products, and the new-born relationships among the farmers themselves, 
the consumers, and the locals. 

 The third step is the designing of the flows according to the intention of tending to zero waste 
and emissions. The objective is to reach the satisfaction of the agro-food demand of the peo-
ple that live in Ahuacuotzingo, by changing the production but also the dietary habits. The 
project aims to produce healthy, local and clean food, linked to the rural Mexican tradition. 
The educational and social aspects are equally important: the Ahuehuetla Cooperative owns 
a community space (Cavideco), where it is possible to transform and sell food, as well as to 
be a meeting point for seminars and workshops. It could be the link between the Cooperative 
and the local population, so that both can benefit from the systemic project.  
The comparison between the current diet and a proper and balanced diet figures out how 
many people could be satisfied with the cultivation of the land in the cooperative. One of the 
goals of this project is to improve the health of the inhabitants in this rural area, because ac-
tually they have a high percentage of cardiovascular diseases mainly due to improper diet. 
The Cooperative has been designed as if it is a living being; each part has its function, cho-
sen according to the geography and the resources, and it contributes to the success of the 
whole system. 
Preliminary outcomes: The conversion of the waste of the area into resources generates 
many new products and related production activities, such as fish farming, compost and 
worm compost, worm farming, seeds self-production, natural filtering of water, biogas, bio de-
tergents and natural soaps, panela (which was the typical and most important production of 
this area until it has been replaced by the refined white sugar), honey. In order to guarantee 
the right dimension in production is necessary to resume land and activities now almost total-
ly abandoned. Sugar cane, for example, now is used almost exclusively for animal feed, but 
this is a serious loss because even from sugar cane is easy to obtain many products, such as 
panela, juice, vinegar, alcohol, but also interesting outputs, such as bagasse, cachaza, vina-
za, .... 

5. Conclusion  

Expected results regard social, economic, environmental and health aspects. The farmers of the 
cooperative Ahuehuetla can become not only self-sufficient in terms of energy and food produc-
tion, improving the quality of life, but also increasing the supply of food products, both unpro-
cessed and processed. 
Within the project of Ahuehuetla Cooperative, we also dealt with the design of the logo, which is 
the central visual element that helps to identify and remember the brand. As happen in every 
company, this icon is a real symbol: the main purpose of it is to summarize and underline shared 
concepts and values from farmers. It is not only a graphic action but it is a way to define and pro-
mote a strong and precisely identity for the farmers and the entire community. 
During the Field research some important needs from the farmers came up: for example, they 
need to have counseling and contacts with experts and technicians in the field of organic farming 
and appropriate technology [6]. This is why we designed and managed also the educational part 
of the project, mainly divided into two parts. On one side, some practical courses held by techni-
cians and addressed to farmers can be organised in Ahuacuotzingo at Cavideco. On the other 
side, Systemic Design seminars addressed primarily to university students can be organized, with 
the purpose of developing the competences in designing and organizing flows in a system. This is 
the reason why we are working together with Nuria Costa Leonardo, one of the 1000 women pro-
posed for the Nobel Peace Price 2005, involved in different projects with the Red Mexicana de 
Mujeres (rememur) on socially responsible business related to rural development. This also helps 
us to relate to a distant reality from ours, though often so similar to many other rural areas all 
around the world. 
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One of the most important results was the definition of the necessary skills to make up the team 
working in similar rural development project. It is important to define the skills needed both during 
the design, and especially during the implementation phase, because this means to bring together 
engineers, experienced technicians on organic farming and integrated pest managers, systemic 
designers, farmers, producers and consumers. 
Another important result is the definition of pathways and frameworks that lies under the systemic 
project. This is what makes it scalable and replicable.  
As mentioned above, the starting data, defined during the preliminary phases of analysis of the 
Holistic State of the Art, are subject to different variations. It depends on many factors, especially 
as the impossibility of farmers themselves to quantify their own inputs and outputs. This limit turns 
out to be insignificant precisely because the main objective is not the quantitative result, but the 
identification of a framework that can be reused and exported to other rural realities in order to 
foster sustainable development. 
 
 

 
Figure  2:  The third phase, Systemic Design Approach applied to the Cooperative Ahuehuetla in  Ahuacuotzingo.. 
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1. Introduction 

Agriculture lost importance around the urban areas some decades ago. Periurban family farming 
has been one of the main victims. Since 2007, Spain is immersed in a financial and socio-
economic crisis that has also created some opportunities to preserve nature (Santos-Martín et al. 
2013) and to reconsider and revalue its relevance related to our quality of life. In this way, unem-
ployed young people are considering other options. These circumstances might provide a range of 
opportunities to promote agriculture as a professional choice for the young population in Madrid´s 
periurban municipalities.  
With this purpose, the main goal of this research is to systematize and to analyse young people´s 
discourses about agriculture in Madrid´s periurban area. In order to achieve this, we have de-
signed two specific goals: (1) a characterization of social perceptions on agriculture based on its 
capacity to change the socio-economic situation on this area, (2) an identification of the main mo-
tivations and barriers to promote entrepreneurship on this sector with a special emphasis on 
young and unemployed inhabitants.  
The studied area selected consisted of a flood plain located in the south-east of Madrid Province, 
involving three main rivers (Tajo, Tajuña and Jarama). The area covers 1500 km2 (19% of Madrid 
region surface) and 21 municipalities, characterized by one of the most fertile valleys of the region. 
Nineteen of these municipalities have more than 5000 inhabitants, while six have less than 1000 
inhabitants; to sum up the population consist on 151.179 inhabitants (Table 1). Its agrarian char-
acter has remarked its culture, nevertheless the activity in these days remains anecdotic. In addi-
tion, the unemployment rate is 12%, higher than the average rate in this region (10%). The aver-
age distance to Madrid city is 51 km, which guarantee a good connection among rural and urban 
areas.  All these characteristics made this area suitable for the study developed. 

2. Methods 

The data sampling has included different sources of information: official databases to collect so-
cio-demographic information about each municipality, semi-structured interviews, and focus 
groups.   
On the whole, 21 interviews were conducted with key informants, including: farmers (n=10), local 
government staff (politicians and managers; n=6), as well as businessmen (n=5). The interview 
was structured in different sections related to: current perception of the rural population in the 
region, current perception of the farming activity in the region, policies and public/private support 
of the agricultural sector, entrepreneurship vocation and professional skills and training.  
After that, 6 focus groups were created from unemployed young people (younger than 40 years 
old) and young farmers stablished in the region. Structural sample considered agrarian family 
tradition, sex and age variables. The sampling was conducted during the period 2013-2014. 

3. Results and discussion 

From decades ago agriculture has been losing importance (Guzman et al. 2013). Young people, 
women especially, have moved from rural areas to urban areas looking for better opportunities. 
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Table 1μ Municipalities’ data. 

Municipalities Inhabitants Sex ratio 

% employment  in 

agriculture 2001 

 

% employment  in 

agriculture 2010 

 

2001- 2010 

Ambite 591 102 9.86 17.65 7.79 
Aranjuez 56.877 95 1.22 1.7 0.48 

Belmonte de Tajo 1.580 105 5.32 8.93 3.61 
Brea de Tajo 572 132 8.18 8.8 0.62 

Carabaña 2.052 102 2.85 3.06 0.21 
Chinchón 5.404 103 14.44 16.73 2.29 

Ciempozuelos 23.716 101 1.02 1.1 0.08 
Colmenar de Oreja 8.432 105 5.04 8.06 3.02 

Estremera 1.486 103 5.96 5.32 -0.64 
Fuentidueña de Tajo 2.077 104 9.95 13.45 3.5 

Morata de Tajuña 7.515 102 3.99 6.19 2.2 
Orusco de Tajuña 1.300 102 1.95 2.02 0.07 
Perales de Tajuña 2.877 103 0.85 1.65 0.8 

San Martín de la Vega 19.615 109 1.59 2.16 0.57 
Tielmes 2.616 106 1.67 3.26 1.59 
Titulcia 1.206 108 8.42 8.21 -0.21 

Valdaracete 665 102 22.14 32.89 10.75 
Valdelaguna 863 102 18.54 26.51 7.97 
Villaconejos 3.488 104 14.08 23.85 9.77 

Villamanrique de Tajo 795 109 22.37 19.88 -2.49 
Villarejo de Salvanés 7.452 103 2.44 3.98 1.54 

 

The mindset that rural parents have tradicionally translated to their children was: you have to 
study and move forward to Madrid instead of working as a farmer, search for a job in an office or 
in a factory. However, the situation in periurban areas was different. Young people who lived in 
Madrid periurban area could study in Madrid and come back every day at home; maintaining a 
higher link with their hometown. These areas didn’t lose population but people were not interested 
in conducting farming activities. 
In the next lines we are going to show some of the main verbatim reported by the participants:  
 

Verbatim 1. Interview 
What did a family used to say to the son? Look for life stability and 
security, study computer engineering and establish yourself in the 
city. What did a family used to say to the daughter? Go away as fast 
as possible.  
Nowadays, female participation in agriculture is just anecdotic. 
 

Verbatim 2. Interview 
It is normal that young people wanted to study, go to university and 
leave the farm… We have tried to provide an education for our chil-
dren in order to avoid them working at the farm. 
 

Verbatim 3. Focusgroup 
I want my children to study and to have the freedom to choose and 
decide what they want to do. If, in the future, they are not able to 
find anything better, they still could work here.  
 

Verbatim 4. Interview 
When I said “My father is a farmer” people told me “you must study, 
in order to change your occupation”. 
 

The current economic, financial and social crisis is changing these discourses. People are looking 
for a job and have changed their perception about agriculture and farming; seeing both as a 
source of new chances. Madrid is a huge market with a wide range of diverse consumers, who 
buy agrarian products from Spain; looking for different characteristics such as food quality prod-
ucts, environmental friendly or social justice. As held by previous authors (i.e. Iniesta-Arandia et 
al. 2014) a generational change is emerging, and the motivations of young people towards farm-
ing activities are increasing together with an interest in organic agriculture, agroecology and con-
servation principles. Nevertheless, Madrid is surrounded by neglected meadows. 
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Verbatim 5. Interview 
Nowadays young people want to work in the countryside. They want 
to run a farm.  
 

But, what kind of barriers and stimuli do they find? Firstly they talk about economic barriers (initial 
investment, access to land, difficult negotiation with large distributors). Basically, they consider 
that agriculture is not profitable and is very hard work and demanding, facing similar problems as 
family farming around the world (FAO 2011). 
 

Verbatim 6. Focus group 
If you want to undertake in agriculture, you must do a huge invest-
ment, otherwise it is impossible. 

Verbatim 7. Focus group 

 

There is a problem, renting a land is very expensive. Nobody wants 
to rent their land. Some owners distrust and they do not rent their 
land. They prefer to leave their lands abandoned. 

Verbatim 8. Interview 

 

Another issue to take into account is commercialization. I can grow 
tomatoes, but how can I get a fair price?. 

In conclusion, the most relevant barrier identified in the study following their discourses is that the 
social perception of agriculture is very poor and farmers wish their children would not work in agri-
cultureμ “study and work outside agriculture”. 
 

Verbatim 9. Interview Being a Farmer is an outcast in spanish society. 

Current socioeconomic context is overthrowing this barrier. Some young unemployed are consid-
ering agriculture as a professional alternative. In fact, collective and local agroecological initiatives 
are increasing since 2011; with more than 30 agroecological networks across spanish municipali-
ties (Llobera and Redondo 2014). Innovation and tradition are working together and we can find 
some entrepreneur in these meadows.  
 

Verbatim 10. Focusgroup 
Nowadays you can not work as a builder and young people are 
considering being agricultures. But It is a bit sad because the main 
cause is that there is nothing else to work at. 

 
They expressed new demands in terms of obtaining more information, training, as well as improv-
ing advisory services, and the initial public support. In the short term, they are demanding exten-
sion services. The need of more knowledge and innovation transfer has been suggested by recent 
studies in central Spain, in addition, it has been detected that young farmers are willing to change 
this practice (Marques et al. 2015). 
A new kind of revitalizing extension services are necessary (Cristóvão et al. 2012). Madrid does 
not have a broad agriculture formal education offer or a professional training; you only can learn 
agriculture at the University level or doing a lot of short trainings.  
 

Verbatim 11. Interview 
Agriculture education and training should be more structured. I 
mean, It is difficult for us to learn correctly about agriculture only 
attending to short courses.  
 

Verbatim 12. Interview 
Theory is perfect but we need training. If you want to learn about 
agriculture you need to practise. 

 
Periurban agriculture is emerging like a professional alternative in Madrid. The most important 
barrier is perception about agriculture and farming but socioeconomic context has changed this 
situation . At this moment, family farming is in a crucial shift point of change. The current socioec-
onomic context obliges to overcome psico-social barriers and revalue the land. Some young peo-
ple, including female, are starting agrarian projects in the periurban areas where they live. Under 
these circumstances, new requirements emerge, such as the need  of a new model on extension 
services, social innovation and nature-based solutions that enhance organic agriculture, short 
food supply chains, and a higher collaboration between different stakeholders connecting con-
sumers and producers.  
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4. Conclusions 

Some young unemployed  are looking for their professional opportunities in  agriculture. People 
are rediscovering, recovering and revaluing the agricultural tradition in the periurban area of Ma-
drid. Financial and  social crisis has  overthrown the most important barrier: agriculture perception. 
Young people are demanding information, training, as well as the  improvement of advisory ser-
vices. Maintaining farmer family tradition is a key point for this entrepreneurial profile, since they 
could get knowledge and initial investment easily. 
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1. Objectives 

The ecological status of the water catchment around a city is often the key to water and food se-
curity. The main objective of this study is to apply a new methodology, that complements the 
availability of data and status of degraded forests, to reduce forest fragmentation by emphasize on 
roles of corridors.  

2. Research framework 

2.1 Study area 

To apply the ecological restoration approach, Shafarud watershed is selected, which is located in 
the northern part of Iran (see Figure 1). This zone, with about 39,800 ha of surface area, has a lot 
of fragmented forests, which are in the danger of degradation. Among the regional ecosystem, the 
Shafarud River, with approximately 34-35 km of length, is placed. Figure 1 demonstrates the loca-
tion of the study area for this investigation.    
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The location of the Shafarud watershed within the Gilan state of Iran. 
 

2.2 Applied approaches  

The method outlined here follows the conceptual “corridor” functionality for defragmenting in 
Shafarud watershed, with approximately 39,800 ha of forest. Data collection is conducted through 
the extracted satellite images from Indian Remote Sensing (IRS), and digital maps including land 
use, roads, and rivers atlas.  For computing fragmentation, all of these maps are overlaid in 
Shafarud landscape. Priorities of restoration are evaluated by taking into account patches’ shape, 
surface area (i.e. more than 1 ha is recognized as a patch in this study), distance to river, and 
distance to roads. As acknowledged, a row of stepping stones is a non-continuous way to connect 
two patches [1, 2], which can greatly increase species’ mobility and ability to disperse in a frag-
mented landscape [3]. Thus, we recognized stepping stones as the corridors in this survey. Clas-
sifications of patches are carried out according to Forman, 1995 [4], which are based on convolu-
tion of edges (number of lobes) and elongation (the ratio of length to width), see Figure 2. 
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Figure 2: Applied classification of landscape patches in Shafaroud landscape 
(a) Natural patches: 1 Bog, pino, tarn, hummock in wetland. 2 Slope surrounding dry hilltop, wetland in karst terrain. 3 
Gaps within a  patch. 4 Delta, alluvial fan. 5 Landslide, avalanche, woods extending along an island in a river. 6 Oxbow 
lake, barchans. 7 Glacial wetland or lake. 8 Drumlin, dune eyot. 9 Riparian woods. 10 Mountaintop with lava flows, 
headland around fjord. 11 Riparian woods along stream with tributaries. 12 Mountaintop vegetation extending along 
ridges, disturbance by mammal trampling around a waterhole. 13 Fire disturbance, pest outbreak disturbance. (b) Hu-
man-made patches: 14 Village around well or fort, central pivot irrigation. 15 City block, logged clear-cut in a chequer-
board forest. 16 Woods with internal clear-cuts. 17 Geographical pattern of land use surrounding a central village. 18 
Farm pond with a dam. 19 woodlot in an agricultural area, city park. 20 Suburban woods with an encroaching housing 
estate. 21 Cultivated field. 22 Golf course fairway, ski slope. 23 Field cut diagonally by a later road. 24 Woodlot lying 
within the intersection of several farms. 25 Town or city with development along roads and railways. 26 Dammed reser-
voir. 

 
 

3. Results and discussion 

Ecological restoration is defined as the process of assisting to recover an ecosystem that has 
been degraded, damaged, or destroyed. Different stages for ecological restoration can be consid-
ered, as shown in Figure 3, including naturalization, creation, reclamation, rehabilitation, and res-
toration in an ecosystem [5] . Here we assumed that by replacing the physical environment (i.e. 
corridors), the natural process can retain its biological capacities. 
    
 
 
 
 
 
 
 

 
Figure 3: Multi stages process for ecological restoration in a region (Adapted 

from [5]) 
 
The functional role of corridors in a landscape planning is viewed as a tool for protecting ecologi-
cal populations in a fragmented landscape, which can recover and support the ecosystem by con-
necting interior patches [9]. Connectivity is also used by scholars to describe the extent of flora 
and fauna movement in patches. As explained in Section 2-2, we adapted a more comprehensive 
approach for the functionality of a corridor, rather than being a linear element in an ecosystem. 
The results of several studies indicate that there is a link between the size of a corridor, and the 
tendency of species to stay in that. For instance, Kubes, 1996 [6] reported that an appropriate 
corridor size is in the range from 0.5 to 5 ha in length, and with a minimum width of 10 to 20 m. 
Thus, 1 ha is considered as an appropriate dimension (with a minimum width of 10 to 20 m) in this 
study.  
For defining priorities in natural and man-made corridors, Core-Satellite configuration is used in 
this study, which is reported as an important parameter for selecting patches. In this approach, it is 
assumed that satellite and core region can be considered as an integrated area by establishing 
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passage ways. Therefore, patches are classified, in this study, through their distance from rivers 
and roads. As follows, a corresponding code is allocated to each patch (see Table 1). According 
to the priority scale, number 1 is defined as the best state for forest restoration, while number 2 
and 3 are recognized as moderate and worst state, respectively.   

Table 1: Applied priority for selecting corridors (based on geographical situation). 
Restoration Rivers Roads  Priority 

Available forest patches between two 
patches Passable via patches Impassable via patches 1 (Best state) 

Flowing river between two patches Passable via patches Passable via patches 2 (Moderate 
state) 

Flowing river and passable road be-
tween two patches Impassable via patches Passable via patches 3 (Worst state) 

 

 
After the extraction of the satellite images (i.e. LISS-III (Linear Imaging Self Scanning Sensor) of 
IRS (Indian Remote Sensing) satellite, in 2005, and with precision of 30 meter), the priority of 
restoration is judged for patches by the developed methodology (see Section 2-2).  Table 2 shows 
the calculated priorities in Shafarud landscape for selected subwatersheds (i.e. numbers of 1-6, 
and 19-23 in Figure 1) according to the defined categories (see Table 1). These priorities are also 
applied in satellite image in order to have a better view of the region for restoration purposes. In 
this direction, the software of ENVI 4.0 is also applied for decoding and integration of digital 
maps and then, Majority Minority Analysis is adapted for filtering the integrated map. Finally, Arc 
GIS 8.3 software is employed for evaluation the restoration priority. The graphical results are 
presented in Figure 4.     
 
Table 2: Calculated forest patches priorities in the Shafarud landscape for selected subwatersheds (numbers of 1-6, and  
  19-23 in Figure 1). 

Priority of  
restoration 

area 

(ha) 
Shape code* Priority of road Priority of river Row number 

1 1.5 20 1 3 1 

1 1.3 13 1 3 2 

1 6.3 13 1 3 3 

1 6.5 13 1 3 4 

3 1.0 8 1 3 5 

1 1.9 21 1 3 6 

3 17.4 13 2 3 7 

1 2.8 24 1 3 8 

3 1.3 19 3 3 9 

1 1.6 17 1 1 10 

3 2.5 19 3 1 11 

3 2.1 20 3 1 12 

1 1.4 17 1 1 13 

1 4.1 13 1 1 14 

1 1.5 21 1 3 15 

2 1.2 22 2 2 16 

3 1.0 8 2 3 17 

3 5.3 13 1 3 18 

1 1.7 8 3 1 19 

3 2.8 16 3 3 20 

 *Based on Forman [7] 
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According to the applied classification of landscape patches (see Figure 2), the obtained mean abun-
dance of each shape code in Shafarud watershed is reported as follows: 
 
 

23=15>13>21=17>19>22>24>8>9>12=16  
 

The entire watershed has about 683 patches (i.e. natural and man-made) with a surface area of 
36,200 ha which can be used for ecological restoration. According to the developed methodolo-
gy, 56 patches with a total area of 228 ha, are identified for establishing corridors in the 
Shafarud watershed (see Figure 4). From this amount, and based on the defined restoration 
priority, around 109 ha with priority of 1 (i.e. highest rank) are recognized as a suitable option 
for establishing the corridors, rather than 51 ha with priority of 2 (i.e. moderate state), and 68 ha 
with priority of 3 (i.e. worst state). The total corridor area that is needed for restoration of the 
Shafarud landscape is evaluated around 62 ha.  
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Obtained priorities of patches in the Shafarud landscape. 

 

Despite the importance of a holistic landscape plan, very few studies were conducted in this direc-
tion. The main stream of scholars has focused on local scale application and biological conserva-
tion, commonly in wetland ecosystem. Marginnis and Jackson in 2003 [7], reported the important 
role of planted forest for ecological restoration, however no significant investigations can be found 
in the literature especially within the study area, which is recognized as one of the most important 
forest in the entire country. Our proposed methodology can be adapted in other degraded forests 
areas, and because of connections which are provided by the corridors, different species can 
move easily between the fragmented forests and this will prevent the isolation of species. As a 
result, natural functions inherent in the forest landscapes could be maintained.   
 

4. Conclusions 

Maintaining the integrity and sustainability of an ecosystem are crucial issues in a regional de-
velopment plan. Regarding the integrated environmental model, forest is considered as a valu-
able and important part of an ecological structure. Ecological restoration in degraded forests 
can be started with naturalization of fragmented forests by appropriate corridors. The results of 
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the proposed methodology indicate that about 56 patches with a total area of 228 ha, are suita-
ble for establishing corridors in the Shafarud watershed.  
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1. Objective 

The Cairo Sludge Disposal Study is being funded within the Mediterranean Environmental Tech-
nical Assistance Programme (METAP) through the European Investment Bank (EIB). The study is 
a demonstration programme to show how the problems of sludge disposal from large rapidly de-
veloping cities, such as Cairo, can be solved through the establishment of a practical system for 
the safe reuse of sludge in agriculture.  

2. Case study description 

The implementation of wastewater projects in the major cities of Egypt Cairo will result in large 
quantities of bio-solids (raw sludge, digested sludge and composted sludge) being produced and 
requiring disposal. The Greater Cairo Wastewater Project will eventually result in about 0.4 million 
tonnes dry solids per year within the next 10 years or so (CSDS,1995). Disposal routes must be 
environmentally and socially acceptable, and cost-effective. Agriculture may offer the most sus-
tainable and beneficial outlet for bio-solids, but there are concerns about protecting the environ-
ment and human health, and its practicality .The principal environmental concerns are due to the 
inevitable presence of potentially toxic elements (PTEs - mainly heavy metals) and human patho-
gens(Smith,1996). 
Bio-solids should be regarded as a natural resource to be conserved and reused, rather than dis-
carded. Its use in agriculture is widely regarded as the newly reclaimed soils in Egypt are charac-
terised by low fertility, high salt content and poor moisture retention. Several investigators indicat-
ed the efficiency of different bio-solids in improving soil characters or increase the productivity of 
such soils (Abd El Lateef2003). 
The Cairo Sludge Disposal Study has been initiated under the Mediterranean Environmental 
Technical Assistance Program, funded by the European Investment Bank and promoted by the 
Cairo  Wastewater Organisation, in order to resolve at least part of the difficult problem of bio-
solids disposal in the Cairo, which otherwise will become an overwhelming problem once all of the 
wastewater treatment plants (WWTPs) become operational with the full capacity. The objective is 
to demonstrate the practical and safe reuse of bio-solids produced by Cairo, and thus serve as a 
demonstration programme and information source for similar towns and cities in Egypt and warm 
climates beyond.  

3.  Methods 

A 3 year programme of sludge sampling and analysis has been completed on all Cairo’s WWTPs 
in order to characterise the quality of the sludges. The sludges have been analysed for a wide 
range of determinands, including nutrients, heavy metals and pathogens. The Cairo Study estab-
lished 30 field trials, covering about 200 feddans (83 hectares). A wide range of arable crops have 
been grown over successive winter and summer seasons, including wheat, barley, fodder and 
grain maize, berseem, soya bean, faba bean, sesame, sorghum and cotton. Vegetables and root 
crops were excluded. A number of long-term fruit trials were also established and included grape-
vine, citrus, olive, banana, peach, apple, pear, persimmon and custard apple. The primary objec-
tives of the trials were to evaluate sludge as a replacement for farmyard manure, to show that 
sludge performed at least as well as traditional methods, and that it can be used safely. Farms 
were selected as trial sites to evaluate the agricultural use of sewage sludge, encompassing the 
major soil types and crop husbandry practices within the nominal sludge ‘marketing’ area around 
Cairo. Six main sites were selected around Cairo, and three are being established near Alexan-
dria. A total of 17 demonstration field trials were established with composted sludge from Alexan-
dria involving several crops.  
Cairo Wastewater Treatment Plants currently produce air dried raw or digested sludge which is 
pushed to drying beds and stocked pile for six months prior usage. Under Egyptian conditions to 
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maintain a relatively high organic matter content in the product for its soil conditioning value, so 
complete stabilization is not necessary. 
 
Table 1: Average nutrient and other elemental additions to soil in composted sludge estimated on volumetric basis(1). 

Parameter Units Composted sludge Farmyard manure 

Ds kg/m3 614.8 563.9 

VS kg/m3 208.5 223.1 

OM kg/m3 170.5 165.1 

N kg/m3 13.33 8.88 

P kg/m3 2.38 1.65 

K kg/m3 1.84 7.55 

Fe kg/m3 10.32 2.77 

Mn g/m3 113.2 63.2 

Zn g/m3 207.7  71.0 

Cu g/m3 126.0 51.8 

Ni g/m3 25.5 15.9 

Cd g/m3 1.3 1.3 

Pb g/m3 33.3 2.8 

Cr g/m3 24.2 6.7 

Co g/m3 7.2 5.8 

Note:  (1) Average density of composted sludge was 0.7 t/m3 (range: 0.65 – 0.8 t/m3) 

 

4. Results 
4.1 Sludge Quality 

The sludge quality surveys have shown the relative consistency of sludge quality at each WWTP, 
compared with the very variable quality of farmyard manure). However, the management and 
control of the sludge treatment and distribution operations need to be improved to ensure that this 
management strategy is sustainable, environmentally acceptable, cost-effective and minimises the 
potential risks to human health. 

4.2 Hygiene 

The study indicated that solar drying reduces the numbers of faecal coliform bacteria to 1000 
MPN g-1 ds(dry solids) and this is indicative of the effective removal of disease-causing enteric 
pathogens. In keeping with this highly precautionary approach to the safe use of sludge, applica-
tions to fruit grown close to the soil (e.g. strawberries, melon) and vegetables which may be eaten 
raw, are not permitted since these may be in direct contact with the ground and also possibly with 
sludge cultivated into the soil. Field workers should also be trained to maintain good levels of per-
sonal hygiene when handling sludge  

4.3 Nutrient content of bio-solids 

Sewage sludge contains ergonomically valuable amounts of N and P, in addition to other major 
and minor elements required for plant growth, including Fe, Mn, Zn and Cu, which frequently limit 
crop yields in Egyptian soils, especially on the reclaimed lands (Table 1). Typically, solar-dried 
sludge from Cairo’s WWTPs contains 1.7 % and 0.8 % of total N and P, respectively. The total K 
content is relatively small in comparison and approximately 0.3 %. Organic manures are applied to 
land on a volumetric basis in Egypt and 1 m3 of solar-dried sludge typically supplies 11.5 kg N 
and 6.0 kg P (19 kg N t-1 and 10 kg P t-1 on a dry solids basis).  

4.4 Heavy metals 

The detailed investigations on heavy metals in sludge carried out by the Studies have shown that 
the quality of sludge produced in Cairo and Alexandria are similar that of other industrialized coun-
tries. Also the heavy metal concentrations are well within the standards required for agricultural 
use and are not a barrier to reuse and do not limit rates of sludge application on farmland. 
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4.5 Effect of  bio-solids in field crop production 

The field trials programme demonstrated the effectiveness of solar-dried raw, digested, compost-
ed sewage sludges and farmyard manure as fertilizers and soil conditioners for arable crop pro-
duction on alluvial clay soils of the Nile delta, and sandy soils on reclaimed land. The main factors 
influencing crop responses to the applied sludges were rapid and slow N release characteristics of 
the sludge; improved fertility of soil from cumulative applications of sludge or manures; crop re-
quirement and sensitivity to N; soil type; and irrigation method .On clay soil, digested sludge gave 
the largest initial fertilizer response compared with other manures tested. As a general recom-
mendation, the suggested optimum rates of application of raw digested sludge and farmyard ma-
nure on reclaimed desert soil are 20 m3 fd-1 10 m3 fd-1 and 20 m3 fd-1, respectively. These rates 
should be reduced where specialist crops are grown with high N sensitivity (e.g. sesame), de-
pending on the fertility of the soil after frequent additions of sludge or farmyard manure (Table2).  

Table 2: Mean values showing the main effects of manurial, fertiliser and irrigation treatments on the yield of different 

crops in a six season rotation on clay soil (Nile alluvium). 

 Cropping season and type 

Treatment Winter
(1)

  Summer  Winter  Summer  Winter  Summer  

 Wheat  

(t fd-1 grain) 

Soya bean 

(kg fd-1  

seed) 

Berseem 

(t DM fd-1) 

Cotton  

(kg fd-1  

 seed-

cotton) 

Faba bean 

(kg fd-1  

seed) 

Maize  

(t fd-1 

grain) 

Manure (n = 16)       

No sludge 1.79c 568d 1.17b 509c 0.63c 2.23c 

Digested sludge W 2.50a 816ab 1.28b 976a 1.13a 2.63b 

Digested sludge S No sludge 700bc 1.26b 950a 1.11ab 2.99a 

Digested sludge W+S W applied 870a 1.69a 742b 0.91b 3.21a 

Farmyard manure W+S 2.29b 615cd 1.29b 510c 1.02ab 3.04a 
(1) Note In the first season only winter applications are supplied   
W is winter applied; S is summer applied 
fd-1   =(feddan)= 4200m2 
Values followed by the same letter are not significantly different at P=0.05 

4.6 Residual effect of bio-solids: 

Sewage sludge has important cumulative and residual value for field crop production on reclaimed 
desert soils. Yields of crops grown on land treated previously with sludge may be increased by 10 
- 20 % compared with normal farmer practice. Frequent applications of sludge to reclaimed soil 
increase soil fertility and can reduce inorganic N fertilizer requirements (Table 3).  
 
Table 3: Cumulative effects of sludge on the yields of field crops relative to normal farmer practice.    

Number of consecutive applications 

of 10 m3 fd-1 

                Crop  

 

Increase above normal farmer  

practice (%) 

2 Barley grain            22 

3 Forage maize            36 

4 Wheat grain (4.           100 

4.7 Chemical composition of crops on sludge-treated soil 

Extensive chemical analysis of field and fruit crops from the trials (25,000 individual plant tissue 
analyses were reported by the Study) did not reveal any significant relationships between heavy 
metal additions from sludge to soil and the concentrations present in plant tissues, which were in 
the normal ranges reported for crop plants in Egypt. In contrast to the heavy metals, significant 
and consistent effects of sludge and farmyard manure (FYM) on NPK content of crops were evi-
dent. The relative effectiveness of the different organic materials and N fertilizer value, based on 
observed patterns in crop N content, is as follows: 

Digested sludge > FYM > N fertilizer > Raw sludge 
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5. Conclusions  

A comprehensive scientific analysis of the potential value and safety of using Cairo sludge on 
agricultural land as a fertilizer and soil conditioner provided the assurance that, many climatic, soil, 
operational, agricultural and economic factors favour agricultural use of sludges under Egyptian 
conditions and warm climates. Climatic and soil conditions in Egypt strongly favour a reuse option 
because calcareous and clay soils limit crop uptake of heavy metals and potential toxicity. Also, 
the reclaimed land and clay soils are deficient in Zn and Cu, as well as other essential elements 
which are present in sludge and required for plant growth; and the extensive sunshine exposure, 
high temperatures and dry conditions provide aggressive and unfavourable conditions for the sur-
vival of microbial pathogens.  
In addition to these beneficial climatic, soil and operational aspects, a further major advantage 
favouring reuse as a means of sludge management in Egypt  and warm climates is the extensive 
and constant demand of agriculture for bulky organic manures as fertilizers and soil conditioners. 
Although these justifications favours the use of bio-solids in the agricultural land , it is recom-
mended to treat the sludges  to higher standards to assure higher levels of security and safety 
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1. Objectives 

When comparing large centralized energy systems with local energy communities, the latter may 
have advantages in becoming self-sustainable. The main goal of this work was to show that urban 
and suburban bioresources can have substantial energy potential. 
The specific objectives of this work were: 
 

 To classify selected urban and suburban, residue-based bioresources regarding biogas 
potential, 

 To make an spatial evaluation of the collection, and the utilization of such bioresources 
in Beočin, Serbia, an sourounding,  

 To evaluate the selected bioresources regarding usability for urban biogas generation 
based on bioresource quantities and spatial position. 

 
The methodology consists of five steps.  The results will be displayed in the same manner. 

2. Methodology 

2.1 Selecting bioresources and defining factors for calculations 

The selection focused on residue-based bioresources, which are available in many regions and 
therefore are realistically obtainable also for Beočin. Since data for residue-based bioresources 
range widely in literature (e.g. regarding generation rates) and studies display various units (e.g. 
kilogram, litre, per square meter, per capita) a definition of most probable values with standardized 
units was made based on literature results. Before implementation of a concept into practice it is 
recommendable to verify and adapt the data to specific regional conditions. 

2.2 Creating an GIS-based bioresource inventory including logistical networks  

This part of the methodology was the core of the analysis. An overview on the bioresources in the 
community in question was done efficiently and relatively quickly by means of GIS-Inventory with 
“point-“ and “area-resources”. The software used was ArcGIS.  
Different layers used in the GIS-inventory were downloaded from Open Street Maps depots 
(Geofabrik - www.geofabrik.de; Trimble Data - data.trimble.com). They were used as a base to 
portray the use of land, natural surfaces, man-made entities (e.g. roads, rail-, waterways, build-
ings). The administrative division layers were also used. It has to be mentioned, that the maps did 
not cover the complete area around Beočin and were also not 100% exact. Census and statistical 
values were taken  from the statistical office. The layers had to be pre-processed in order to use 
them for the bioresource inventories. 
For the logistical part the “Network Analyst” from ArcMap was used. It basically creates a spatial 
analysis based on networks of roads. It can help for example in determining the bioresource po-
tentials within certain drive distances or time ranges. The network created via the “Network Ana-
lyst” is made out of points (e.g. bioresource sources and destinations) and lines (e.g. streets). 
Junctions were defined specially. Since urban bioresources can be transported to a point of usage 
via different ways, the step of defining junction could be crucial in the analysis.  
The collection of the bioresources will consume a substantial amount of fuel. In respect to the 
energy content of the bioresource itself and the transport distances, it can make no sense to col-
lect and transport them at all on the energetic point of view. 
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2.3 Analyzing the potential CO2 savings 

The bioresource itself is considered as CO2eq neutral. The usage of fuels to power the transporting 
machinery was considered. First the number of trucks needed for bioresource transport was cal-
culated via Eq. 1:  
   = ℎ   ℎ                                 Eq. 1 

 

In [2] the trucks specific emission was estimated with about 0.79 kg CO2/km in town conditions 
while loading and transporting. With the average distance per tour, the number of trucks, and the 
CO2eq emissions per truck the total yearly CO2eq emission were calculated via Eq.2: 
  � � =  ∙ . � ∙ .  � �              Eq.  2 

 

Following assumptions for biogas utilization were made [2]: 
 

 Producing one kWh of electricity saves around 0.55 CO2eq, 
 Producing one kWh of heat saves around 0.38 CO2eq. 

 

Upon these assumptions CO2eq emissions by transport and the CO2 savings by biogas utilization 
were compared. The emission comparison was based on the conservative assumption that all 
conventional heating came from natural gas.  

2.4 Determining the primary energy substitution 

In this step, a preliminary estimation for the energy use of the households was made using statis-
tical data for Serbia [1]:  
 

 inhabitants per household (average), 
 electricity usage 4,200 kWh per household (average). 

 
This makes around 1,400 kWh of electricity usage per person in the average household. In the 
same manner heat energy consumption was estimated [2]. Using this data it can be determined 
which percentage of these needs could be replaced by utilizing biogas from the bioresources in 
question.  

2.5 Determining potential areas for digestate utilization 

A good option for removing the digestate from the biogas unit is by using it as a fertilizer. Using 
GIS it could calculated in which radius the digestate can be applied. However, it should be noted 
that at the time being there is no knowledge for Beočin which agricultural areas are used for grow-
ing crops and how their nutritional status is. 
The main issue when determining the needed area for digestate application is that the amount of 
digestate applied on a certain area is depending on the digestate characteristics, namely on the 
nitrogen content, and on the recommendations for soil fertilizing, which should not be surpassed. 
According to these limitations an overview of the possible digestate receiving areas was given. 

3. Results and Discussion 

3.1 Bioresource selection and factors for calculations 

The selected residue-based bioresources that were considered in the GIS-Inventory were:  
 

 green waste from public green areas: 0.03 m3
biogas/m

2 [2], 
 green waste from private green areas: 0.073 m3

biogas/m
2 [2], 

 private kitchen waste: 112 kg of waste/ year & capita (6.38 m3
 biogas/ year &capita [2]. 

3.2 Overview of the GIS-Inventory 

 “Point-resources” such as household kitchen waste were relatively easily to evaluate and to map. 
The green wastes are “area-resources” and were more demanding to map, as they cover a cer-
tain surface. One example is shown in Figure 1. The data behind the maps can be used to gain 
numerical parameters for the bioresource potential calculations depending on the area.  
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Figure 1: An overview of urban and surrounding agricultural areas in the 5000m distance from Beočin (selected in bright 
blue) (town highlighted in orange) (own depiction from ArcGIS). 
 
The evaluation of the considered bioresources delivered following results for Beočinμ 
 

 public green areas (several meadows and a park): up to about 1.72 mio. m2, 
 private green urban areas: up to 2.15 mio. m2,  
 1100 mapped housing objects. 

 
In Table 1 an overview of the bioresource characteristics is shown. The organic matter of the mix 
was about 796 Mg/a and the dry matter content 14 % [2]. 
 

Table 1μ Bioresource characteristics for the Beočin case 

Substrate Amount  (Mg/a) Mass Share (%) Dry Matter 

(%) 

Biogas yield 

(m³/a) 

Private kitchen waste 840 14.7 16 47800 

Private green waste 3655 64.1 18 156950 

Public green waste 1204 21.1 18 51600 

Total 5699 100% 17.7 256350 

 

The following results have been obtained by using Corine Land Cover data, Geofabrik data, data 
from the Statistical Office of the Republic of Serbia, as well as manual cartography of the private 
homes in the municipality of Beočin. 
It is visible that the private green waste can potentially yield the biggest amount of biogas, which is 
logical, since most of the residential areas in the town are single-family houses.  

3.3 CO2 Savings 

The abovementioned biogas amount could supply the following amount of energy for the town of 
Beočinμ 
 

 electrical energy in amount of about 600,000 kWh, saving about 330 Mg CO2/a emis-
sions, 

 heat energy in amount of about 704,000 kWh, saving about 268 Mg CO2/a emissions. 

 
The calculated emission to transport all of the substrates totals up to 0.503 Mg/a. This value is 
almost negligible in comparison to the savings which can be made. 

3.4 Primary Energy Substitution  

The abovementioned produced energy amount can replace around 2% of electrical energy, and 
about 8% of the heat energy consumed by the Beočin within the limits of the analysis. 
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3.5 Digestate Management 

The potentially liable areas that can receive the digestate are the marked in blue in Figure 1. 
These areas have 310 ha as potential surfaces for digestate application. The following table 
shows an approximation of the digestate characteristics with respect to the bioresource input into 
the biogas unit as explained in the chapter 3.2 (Table 1).  
 
Table 2μ Calculated digestate parameters in the Beočin case [3]. 

Parameter Value 

Degradation of the Organic Portion (%) 79.9 

Dry Matter of the Digestate (%) 5.2 

Nitrogen Content of the Digestate (%) 0.57 

Amount of digestate (t/a) 5029 

 

According to the before mentioned nitrogen input limit in the soil, we get a yearly value of 
around 36 Mg digestate /ha that can be used of around 139 ha of land where eventually a di-
gestate application is possible. However it is not known which of this land is used to grow food 
or non-food cultures. The most likely utilization area must be determined in future phases of 
planning.  

4. Conclusion 

The results show that there are substantial, in this case practically unused, amounts of biore-
sources within the urban communities, which can be identified and dimensioned using GIS pro-
cessing. The results shown were compiled based on several assumptions, so they may vary from 
case to case or from season to season. Still, the good side of this type of GIS-inventories is once 
the model of the inventory is made, it can be easily upgraded or modified in order to achieve a 
greater precision. The quality of the results is analogue to the input details. 
Even though both proposed biogas plants cannot fulfill the complete energy needs, it is still a good 
example of integral bioresource usage. It can show that how much a cities can do with residue-
based bioresources to become sustainable.  
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1. Objectives 

Regarding the spread of helminthoses, domestic animals (dogs, cats) are of great importance 
because they live in a close contact with man. Through faeces of infected animals the germs of 
parasitozoonoses spread into the environment. The most serious problem is the sanitation of the 
faeces. The aim of the study was to monitor the effect of long-term aerobic storage (73 days) of 
dogs′ excrements with or without “Enviro” lime on the survival of model helminth eggs under la-
boratory conditions. 
 

2. Methodology 

Dogs´ excrements mixed with hay in the ratio of 1:5 and mixed with “Enviro” lime in a concentra-
tion of 20 g.kg-1 and 70 g.kg-1 mixture were used in the experiment. General characteristics of 
tested lime were as follows: CaO + MgO - min. 82.0 %; MgO - max. 3.5 %; CO2 - max. 11.0 %; 
Granularity - 0-1.0 mm. 
The ”artificial contamination of organic wastes” with unembryonated Ascaris suum eggs was used 
approach to make sure that there was a sufficient number of positive samples in our observations. 
A. suum eggs were isolated by dissection of a distal uterine part of female pig ascaris. The distal 
uterine ends were then removed to a glass homogenizer and processed. The water suspension of 
eggs was stored in an Erlenmayer flask in a refrigerator at 4°C. The controls with eggs were incu-
bated in distilled water for the same time as the exposure time. Eggs were inoculated at a dose of 
1000 eggs per carrier into polyurethane carriers and introduced into the wastes. The methods 
used for monitoring physical and chemical properties of organic wastes corresponded to the STN 
465 735. The C content was calculated according to the content of OM by the method of Navarro 
et al. (1993), and the C:N ratio was calculated. Samples were collected after 0, 1, 2, 3, 7, 8, 9, 10, 
14 and 73 days of the storage. Three samples were taken and analysed at the given sampling 
intervals. 
 

3. Results and discussion 

Utilisation of wastes resulting from domestic animal has been the subject of many investigations 
with regard to contamination of the environment by emissions, to the plant toxicity of treated 
wastes but also to the potential of survival and spreading of pathogenic agents. An important fac-
tor of the risk of infection transmission is also possibility of animal to move outside its housing 
(yard, move in nature), or the use of a dog (hunting or social). The most frequent way of transmis-
sion of parasitic diseases is through the contact (free-living animals with a domestic ones), or 
through contaminated environment with developmental stages (oocysts, eggs, larvae). Through 
faeces of infected dogs and cats the cysts of intestinal parasitic protozoa (Entamoeba histolytica, 
Giardia intestinalis, Balantidium coli, Toxoplasma gondii), the eggs of tapeworms (Dipylidium sp., 
Echinococcus sp.) and parasitic nematodes (Toxocara canis) can spread into the environment. 
Amongst the nematodes eggs, eggs of A. suum are reported to be the most resistant against envi-
ronmental factors. Their egg shell is enveloped with an outer layer formed by acid polysaccharides 
and proteins and a central layer consisting of proteins (25%) and lipids (75%, particularly alpha 
glycosides). This protects A. suum eggs against effects of chemicals and drying and is s the rea-
son why they have been chosen as model eggs. 
Infection and way of transmission of the diseases depends on the biological properties of the in-
volved pathogens as well as the utilization of the farmland and of the resulting crops. For the sani-
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tation of animal excrements, the use of dust rejects from lime production, at more affordable price 
than quality lime, is very suitable. 
The following changes in physical and chemical properties of the dogs´ excrements mixed with 
hay with or without “Enviro” lime were monitoredμ the pH, dry matter (DM), ammonium ions (NH4

+) 
and C:N ratio. The physical and chemical properties of the treated material are given in Tables 1-
3. 
An application of “Enviro” lime to the mixed dogs’ excrements at a concentration of 20 g.kg-1 of 
organic wastes, resulted in a devitalisation of 65.6 ± 2.8 % and at a concentration of 70 g.kg-1 77.0 
± 2.4 % of model unembryonated A. eggs within 24 hours. A. suum eggs were totally devitalised 
as early as within 8 days in dogs’ excrements after application of “Enviro” lime at a concentration 
of 70 g.kg-1 and within 21 days after application of lime at a concentration of 20 g.kg-1. 57.2±3.2 % 
of eggs were devitalised in the control without lime in the end of experiment (Table 4). The most 
important physico-chemical factors affecting viability of helminth eggs include pH and ammonia. 
We observed the highest pH and ammonia content especially in the organic wastes treated with 
tested “Enviro” lime. 
 
 
 
Table 1: Physico-chemical properties of the dog excrements during long term storage. 

Storage (days) pH DM (%) NH4
+ (mg.kg-1 DM) C:N 

0 9.1±0.1 35.7±1.8 219.1±55.7 11.2:1 

1 8.6±0.1 34.7±0.1 232.1±23.6 11.2:1 

2 9.6±0.1 35.2±4.2 395.7±2.5 10.1:1 

3 9.8±0.1 37.6±1.9 309.8±95.0 9.1:1 

7 9.0±0.1 37.2±0.3 370.9±8.2 18.1:1 

8 9.4±0.2 33.2±0.2 82.2±2.5 32.7:1 

9 9.5±0.2 29.8±3.0 132.6±72.9 54.9:1 

10 9.5±0.1 31.7±1.1 124.1±0.2 57.3:1 

14 9.3±0.1 53.9±4.3 138.0±7.4 76.4:1 

73 8.5±0.1 86.3±0.2 28.1±3.3 46.3:1 

                        DM - dry matter; NH4
+ - ammonium ions 

 

 

 
Table 2: Physico-chemical properties of the dog excrements mixed with “Enviro” lime in a concentration  
              of 20 g.kg-1 during long term storage. 

Storage (days) pH DM (%) NH4
+ (mg.kg-1 DM) C:N 

0 8.4±0.1 37.2±0.1 400.6±47.8 9.6:1 

1 11.2±0.2 44.5±0.1 12.5±8.6 9.7:1 

2 9.3±0.3 56.4±15.1 36.2±7.8 12.4:1 

3 8.6±0.1 57.3±33.2 645.1±362.6 4.2:1 

7 9.1±0.1 45.1±6.8 225.4±91.0 15.4:1 

8 9.1±0.1 43.9±2.8 439.8±141.3 16.7:1 

9 9.27±0.1 68.7±1.3 398.6±2.5 20.9:1 

10 9.1±0.1 64.1±0.1 349.0±10.1 17.7:1 

14 8.9±0.1 60.0±0.9 338.5±24,9 14.7:1 

73 8.7±0.1 89.1±0.1 74.5±26.6 22.6:1 

   DM - dry matter; NH4
+ - ammonium ions 
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Table 3: Physico-chemical properties of the dog excrements mixed with “Enviro” lime in a concentration  
              of 70 g.kg-1 during long term storage. 

Storage (days) pH DM (%) NH4
+ (mg.kg-1 DM) C:N 

0 9.1±0.1 35.7±1.8 219.1±55.7 11.1:1 

1 12.6±0.1 43.1±1.5 41.0±42.8 16.2:1 

2 12.7±0.1 46.8±0.2 10.19 42.7:1 

3 12.6±0.1 44.1±1.9 20.6±14.4 32.7:1 

7 12.4±0.1 45.5±0.2 140.3±9.8 7.7:1 

8 10.6±0.1 45.2±0.5 131.3±2.9 15.0:1 

9 10.1±0.1 45.6±1.2 82.59 16.2:1 

10 10.1±0.1 46.7±1.1 85.6±10.6 14.1:1 

14 9.8±0.1 52.2±1.1 14.28 9.2:1 

73 8.9±0.2 87.2±0.5 2.2±0.1 24.4:1 

   DM - dry matter; NH4
+ - ammonium ions 

 
 

Table 4: Survival of A. suum eggs during long term storage of the dog excrements with or without  
    “Enviro” lime. 

Storage (days) Demaged A. suum eggs (x%±SD) 

Control 20 g.kg-1 70 g.kg-1 

0 12.6±1.1 12.6±1.1 12.6±1.1 

1 35.7±2.5 65.6±2.8** 77.0±2.4*** 

2 54.4±10.7* 68.6±3.9** 82.3±4.8*** 

3 67.0±2.6** 75.1±1.2** 87.6±3.9*** 

7 62.6±4.0** 76.2±5.4** 97.1±3.9*** 

8 59.8±2.7* 76.9±2.7*** 100*** 

9 61.9±2.9* 82.3±4.8*** 100*** 

10 62.8±4.0* 85.7±1.4*** 100*** 

14 61.9±3.3* 95.7±6.3*** 100*** 

21 55.6±2.4* 100*** 100*** 

73 57.2±3.2* 100*** 100*** 

* Significance at the level P<0.05; ** Significance at the level P<0.01; *** Significance at the level P<0.001 

4. Conclusion and outlook 

The issues of safe sanitation and waste management are highly topical as it has been univer-
sally acknowledged that the majority of endoparasitic germs is able to cause infection in animals 
and humans even a year or two later. For the sanitation of dogs’ excrements, the use of “Enviro” 
lime, is very suitable. Model helminth eggs were devitalised within 8 days storage in dog drop-
pings mixed with hay in the ratio of 1μ5 and “Enviro” lime. 
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1. Objectives 

The objective of this study is to design, develop and validate a prototype of aquaponic system 
under greenhouse conditions which is a combined production system of tomatoes and tenchs with 
a sustainable and integrated management of re-used wastewater as a water resource for the crop 
and potable water for the canals where tench fishes are being fattened. 

2. Methodology 

2.1 Description of prototype of aquaponic system  

One prototype of greenhouse has been designed and built in the Experimental Centre of the 
Tecnova Foundation (in the province of Almeria, Spain) to make possible the combination of two 
production systems: the production of vegetables and fresh water fishes in one aquaponic system. 
This prototype of greenhouse had a surface area of 380 m2 and an ogive multispan structure 
made with steel tubes, with film plastic cover and passive control of climatic conditions.  
 
This prototype has been provided with five canals of 18 m long and 0.5 m width and height (with a 
total volume of water stored of 22,5 m3) to fatten fresh water fishes. Ten hanging growing canals 
of a hydroponic pure system (NGS®) have been installed in this prototype made with a scrap met-
al structure and a film plastic multi-layer system, with three different film plastic layers located 
above this structure to grow vegetables provided with a drip irrigation system and with the recircu-
lation of the nutrient solution. Every hanging growing canal was placed at 0.6 m from the soil sur-
face of the greenhouse and had 18 m long, with a separation of 1.6 m between growing canals 
and of 0.4 m between drip irrigation emitters of the same drip line.  
 
Three different filter systems have been installed in the head irrigation to apply three different 
treatments to the wastewater collected and recycled from the canals of fishes: (1) a sand filter 
used to retain solid stains, (2) an ultraviolet filter to eliminate the microbial load and, (3) a biologic 
filter to promote the nitrification process of the wastewater collected. 

2.2 Experiments 

Two combined production systems have been evaluated during a period of time of one year and a 
half: tomatoes and tench fishes (Tinca tinca) have been produced, with a sustainable and inte-
grated management of re-used wastewater as water resource for the crop and potable water for 
the canals where tench fishes have been fattened. 
 
Two consecutive tomato crops have been evaluated during this experiment and during one fatten-
ing cycle of tench. The first tomato crop was transplanted in January 2014 and finished in June 
2014. The second tomato crop was transplanted in September 2014 and finished in May 2015. 
The tench fishes were introduced in this prototype with one year old and its fattening period has 
lasted twelve months. The canals of fishes were covered with plastic grilles and white mesh to 
reduce the amount of incident radiation and to favour the maintenance of the activity of these noc-
turnal fishes during the daytime. The tench fishes have been fed with fish flour fodders.  
 
During the first tomato crop, three different strategies of water and nutrient management have 
been applied and evaluated in the aquaponic system: (A) an independent management of both 
production systems, (B) a mixed management and, (C) a closed management (pure aquaponic). 
During the second tomato crop, an economical assessment has been developed with the applica-
tion of a mixed management of water and nutrients to validate this management system and to 
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compare the economical results obtained with the conventional production system of tomatoes 
under greenhouse in southeastern of Spain.  

 
Figure 1: Sketch of the prototype of aquaponic system under greenhouse. 

2.3 Water and nutrient management 

During the phase of vegetative growth of the first tomato crop (two months of duration), an inde-
pendent management of water and nutrients has been applied in the vegetable production system 
and in the aquaculture system. During this period of time, the water from the canals of fishes has 
been continuously recycled using one circuit. The nutrient solution of the pure hydroponic system 
has been recycled using another independent circuit and replacing this nutrient solution before 
reaching values of electrical conductivity of 3,5-4 dSm-1 and concentrations of 100 mg l-1 of ni-
trates and 1 mg l-1 of ammoniacal nitrogen. 
 
A mixed management of water and nutrients has been applied during the phase of fruit set and 
fruit growth (two months of duration). During this period of time and every 48 hours, a volume of 
wastewater that ranged between 2 to 3 m3 has been sent from the canals of fishes to the pure 
hydroponic system, to refresh the nutrient solution of the tomato crop. The nutrient solution for the 
tomato crop was adjusted taking into account the nutrients provided by the wastewater of the ca-
nals of fishes. 
 
During the phase of harvest (last two months of the tomato crop cycle) a closed management of 
water and nutrients has been applied with the total combination of this two production systems 
and without the application of mineral fertilizers to the tomato crop. In that way, the amount and 
the size of fishes in the canals have determined the amount of nutrients that contains the 
wastewater for the canals of fishes. 
 
Weekly measurements of concentration of nitrites, nitrates and ammoniacal nitrogen in the water 
of the canals of fishes have been developed using portable colorimetric tests. 
 

3 Results and discussion 

3.1 Evaluation of water and nutrient management 

The independent management of water and nutrients in these two production systems has pro-
duced two kinds of advantages in comparison with the conventional production system of tomato 
in soil and under greenhouse in southeastern of Spain: a reduction of the amount of water and 
nutrients applied to the tomato crop (that ranged between 20-30%, depending of the quality of the 
irrigation water) and the increase of the benefits obtained per area unit.  
 
The mixed management of water and nutrients between these two production systems has al-
lowed the recycle of wastewater from the canals of fishes to refresh the nutrient solution of the 
tomato crop, with a reduction of the amount of mineral fertilizers applied to the tomato crop (this 
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reduction depends on the number and the size of the fishes fattened in the canals). This mixed 
management of water and nutrients has produced a suitable development of the tomato crop and 
a suitable growth of tench fishes. 
 
The closed management of water and nutrients has produced deficiency of nutrients in the tomato 
crop. The population density recommended for the tench fishes (7-15 kg m-3) seems not to be 
enough to produce the amount of nutrients needed for the tomato crop in the wastewater of ca-
nals.Other fattening fish with high population densities (like red tilapia) could be more appropriate 
for pure aquaponic systems with tomato crop. 

3.2 Validation of the aquaponic system 

The species of fish selected (Tinca tinca) has been fattened properly in canals under greenhouse 
without active control systems of climatic and water conditions. The necessary fatten cycle of 
tench species to reach a commercial weight has lasted twelve months under  Mediterranean con-
ditions, and it is completely compatible with the crop cycle of tomato crop. The use of hanging 
growing canals to develop the tomato crop has enabled the combination of these two production 
systems (tomato crop production and tench fishes fatten) under the same greenhouse structure, 
and it has increased the benefits obtained per area unit (between 8 to 10 times, depending on the 
market price of tench).  

The application of a mixed management of water and nutrients has demonstrated to be the best 
option for the combination of the production systems evaluated. It has produced a suitable growth 
and yield of the tomato crop and it has improved the use of resources (water and nutrients). The 
re-use of effluents produced in the canals to the NGS system has provided to the tomato crop a 
source of nutrients rich in ammonium, nitrates, phosphates and organic substances, reducing the 
amount of mineral fertilizers that must be used periodically to refresh the nutrient solution of this 
closed hydroponic system. The amount of wastewater (2 to 3 m3) derived  every 48 hours from the 
canals of fishes to the NGS system has been enough to attend the water needs of the tomato 
crop. 

The direct costs that have increased with the combination of these two production systems are the 
energy and the labour costs. The use of photovoltaic solar collectors could be a good option to 
self-supply of energy to this prototype in this region (which receives the highest number of sun 
hours per year of Europe). The increase of labour cost has been little and it has been due to 
maintenance labours. The cost of this prototype of greenhouse is higher than the cost of the tradi-
tional greenhouse widely used in the Mediterranean region. The increase of the net benefits ob-
tained per area unit (from 3 to 8 euros m-2) allows facing the amortization of this equipment easily 
by farmers.  

4. Conclusion and outlook 

This innovative aquaponic system is a model of sustainable production system in which urban 
sewage water and effluents from canals for fatten tench fishes are re-used to growth a tomato 
crop, reducing the use of inputs (water and fertilizers) and increasing the benefits obtained per 
area unit. 
 
The management of water and nutrients more suitable for the combination of the production sys-
tems evaluated in this experiment (tomato crop and tench fishes) has been the mixed manage-
ment, deriving an amount of wastewater from the canals of fishes every 48 hours to the NGS sys-
tem. It has produced a suitable growth of the tomato crop and the tench fishes, the total reuse of 
the water resources and the reduction of the amount of fertilizers applied to the tomato crop.  
 
The advisable population density of tench fishes has demonstrated not to be enough to provide 
the needs of nutrients of the tomato crop with a pure aquaponic system. Additional combinations 
of production systems should be evaluated with pure aquaponic systems in Mediterranean climat-
ic conditions with the integration of renewable energy systems. 
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Objectives 

This study identifies farming production strategies with wastewater in Sacaba Valley to contribute 
to assessment of their risks. It has two objectives. The first one was to identify characteristics of 
production with wastewater. The second one was to know the changes shown in such characteris-
tics during the last ten years to identify the factors that caused these changes. 
 

Methodology 

It consisted in transect walks alongside the river that receives wastewater, on-farm enquires to 19 
farmers, semi-structured interviews, field observation and revision of secondary information. Iden-
tified production strategies and practices have allowed classifying plots according to intensity, type 
of crops and agricultural practices in production systems. Comparing former and current charac-
teristics have served as a basis to identify main factors that originated such changes.  
 

Results 

Three production systems have been identified: a) horticultural semi-intensive, b) forage semi-
intensive and c) horticultural intensive. Two main changes have been identified in production 
strategies on these systems: the search for alternative sources of water –which has resulted in 
one type of on-site treatment by filtration– and change of produced crops. These changes have 
been triggered by six main factors, four of which have already been mentioned by Raschid-Sally 
et al (2004) –i.e. reliable flow availability, farm size, village conformity, market access– and two 
are news: social pressure and organization level of farmers. 
 

Conclusion  

Understanding of the main factors that explain the situation of production systems can be 
achieved during the process of risk assessment, and information that they provide may be useful 
as a part of a long term planning for sustainable use of wastewater. On the other hand, it is a need 
to get reliable data about the resulting risk of identified production practices, strategies and the on-
site treatment. 
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1. Introduction 

Worldwide more and more areas suffer from water scarcity. Basins get exploited faster than their 
replenishing speed and each collapsed basin is one natural water storage system less and, espe-
cially, in the case of aquifers difficult to recover once overexploited and a loss of high quality drink-
ing water. 
 
The nexus discourse, which reached the international arena with the Conference “The Water En-
ergy and Food Security Nexus – Solutions for the Green Economy” picks up the interconnectivity 
of resource cycles (like water, energy or soil) and some political, economical and social dimen-
sions. However, only some first steps are made to analyze local water scarcity caused by ample 
interconnected factors with multiple synergies by the forces of globalizations 11. This work tries to 
develop an analytical framework for understanding the forces pushing local water users to unsus-
tainable water usage, which effects the global water storage capacity. 
The hypothesis is that resource cycles as a nexus connected are heavily influenced by the forces 
of globalization and hegemonic struggles on quantities and ways of resource exploitation pushed 
by competing interests. These forces and synergetic links are an interconnected global network of 
factors socially and territorially wise disconnected from the basins, however, affect them heavily 
locally. Each basin is embedded in a different social, cultural and political framework shifting the 
factors, buffering or increasing the affects of some. Therefore, more dimensions have to be in-
cluded into the nexus framework to make the global anthropogenic link more visible and analyza-
ble. 
 
This article connects the nexus framework with theories of power and the concept of hegemony as 
an important dimension to analyze cases of global water losses. A contribution in the development 
of theorising water exploitation regimes by using exemplary cases derived from Australias energy 
nexus discourse. 

2. The water-energy-food nexus and struggles for hegemony 
 
Local water scarcity is affecting the global water balance in form of less water stored in easily 
accessible systems like surface water systems, aquifers or soil. Most surface water systems are 
more and more polluted, which makes aquifers in terms of drinking water supply even more valu-
able, even though more effort is required to reach the resource. Several cities in this world 
switched in their history from surface to underground supply due to water quality issues and as 
one of the first measurements before installing treatment plants. However, currently, more and 
more cases occur, where the drinking water supply switches toward desalination plants, which is 
another step to the less easily accessible resources like in Australia. 
Each step from easy accessible water resources to salt water or even ice caps requires a re-
source input with energy as one part of it, e.g. pumping, treatment or desalination plants. There-
fore, the link between energy and water is getting closer and closer already just by looking at the 
drinking water supply dimension. 
 
Apart from direct drinking water supply is food needed for our most basic survival and irrigation is 
needed for proper yields in most areas of the world even when not situated in arid regions. Food 
production, especially, since the green revolution, when using chemical fertilizers and pesticides 
became conventional farming methods got highly draining on water quantities, quality and soil 
availability in high quality with its also important water storage capacity of soil. 

                                                           
11

 Globalizations instead of globalization as the process takes different forms and shapes well described by Bob Jessop 
(2003) from the political economy perspective as the forces of globalizations. 
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On most land in dry regions like Australia is farming not practiced without irrigation and the majori-
ty is conventional farming. This does not mean that it is not possible without irrigation and organic 
farming is on the rise in Australia with 2015 10-15% of the overall farming (Australian Bureau of 
Statistics 2012). However, the effects of conventional farming are severe and the water require-
ments of plants do not play a major role in the choice of crops if irrigation is still possible (Hoekstra 
2010). The world price or trade links are much bigger pushing factors in the decision making pro-
cess of what is planted than planting crops, which are most suitable for the local climate with con-
sidering the replenishing speed of the basins irrigation is tapped into, if not otherwise regulated. 
Conventional farming methods intensify the situation even further as fertilizers pollute the water 
and soil quality directly. And again by shifting towards less accessible and technological intense 
methods for water treatment, reuse or desalination more capital and energy is required, even 
though innovations could reduce in some areas these expenditures. Especially, developing coun-
tries without the capacity for strong regulative water management frameworks are endangered of 
draining their water resources without being able to shift their supply to less accessible stored 
systems. A global phenomenon is that valuable basins as easy accessible water storage systems 
are getting destroyed with the difference that industrialized countries have more opportunities to 
buffer the effects and to reverse some. 
 
The energy component is getting more and more important in regards to water, but is only part of 
a world society with rising energy requirements. The Australian economy pictures this develop-
ment with rising exports in the energy carrier sector and by trying to tap more and more into un-
conventional energy carrier exploitation. At the same time creates the fuel and mining industry 
severe environmental problems and most fossil energy carriers have apart from a big carbon also 
a big water footprint with unconventional ones an even bigger one (Gerbens-Leenes 2008, EPA 
2011, Government of Alberta 2011). A case for close synergetic links of the water-energy-food 
nexus spiraling into water scarcity used to develop a new nexus framework by focusing on inter-
national trade and hegemonic struggles as one of the driving forces. 
 
In order to analyse these often competing interests and alliances establishing hegemony is seen 
as a process of power struggles between different interest groups shaping the discourse on issues 
influencing resource cycles. 
 
Max Webers (1922) definition of power: that power means each chance in social relationships to 
set your will above another person will, where it does not matter on which ground this chance is 
based, has not been challenged, however, more sophisticated frameworks have been developed. 
For this work Power is captured by the concept of hegemony. The concept of Hegemony goes 
back to Antonio Gramsci. He argued that hegemony stands on three pillars and that there are 
more dimensions of power then just the institutionalized materializations. International relations 
challenges his approach, especially, early ideas of measuring power by counting the military 
equipment of different parties or to transfer this to another context to just compare how financially 
equipped different protagonists are. His three dimensions of hegemony are: intellectual, moral and 
political, which are important for establishing hegemony. This approach does not neglect the insti-
tutionalized side, but can explain that other components are necessary for establishing hegemony 
and that there are different avenues for groups becoming hegemonic. These dimensions already 
imply that other tools are needed to analyze hegemony as for example moral shifts are more diffi-
cult to capture as counting money or tanks. 
 
In general, establishing hegemony is seen as a process of power struggles between different in-
terest groups shaping the discourse on issues. Hegemony in tradition of gramscian thought in-
cludes not just the domination of a political debate and ability of a hegemon to quiet public dissent 
by force, more so, the capacity to shape interests of antagonists in order to reach consensus in 
favour of the hegemons interests (Wullweber 2009). The hegemon is, therefore, the party which 
was able to shape the discourse in its favor at a certain point of time, however, as these power 
struggles are a process discourses are getting shaped by ample interest groups which form coali-
tions on certain issues and others on others. Furthermore, different actors forming these groups 
shape discourses differently in different structures of their historically grown environments. These 
temporary coalitions can be hegemonic for a short or longer period as hegemony has to be always 
reconstituted. 
Therefore, is hegemony established and can be analyzed through discourses. Discourses are 
seen in this work in the tradition of Michel Foucault (1969): A discourse is not just what different 
protagonists of interest groups say or write. The character of a discourse is the ability to establish 
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connections between institutions, economical or social processes, models of behavior, normative 
systems, techniques, types of classification and characterization. A discourse can be established 
and characterized in different forms as there are ample of materializations. Discourses are the 
interactions, but also the material what is left due to these interactions and are seen as an ongoing 
process. 
 

Therefore, resource cycles as a nexus connected are heavily influenced by constantly reestab-
lished discourses, hegemonic struggles on quantities and ways of resource exploitation. More 
dimensions have to be included into the nexus framework to make the anthropogenic link more 
visible and analyzable. The following overview shows discourses impacting directly or indirectly 
resource cycles with the innermiddle spheres buffering or increasing the impacts dependable on 
the regulative framework. The outer spheres impact the inner ones and vice versa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This framework can be used to concentrate on specific discourses without losing the bigger pic-
ture of other dimensions and is the developed methodology for looking at local impacts and inter-
linked nexus cases. Inner, outer spheres and dimensions in one orbit impact each other and cre-
ate synergies, it depends on the specific context which dimensions have a stronger or minor im-
pact, however, play always a role. 
 
Competing Cycles – Competing Interests in Australia 
Australia is one of the driest continents and a major energy carrier exporter with an expanding 
market in unconventional gas. The second, but much smaller economical pillar is the agricultural 
sector and they are competing already for water along with the metropoles drinking water re-
quirements. 
As the table (STAT-WTO 2015) with Australia’s exports in US dollars at the current price shows, 
there is a general increase in exporting fuels and mining products with a steep development dur-
ing the last ten years. 
 
 
 

Figure 13: Energy-Soil-Water Nexus in a Global Context by R Schaldach. 
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Coal makes Australia, especially, to one of the global energy exporters highly linked to Chinas 
increasing demand as one of their major trading partners. Due to resource abundance and low 
population numbers, even with high per capita consumption, energy production is not driven by 
seeking energy independence. The debate is compared to the U.S. more focused on shifting en-
ergy flows towards more sustainable and less emitting solutions as the environmental conse-
quences of mining are on Australian soil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The energy flow graph shows that renewables play only a minor role in Australia’s energy mix and 
the majority of energy carriers is getting exported. 
Even when the unconventional energy carrier sector seems small compared to coal exports de-
velopments mainly of coal seam methane increased after 2004 and is planned to expand (CIA 
2011). The Greens Party critcised this expansion plan of 40.000 more drills in Queensland until 
2030 (Australian Greens PolicyInitiative 2011). Similar to the U.S. situation environmental con-
cerns grew and were mainly fired by the anyway difficult water situation of farmers in Australia 
after severe droughts. Therefore is water anyway a sensible topic and triggered conflict between 
the major users in rural areas: mining companies and farmers. In respond to public debates since 
end of 2010 regulations are debated and set into place or bans in place like in Tasmania (Da-
vidson 2015). However, until now these regulations are mainly concerned with land rights, com-
pensations, flow back waste water treatment and similar to the U.S.: publication of fracking fluids. 
 

Figure 2: Australian Exports in US Dollar at the current price, data derived from WTO Stats 2015. 

 

Figure 3: Australian energy flows, 2007-08. 
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Interviews with the Anti Fracking movement and other stakeholders showed, that this movement 
grew partly out of the Anti Uranium Mining Movement, which is connected to the Peace Movement 
due to the proliferation component of Uranium. There are also strong ties to farmers with some-
times even surprising partnerships between environmentalist activists and the Australian high 
scale meat farming industry, which is historically mostly in the political conservative corner, how-
ever, water concerns are there the binding interest. 
The anti-uranium mining movement grew also very close together with the movement for indige-
nous rights as often land rights of indigenous people and prosperous mining areas are in conflict. 
These indigenous lands often also harbor sacret water spaces and connect these struggles to the 
spiritual component of water in several religions. Religions are included in the framework as inter-
ests groups, but were considered as a dimension on its own as there are strong links between 
water usage and religious rules. At the same time are these struggles a case for conflicting dis-
courses resulting in a growing one on sustainable resource usage as a precondition for a fast 
developing organic farming industry during the last decades as one way of using synergies be-
tween resource cycles. 
An example for another global spanning component in this discourse is, that the energy crisis of 
one country can push the water crisis of another. The new and highly discussed trade agreement 
between India and Australia will fuel Indias nuclear energy expansion plans (signed in Sept 2014). 
This will secure markets for the planned further expansions of uranium mining activities in Austral-
ia, but is also highly debated as india is one of the nuclear weapon powers, never signed the non-
proliferation treaty (NPT) and is seen, therefore, as a breach of the third pillar of the treaty by Aus-
tralia by delivering uranium to a non signatory country. 
This overview on some discourses in the Australian energy nexus context shows the connected-
ness of struggles and at the same time geographically disconnectedness between the material-
ized outcomes of these struggles for the water basins and soil quality. 

3. Conclusion 

Water regimes resulting in over withdrawal and in the worst case collapsing basins can not be 
understood without understanding hegemonic struggles of interests on ample scales, which can 
be also geographically, sometimes topic wise highly disconnected from the basin. Further re-
search needs to be done on building up a strong hegemonic bloc supporting discourse shifts 
resulting in water preservation and sustainable ressource management. 
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1. Objectives 

Flanders (northern part of Belgium) is one of the best students in the field of separate collection of 
waste. This also counts for the organic fraction.  A large amount of organic residues are pro-
cessed by the people, at home or in their gardens. The Flemish government wants to further in-
crease the number of home processors and the quality of home processing of these organic mate-
rials. To put this into practice, Flanders follows a very specific and unique approach. 

2. Methodology 

In Flanders, Vlaco npo supports and implements the policy of biowaste. Vlaco is a membership 
organisation with representation of both the Flemish government (OVAM and intermunicipal waste 
associations) and the private sector (private waste treatment companies). All the Vlaco activities 
support the sustainable material cycle of biowaste. 
The ‘Biocycling at home’ unit of Vlaco focuses on raising an environmental awareness concerning 
bio-organic materials. All individuals are to be sensitized and convinced in a different way. On the 
longer term ‘Biocycling’ (or ‘Kringlopen’, a verb in dutch) must evolve in a ‘way of life’. A 2-fold 
awareness approach has proven its success. The first approach - the most specific one - focusses 
on volunteering, enthusing and engaging. The second focusses on the content of the message 
and educating. 
 
2.1 First approach 

Around the year 2000, home composting was hot; it entirely fitted within the former Waste Decree.  
The main issues we distinguish in that ‘Home Composting’ scheme were composting itself, and 
the use of that self-made compost. 
As the Waste Decree was interpreted more broadly, through the years, the ‘Home Composting’ 
scheme evolved to a ‘Closed Loop Gardening’ scheme (± 2003). From that moment on, besides 
composting, also other methods were recommended to process organic residues at home: f.i. 
lawn maintenance, processing of branches, perennials and how you can reduce organic waste by 
using these perennials instead of grass, chicken keeping …. 
As the Waste Decree was replaced by the Materials decree (2012) solving the waste problem was 
no longer the central theme, but the using of waste as a basic material within a closed loop (or 
biocycle) became the main message from that moment on. Also Vlaco as initiator, facilitator and 
supervisor of the policy on organic biological waste evolves in this direction. In 2012 the ‘BioCycle 
at Home’ scheme was initiated. A new theme that was added to the responsibilities of Vlaco was 
the communication about food losses and how to prevent them.  From that moment on also a lot 
of secondary, more specific themes came into the picture.   
 
Currently, the Vlaco-unit ‘Biocycling at Home’ has trained several thousands of volunteers. These 
volunteers (so called Master Composters, or Biocycle Volunteers as we call them now) assist the 
Municipality by promoting the ‘Biocycle at Home’. They communicate about seven different tech-
niques to achieve the biocycle of:  
 

 Food waste  
 Lawn  
 Prunings  
 Home composting 
 Compost use  
 Chicken keeping 
 Perennials 

 
Vlaco trains the Master Composters. About 40 teachers are available to regularly train these 
volunteers and to update them. In total 4000 Master Composters have been trained the last 20 
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years.  For the moment 2700 of those Master Composters are still active (which is about 1 per 
2000 inhabitants).  
They are volunteers that assist municipalities and the so called Intermunicipal Waste Associations 
in promoting the BioCycle at Home, in their own municipality or city. 
Master Composters (or biocycle volunteers as we call them now) are volunteers in a team sup-
ported by the environmental, sustainability or green officer at the municipality. 
The reason why Master Composters are being ‘used’ in communication (and not just folders or 
online information), and the cause of their ascertainable success, is because Master Composters 
have a better credibility compared to the ‘official message’, they stand with both feet in practice 
(that’s why people believe them), they use their own words and work in their own village, and they 
can demonstrate things. 
 
2.2 Second approach 

Vlaco also approaches the public directly. This includes:  
 

 organizing courses (about the preventing and processing of organic remains),  
 (co-)organizing campaigns and events (Closed Loop Weekend, Closed Loop Festival, 

Floralies 2016 …),  
 distributing leaflets, brochures, posters (leaflets as some sort of teasers, and booklets for 

those who want to know more about a specific theme),  
 communicating by several types of (social, internet or paper) media, and through inter-

municipal waste associations and the local environmental services,  
 using other educational materials (demonstration tools about processing organic remains 

f.i. compost boxes and –bins, wormeries, insect hotels, mulch mowers, wood chipper, 
school games, compost information box…) 

3. Results and discussion 

Research shows that this approach makes sense and is gradually evolving the way we wanted. A 
combination of instruments undoubtedly lies at the basis of the success (financial, policy and pub-
lic awareness). 
In the table below you see the percentage of citizens that are practising the closed loop technique 
named ‘Home Composting’. 
 

 In 1991 5% of the people in Flanders were composting at home. 
 In 21 years time this amount evolves to 52%.  

 
Note that this percentage includes all inhabitants of the Flemish region, not just those who have a 
garden.  Currently, pproximately 106.000 tons of organic waste is processed at home, by com-
posting.  The exact amount is very difficult to estimate. 
 

 
Figure 1:  The percentage of inhabitants that are composting (all or part of) their organic waste at home (by using wormery,  

 compost box, compost bin or compost heap), throughout the past 21 years. 
 
 
In the table mentioned below, one can see some other methods of processing home produced 
organic residues and the percentage of people that are practising these methods at home. 
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 About 17% of the people practices one or another residue reducing method to maintain 
their lawn. 

 Over 22% of the people applies one of the pruning processing methods I mentioned earli-
er. 

 Around 58% applies perennials in the garden to reduce the garden residues and garden 
work.  

 And more than 1 on 4 families in Flanders keeps chickens to reduce the organic garden 
and kitchen residues. 
 
 

 
Figure 2:  The percentage of inhabitants that are applying other closed loop techniques to reduce their organic waste.  
 
The amount of people that practises (our) specific food loss reducing methods (= the most recent 
Biocycle at Home-theme) we do not know yet. 
 
Almost 75% applies one or another biocycling technique to process organic waste at home, and 
more than 75% is planning to do so.  
 
The unique co-operation model with authorities on different levels, a network of well trained 
teachers and trained volunteers (Master Composters / Biocycle Volunteers) who sensitize citizens 
was and still is successful.  
The last years, we see that citizens still want to engage themselves and like to co-operate in or-
ganisations, but they want to do it in a more noncommittal and trend-sensitive way. Social media 
and direct action are playing an important role in this. The lifelong commitment that we saw in 
former days is slowly disappearing. 

4. Conclusion and outlook 

The 2-fold policy followed, clearly has a positive result, but integrating the experience and 
knowledge of our original volunteers in the new ways of communicating and community creating, 
is the challenge for the future, ànd at the same time it is the assurance that the biocycle message 
is alive ànd meaningful! 
What will bring the future for the ‘BioCycle at Home’ in Flanders?   
The next years we will focus on some potential, namely: 
 

 Home Composting: research showed that 59% of the people are composting at home or 
are planning to do that on the short term.  Getting to that 59% home composters is one 
target.   

 Idem ditto what concerns Closed Loop Gardening. 75% is planning to implement one or 
another BioCycle theme in his own garden.  So 75% or more is our goal. 

 A gradual change of tasks and communication content requires a change of name.  
That’s why we will gradually evolve to the a new terminology (from Master Composters to 
BioCycle Volunteers). 

 Trying to introduce the principles of the BioCycle into other (garden-, environment- and 
nature related) npo’s 

 Taking into account and flexibly respond on a constantly changing legislation 
 Further expanding our communication and sensitizing items  
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We will focus on the future, but remembering and taking into account some preconditions, namely: 
 

 That all individuals must / want to be sensitized, convinced in a different way (leaflet, edu-
cation, google-discovering …) 

 That Home composting is a valuable first step towards an improved relationship with envi-
ronment 

 That BioCycling at Home is part of a sensitizing process in order to change consumption 
behaviour (f.i. food loss). 

 The roadmap on circular economy http://ec.europa.eu/smart-
regulation/roadmaps/index_en.htm.  
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