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ABSTRACT 
 

Deinking sludges are residues generated from deinking operation during wastepaper 

recycling. The common treatment option in Europe includes dewatering steps followed by 

incineration. Incineration of deinking sludge is capital intensive and not sustainable hence it 

was investigated if it can be valorized energetically by anaerobic digestion and materially by 

calcium carbonate recovery. Investigations were carried out by characterisation of substrates 

and execution of experiments.  

The dry matter of deinking sludges depends on the dewatering stage in treatment plant and is 

in the range of 2 to 40% fresh mass. The pre-dewatered deinking sludge has a dry matter 

content of 5 - 16% fresh mass. The organic dry matter of deinking sludges is in the range of 

29 to 33% DM. Calcium carbonate and ash contents have the highest fraction of dry matter in 

deinking sludges and are 47 - 52% DM and 67 - 71% DM respectively. Deinking sludges 

showed good digestibility with common inocula and their biogas yield was observed to be 

about half of that of cellulose under similar anaerobic conditions. Pre-dewatered deinking 

sludge from the mixture of high and medium wastepaper grades showed the highest specific 

biogas yield (417 ± 0 NL/kg·oDM) followed by those with a mixture of medium wastepaper 

grades (275 ± 14 NL /kg·oDM) and lastly those from ordinary wastepaper grades (250 ± 21 

NL /kg·oDM). A carbon to nitrogen ratio in the range of 29 and 34 is recommended to 

improve the efficiency of a semi-continuously operated anaerobic digestion of deinking 

sludge.  

Within the scope of this study, a hydraulic retention time of 19 days which corresponds to an 

organic loading rate of 1.6 ± 0.42 kg oDM/m3·d was observed as optimal for anaerobic 

digestion of deinking sludge using a semi-continuous system. Deinking sludge settles quickly 

in bioreactors, hence an efficient mixing mechanism during semi-continuous process is 

recommended. The two-step first order kinetics showed the best fitting for the anaerobic 

digestion of raw and pre-dewatered deinking sludges from ordinary wastepaper grades. The 

modified Gompertz model showed the best fit for pre-dewatered deinking sludges from high 

and medium wastepaper grades. The ashes of deinking sludges and its digestates are rich in 

calcium carbonate and contain some elements found in portland cement but in different 

proportion. The ashes contribute to flexural and compressive strength which make them 

suitable as supplementary building materials. Results obtained from the study show that 

biogas production from deinking sludges combined with calcium carbonate recovery is a 

sustainable approach. 
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CHAPTER 1 INTRODUCTION 
 

The global pulp and paper industry reported an approximately 11% increase in the 

consumption of paper and board between the years 2009 and 2019 (CEPI, 2011, 2021b). 

This implies an average yearly growth of about 1% in this period. Despite the recent 

advancement in digitalization which promotes paperless means e.g. for e-learning and e-

commerce (Chaffey, 2021; McCue, 2018) the industry continues to thrive in the production 

and sales of products for printing, writing, hygiene, decoration, packaging, and other paper 

and board applications. The industry is however affected by increasing economic and 

ecological constraints due to global competition and increasingly strict environmental 

legislation. It uses fibres and some non-fibre materials as input sources for production. In 

comparison with other industries, it is characterized by high consumption of water and 

energy  (Jung & Pauly, 2011; Mongkhonsiri et al., 2018; Pokhrel & Viraraghavan, 2004). 

One of the progress of the industry in Europe in the contribution to sustainability is the 

promotion of recycled papers production which involves the use of recovered wastepapers 

as the main input source (CEPI, 2021b). 

Wastepapers in paper production in recent years have become an imperative raw material 

in many countries countries (Bajpai, 2014b). This is consistent with United Nations (UN) 

sustainable development goal 12 (responsible consumption and production) (UN, 2019). 

The ecological and economic importance of the use of wastepaper for paper production 

can be illustrated with the following example: With 500 sheets of recycled A4 office paper, 

about 7.5 kg of wood, 19.3 kWh of energy, 108 L of water, and 1.6 kg of CO2 is saved 

compared to paper produced from virgin fibre (STP, 2021). However, wastepaper recycling 

generates large amounts of residues, among which deinking sludges (DS) are quantitative 

of most concern. DS is generated in wastepaper recycling during a process aimed at 

removing the printing inks. According to  Blanco et al. (2008) and Monte et al. (2009), 70% 

of the residues of the European pulp and paper industry are generated from the production 

of deinked recycled paper of which DS is an important fraction. In 2013 Germany 

produced 0.96 million Mg of DS (Jung et al., 2014). 

A fresh DS discharged from a flotation cell during wastepaper recycling is a marshy-like 

liquid containing mainly water, but also considerable amounts of organic fines, fibres, and 

various inorganic compounds, with CaCO3 having the highest share. Due to its organic dry 

matter content, the disposal of DS is prohibited in Germany and is gradually being reduced 

in other European countries under the Directive 2008/98 / EC. In Germany, a large fraction 

of DS is incinerated after dewatering (Jung et al., 2014). For the incineration of DS, 

considerable amounts of additional fuels are used due to its low calorific value caused by 

its high inorganic fraction.  
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In addition, the ashes are disposed of in landfills, where the inorganic portion of the DS 

also remains. The current disposal of DS is therefore very capital intensive and valuable 

inorganic components are also lost. Considering the challenges a more sustainable 

management approach is therefore required.  

This dissertation, therefore, aims to answer the question as to whether the DS generated 

from wastepaper recycling can be valorized such that the capital intensive treatment option 

of incineration is avoided. It further intends to find out how the valorization options to be 

investigated can be appropriately applied in existing wastepaper treatment facilities for 

efficient use of the resource. The aspects of valorization investigated are energetic 

valorization by anaerobic digestion and material valorization by calcium carbonate 

recovery. The energetic valorization involves the anaerobic digestion of the organic 

content in DS which leads to the production of a renewable energy resource in the form of 

biogas. The biogas production fits into the UN sustainability goal 7 (Affordable and Clean 

energy) (UN, 2019), while the calcium carbonate recovery further advances the UN 

sustainability goal 12 (responsible consumption and production) of the industry.   

This dissertation adopts an experimental approach to answer the research questions. The 

approach entails the determination of relevant physico-chemical properties of different 

substrates and careful design and execution of experiments following standard guidelines 

to investigate targeted properties that are the key to answer the research questions. The 

main experiments relevant to energetic valorization include the biodegradation of DS with 

common inocula, the biogas yields of different types of DS, the influence of dewatering 

degrees and water content on biogas production of DS, the influence of DS‘s high calcium 

carbonate on its biogas production, supplementation of nitrogen for nitrogen-limited 

conditions during AD of DS and the dewaterability of DS and DS’s digestate. The analysis 

and experiments relevant for material valorization include determination of particle size 

distribution, the chemical composition and mineralogy of ash from DS and DS’s digestate 

and the influence of ash from DS and DS’s digestate on flow value of mortar, density, 

flexural strength and compressive strength.  

 

 

 

 

 
 
 



  
 

3 

 

CHAPTER 2 PAPER AND WASTEPAPERS 
This section discusses the development of paper consumption. It gives an overview of the 

paper value chain with a focus on wastepaper recycling which leads to the generation of 

deinking sludges. The chemicals, energy and calcium carbonate consumption of 

wastepaper recycling was also discussed.   

2.1 Development of paper and paper consumption  
Paper is a material used for multiple purposes such as writing, decoration, sanitary 

purposes and packaging. The word paper was derived from the Greek word Pápyros. 

Papyrus can be described as a specie of aquatic flowering plant that grows in a sunny 

climate, especially in swampy regions on lake areas all around Africa, Madagascar and the 

Mediterranean counties (Archer, 2004). Papyrus writing material is produced by pressing 

and drying plants  (Mark, 2016), while paper is produced from fibres.   

Papyrus plants were used in ancient Egypt and other Mediterranean societies for writing 

long before paper was discovered. The first paper making process is ascribed to China 

and the first organized paper production started there in 150 BC, where production of 

paper was done using raw materials such as macerated hemp fibres, old fishnets, plant 

bark and water (History of Paper, 2021). In the early times, the two main factors governing 

the location of a paper mill were the presence of raw materials and proximity to power and 

energy. Rags and used cloths were the major raw materials for paper production before 

the development of a process to free fibres out of wood with a grinding wheel  (Bloom, 

2017). 

The discovery of the paper making process by the Chinese Cai Lun in 105 AD contributed 

to the success of early China due to ease in information documentation. This knowledge 

spread from China to Japan around 610 AD (History of Paper, 2021). In 751 AD, the 

Arabian acquired this knowledge from the Chinese people and further extended this 

knowledge to Egypt and North Africa. In the 11th century, the knowledge got to Europe due 

to the Arab invasion of Sicily and Spain (Cantavalle, 2019). The first paper mill in Germany 

was discovered in Nuremberg in 1389 (Salmons, 2012). In the quest for better raw 

material to substitute straw for papermaking, the wood-grinding machine which produced 

ground wood pulp suitable for paper making was invented by the German scientist 

Friedrich Gottlob in 1843  (CEPI, 2021a). 

Today paper has become a very important commodity with huge global production, 

application and consumption  (CEPI, 2021b). The early advancement in the printing press 

is one of the notable factors that influenced the spread of paper utilization globally.  
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The printing press is used for the mass production of uniform printed material, majorly text 

in the form of pamphlets, magazines, newspapers and books. The newspaper was first 

printed in Peking, China in 748 AD (History of Paper, 2021). The progress in printing 

technology resulted to the invention of the moveable type by Bi Scheng in 990-1051 AD. 

The printing press played and important role on civilization and advanced in Europe during 

the 15th century through the discovery of the Gutenberg press in 1439 (History, 2019). 

The printing industry enabled knowledge and idea sharing in an unusual scale using 

papers. It significantly contributed to the development of the Renaissance and the 

scientific revolution, creating the groundwork for the present knowledge-based economy 

(Bgiraudi, 2016). 

Currently, paper and board are massively produced and consumed globally. With a global 

paper and board consumption of 413 million Mg in 2019, the global paper and board 

industry marked an increase of about 11% when compared to the statistics of 2009. A 

different trend is observed by the Confederation of European Paper Industries (CEPI) 

where a gradual decrease in the aforementioned time frame occurred. This is probably 

due to the significant impact of digitalization that occurred in Europe during this period. It is 

however pertinent to mention that digitalization influences majorly the printing and writing 

applications of papers and not the packaging, decorating and sanitary uses. Figure 2.1 

shows the paper and board consumption globally from 2009 to 2020 as well as by the 

CEPI countries from 2009 to 2020. 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.1 Paper and board consumption and global internet users (2009-2020) (drawn from 
CEPI (2021b) and IWS (2021)) 
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It also gives information on the number of global internet users from 2009 to 2020. A high 

rate of continuous increase in the global internet user and a gradual decrease in the 

consumption of paper and board by CEPI countries is observable. This informs that paper 

and board production industry in Europe is faced with the challenge of a lower 

consumption with digitalization as one of the influencing factors. However, it is reported 

that the lower consumption applies more to graphic paper which is counter-balanced by 

the growth in packaging and hygiene papers  (EC, 2021). The rate of increase in global 

paper and board consumption is also not that substantial, possibly due to the effect 

caused by continuous increasing global internet users. The efforts of the paper and board 

industries of the CEPI countries toward a circular economy are worth mentioning. In 2020, 

the rate of recycling of wastepapers has reached 74% in these countries (CEPI, 2021b). 

Figure 2.2 shows the trend of increase in recycling rate as well as consumption of fibrous 

(pulp) and non-fibrous materials by CEPI from 1991 to 2020. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.2 Quantities of raw materials consumed in the CEPI countries for paper and board 
production and wastepaper recycling rates from 1991 to 2020 (CEPI, 2021b)   

 

Despite the very high recycling rate, the industry is still confronted with several challenges. 

They are lower consumption, trade barriers, raw material supply, recycling, energy prices 

and the EU environmental policies (EC, 2021). 
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On the aspect of recycling, they highlighted the fact that the 73.9% recycling rate reached 

is very close to the maximum possible recycling rate. The maximum possible wastepaper 

recycling rate as reported by CEPI is 78% (CEPI, 2017). Therefore other innovative 

concepts for improvement are expected. The report by European Commission (EC, 2021), 

listed separate collection systems, innovation in sorting as well as recycling technology as 

approaches to increase the quality and the availability of secondary raw materials. 

Essentially they identified two main opportunities for improvement which are resource 

efficiency and bioeconomy. In the aspect of resource efficiency, technologies that allow for 

optimal usage of raw material, water and energy are recommended. This also includes the 

efforts to reduce CO2 emissions by up to 80% by the year 2050. In the aspect of 

bioeconomy, the production of novel materials from wood and wood fibres is 

recommended. The wastepaper recycling sector of the industry has huge potential. The 

valorization of the residues produced by the sector which allows for cascading use of 

resources can contribute further toward a circular economy and sustainability.  

2.2 The paper value chain and residues 
A paper value chain can be described as a set of activities that firms connected to the pulp 

and paper industry carry out to create and deliver valuable products. Figure 2.3 is a 

simplified paper value chain that considers the processes utilizing wood and wood related 

bioresources as input materials for production. The different outputs of the chain are 

categorized into high and low valued outputs. The goal of the chain is paper production. All 

downstream such as converting, printing and publishing and other utilizations are included 

in consumption. The chain includes processes starting from forestry up to wastepaper 

recycling. Figure 2.3 groups the bioresources in the paper value chain into primary, 

secondary, tertiary and quaternary categories according to their properties for valorization. 

A cascade utilization can be identified as wastepaper enters back into the main paper 

value chain again due to wastepaper recycling   (Körner, 2015). 

The paper chain produces some residues and other outputs which are of environmental 

concern (Monte et al., 2009; Suhr et al., 2015; Wang et al.,2016). This chapter discusses 

the bioresources of the different stages in the value chain and also lists the residues 

produced during the wastepaper recycling process. 
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1.) Forestry  
A forest is a complex ecological system where trees are the prevailing form of life (Schuck 

et al., 2002). Forestry is the industry that deals with forests and their resources such as 

wood. Wood is used for many purposes such as the building of houses, tools and furniture. 

It is also a raw material for pulp production and is categorized as a primary bioresource. 

The by-products from a sawmill and other woody biomass (output from forestry) due to 

their lower relevance and quantifiable benefits are classified as secondary bioresources. 

The other woody biomass such as twigs and branches can be utilized either as material 

such as soil amendments  (Xie et al.), landscape material (Pilarski, 2020)  or for energetic 

purposes (Tabata, 2018). Harvest residues remain in the forest.  

2.) Pulp production  
Different methods are used for making pulps and they are broadly classified into two main 

methods, the chemical and the mechanical methods (Cheremisinoff & Rosenfeld, 2010). 

These processes generally take in raw materials such as stem woods from forestry and 

by-products from sawmills. The by-products from sawmills are wood chips and shavings 

(Tabata, 2018). The main output is the pulp which is either marketed or used in its paper 

mill. Among the residues generated by a pulping process, the bark recovered before 

pulping and the black liquor are categorized as secondary bioresources which are of value 

either by material or energetic utilization. The barks have e.g. active ingredients such as 

antibiotics which make them relevant in medicine to cure diseases and they can also be 

formed into pellets for energy utilization (Pásztory et al., 2016). The black liquor which is a 

by-product of kraft pulping (chemical pulping) is majorly used for energetic purposes  

(Bajpai, 2014a). It can be used to make soil conditioners (González et al., 1992) as well as 

for wood preservatives (Durmaz et al., 2015).  

3.) Paper production  
Paper production utilizes either virgin pulp, recycled pulp, or a mixture of both for paper 

production. Aside from pulp, non-fibrous input materials such as calcium carbonate and 

starch may be used  (CEPI, 2021b). The main outputs are paper products of different 

qualities used for different applications. Among the residues of paper production is the 

fibres fines which often flow into the wastewater treatment pathway.  

4.) Paper consumption 
Paper consumption involves paper utilization as an information transfer medium in printing, 

publishing, books and other uses such as packaging and hygienic purposes. The main 

output of paper consumption is often referred to as wastepaper. When they are collected 

they serve as the input source for wastepaper recycling and are termed recovered papers. 
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5.) Wastepaper recycling  
The recovered papers are utilized in wastepaper recycling for paper production. The 

rejects and deinking sludges are important outputs of the deinking plant used for 

wastepaper recycling. The rejects which contain lumps of fibres, staples, sand, glass, 

plastic, and stickies are often used for an energetic purpose. The common treatment for 

deinking sludges according to Blanco et al. (2008) are landfilling, land spreading and 

incineration. In Germany, some fraction is used for building material purposes (Jung et al. 

2014). The wastepaper recycling process is discussed in detail in section 2.3.  

 

2.3 Wastepaper recycling process 
This section describes the wastepaper recycling process and identifies an important 

challenge faced. It also describes the processes involved in wastepaper recycling and the 

generation of deinking sludge. It further discusses the consumptions such as chemical 

energy and calcium carbonate in wastepaper recycling. 

2.3.1 Inputs and outputs of the wastepaper recycling process 
Wastepaper recycling receives different streams of inputs and as well discharges different 

output streams. Figure 2.4 shows the main input raw materials which are recovered paper, 

calcium carbonate recovery and starch. Aside from these, energy, water, and chemical 

additives are used to achieve deinking. The main output is the paper product. The non-

product outputs are noise and vibration, energy, wastewater, air emission and solid waste. 

The solid wastes have different flow streams as shown in Figure 2.4. The ashes come 

from the possible installed steam power plant. The rejects and sludges are important 

fractions. The rejects are classified into coarse and fine sub-groups. They comprise 

impurities of different particle sizes from the wastepaper recycling process (section 2.3.2) 

which include a lump of fibres, staples, sand, glass, plastic, and stickies. The sludges can 

be broadly classified into deinking sludge, primary sludge, and secondary sludge. The DS 

is the direct output of the deinking operation (section 2.3.2). The derivatives of DS which 

are generated either by microfiltration or sedimentation are classified as primary sludges. 

They include sludge from process water clarification. The secondary sludge is a sludge 

generated from a biological wastewater treatment plant which is often installed in 

wastepaper recycling facilities. The biosludge is a typical example in this category.  
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Figure  2.4 Input and output materials and emissions of a wastepaper recycling process  

(Suhr et al. 2015) 

 
DS belong to the group of solid waste which are discharged from the wastepaper recycling 

process. The more the recovered paper, the more the recycled paper produced as well as 

the amount of generated DS (Berger et al., 2021; Suhr et al., 2015). The share of 

recovered paper as raw material consumed for paper and board production in CEPI 

countries in 2020 was stated as 49.2%. This implies an increase of 41% when compared to 

the 34.9% share in the year 1991. Also, the wastepaper recycling rate (section 2.3.2.1.(1)) 

as of 2020 in CEPI countries was stated as 73.9%  (CEPI, 2021b).  

Even with the high recycling rate, there is still a large potential for improvement of 

wastepaper recycling in the aspect of energy and material efficiency. Importantly, one of the 

drawbacks of wastepaper recycling involving deinking operation is the generation of DS. DS 

has been reported as an important residue generated by the European pulp and paper 

industry (Blanco et al., 2008). Environmental legislation in Europe prohibits the landfilling of 

DS and requires appropriate treatment methods. The consumption of wastepaper recycling 

is categorized into chemicals, energy and calcium carbonate are discussed in section 2.3.3. 
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2.3.2 Stages in wastepaper recycling and generation of deinking sludges 
The wastepaper recycling process comprises a combination of different treatment steps. 

They are grouped into pre-deinking, deinking, and post-deinking steps (Figure 2.5).  

Wastepaper 
collection

Wastepaper 
sorting

Pulping

Pulp 
cleaning/ 
screening

Deinking 

Bleaching 

Stock 
Preparation

Formation of 
Paper 

Newsprints

Recycled Paper

Pre-deinking 
operations

Post-deinking 
operations

Rejects 

Rejects 

Rejects 

Deinking 
sludge

 

Figure 2.5  Process of deinking of newsprints for the production of recycled paper  

 

The pre-deinking step begins with the disposal and collection of wastepapers. Collected 

waste papers are sorted to remove non-fibre-like materials. They are then pulped, followed 

by the removal of impurities terms cleaning/screening. After the removal of impurities, a 

deinking step is carried out. It is the deinking step that produces the deinking sludge. The 

deinked pulp which is then recovered pulp is further treated in the post-deinking steps. The 

possible process of the post-deinking step includes bleaching, stock preparation, and 

formation of the paper sheet. The individual steps of wastepaper recycling lead to the 

recovery of deinked fibre and recycled paper as shown in Figure 2.5. 
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Balwaik and Raut (2011) reported about 300 kg of sludge generation per Mg of recycled 

paper. The quantity however is dependent on the resulting wastepaper grade or pulp 

produced. The primary sludge and secondary sludge of the total sludge produced in a 

paper mill were reported as 70 and 30% respectively (Elliott & Mahmood, 2005, 2006; 

Krigstin & Sain, 2006). The amount of residues generated by a recycled paper mill in 

Europe based on Suhr et al. (2015) is presented in Appendix A.1. Sannigrahi (2018) also 

reported the ranges of solid waste production in wastepaper recycling which indicates that 

the higher the quality of recycled fibre required, the higher the amount of solid residues 

produced (Appendix A.2).  

 

2.3.2.1 Pre-deinking stages 
The pre-deinking stage involves all the steps taken to recover fibre from the wastepaper 

before the deinking stage. They include wastepaper collection, wastepaper sorting, 

pulping, and cleaning/screening.  

1.) Wastepaper collection 
Wastepapers are the major resources in wastepaper recycling, therefore they are first 

collected in the wastepaper recycling process. When papers such as newsprint, 

magazines, journals, writing or photocopy papers, or any other paper-like material are 

discarded as used or no longer fit for use, they are regarded as wastepapers. A detailed 

description of the collection systems of wastepapers and boards in Europe was reported 

by Levlin et al. (2010). They categorized them into household collection, industrial and 

business collection, and public collection. The different types of systems they mentioned 

and described were kerbside, blue bins, public containers, recycling yards, collection 

shops, recycling centres, and drop-off recycling parks. In Germany, wastepapers can be 

properly disposed of in containers as shown in Figure 2.6. There is also the possibility to 

take a very large quantity of wastepapers to the recycling centres (Stadtreinigung 

Hamburg, 2021). The wastepapers properly disposed of are collected by approved 

institutions and companies that pick them up from homes, companies, and institutions as 

well as public places.  Some other wastepapers that are wrongly disposed of are also 

collected during community cleaning or sorting of other waste types.  
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Figure 2.6 Containers for the collection of wastepapers in Hamburg. At the left end is a blue 
bin for household-240 L (WERT, 2016), in the middle is a blue bin in commercial size-1100 L 
(WERT, 2016) and at the right end is a depot container to bring points - ca. 4100 L 

 

According to CEPI (2021b), the wastepapers collected for recycling are termed paper for 

recycling (PfR). They consist of fibres but also include unusable non-paper components. 

The amount of non-paper components in the PfR depends on the wastepaper sorting 

efficiency (section 2.3.2.1.(2)) as required by the specific wastepaper grade and also 

varies based on country. The collection of wastepaper varies in different countries. Levlin 

et al. (2010) reported per capita paper and board production and environmental 

awareness as factors influencing paper collection. They explained that countries with a 

higher level in both tend to have a higher wastepaper collection and cited most European 

countries as an example of countries fitting into the higher collection group. The utilization 

rate of wastepaper for paper and board production according to CEPI is defined as the 

percentage of PfR utilized in comparison to the total paper and board production (Eq 2.1) 

Utilization rate (%) =  
 PfRutilized   

PBproduction     x 100%………………………...Eq 2.1 

Where;  

PfRutilized is the amount of collected wastepaper utilized in a year (Mg) 

PBproduction is the total amount of paper and board production in a year (Mg) 

 

According to  CEPI (2021b), the utilization rate for members’ states as of 2020 was stated 

as 56.3%. This implies an increase of 24.8% when compared to that of 2000. In Germany, 

the utilization of PfR increased by 36% between the years 2000 and 2018 amounting to a 

higher wastepaper utilization rate of 79% in 2020 (VDP, 2021). The recycling rate of 

wastepapers according to CEPI is defined as the percentage of PfR utilized plus the net 

trade for recycling in comparison to the paper and board consumption (Eq 2.2). 
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Recycling rate (%) =  
 PfRutilized +  PfRexport - PfRimport  

PBconsumption     x 100%…………Eq 2.2    

Where;  

PfRexport  is  the amount of collected wastepaper exported in a year (Mg)  

PfRimport is  the amount of wastepaper for recycling imported in a year (Mg) 

PfRutilized is the same as in  Eq 2.1  

PBconsumption is the total amount of paper and board consumed in a year (Mg) 

 

The recycling rate as of 2020 in CEPI countries was stated as 73.9% (section 2.3.1), while 

in Germany it was stated as 79% (VDP, 2021). These values are about the theoretical 

maximum wastepaper recycling rate of 78% as reported by CEPI in 2017. The value is 

less than 100% because of the share of paper products that are non-collectable or non-

recyclable which include coffee filters and hygiene papers  (EPRC, 2017).  

2.) Wastepaper sorting 
Different qualities of wastepapers are used to produce different qualities of recycled 

papers. When wastepapers are recovered, they are often sorted into different categories 

before application in the recycling plant. The CEN (European Committee for 

standardization) therefore classify the wastepapers recovered to make recycled papers 

into different groups. According to the CEN EN 643, these different types of wastepapers 

were grouped into five different categories (CEN, 2002). The different groups are listed in 

Table 2.1. The ordinary grades are wastepapers which are made up of wood containing 

fibres with a high amount of lignin. They include groundwood or thermomechanical pulp. 

The medium and high-grade wastepapers contain a low amount of lignin and majorly 

comprise wastepapers from bleached chemical pulps (Steffen et al., 2017). The kraft 

grades consist of wastepapers that were made from kraft1 or sulphate pulping. The special 

grades consist of wastepapers and boards which are recycled by unique or specific 

processes due to their possibility to bring about constraints to recycling in many instances. 

 

 

 

 
 
 

 
1 Kraft pulping is a method used to convert wood into pulp whereby pure cellulose fibres are treated 
with water, NaOH and Na2S. 
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Table 2.1 Classification of wastepaper according to CEN EN 643 (CEN, 2002) 

 
Group 

Nr. 
Group Name Example Codes 

1 Ordinary grades Unsold magazine 1.01.00 – 1.11.00 

2 Medium grades Sorted office paper 2.01.00 – 2.12.00 

3 High grades White newsprint 3.01.00 – 3.19.00 

4 Kraft grades Unused corrugated kraft 4.01.00 – 4.08.00 

5 Special Grades Used liquid packaging board 5.01.00 – 5.07.00 

 

The codes in Table 2.1 describe the different examples of wastepaper types used. Figure 

2.7 shows the different positions of the codes. According to the classification, all grades 

have subgrades but not all subgrades have further categories. Figure 2.8 is a picture of 

sorted wastepaper delivered at a wastepaper recycling plant in Germany.  

 

 

 

 

 

 

 

 
Figure  2.7 Code for describing the wastepaper grades used for recycling  

 
 
 
 
 
 
 
 
 
 

 
Figure  2.8 Sorted wastepaper for recycling in Germany (STP, 2021) 

 

 
                                 1.06.01 

 
 

Groups- ordinary grades 
Grades- unsold magazines 
Subgrades- unsold magazines without glue 
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The heterogeneous nature of paper products is a possible challenge in the sorting 

efficiency of recovered papers. The use of different paper types for magazines and the use 

of plastic foils for packaging magazines and other commercial paper products are 

examples of sources of the challenges (Levlin et al., 2010). Göttsching et al. (2000) 

reported two main recovered sorting methods which are manual and automatic sorting. 

While the manual method utilizes personnel for the main sorting process, the main sorting 

process for automatic systems is done mechanically. The mechanical properties used for 

sorting are size, stiffness, or weight. For recycled paper production, different amounts of 

recovered paper are required. As shown in Table 2.2, the higher the quality of the targeted 

recycled paper the more the amount of wastepaper required. The tissue is made from 

high-quality pulp and marketable deinked pulps require a high quality as well. They are 

therefore produced from a high amount of wastepaper. 

Table 2.2 Wastepaper required per Mg of recycled paper  (Suhr et al., 2015)  

 

3.) Pulping 
The pulping step involves the detachment of paper additives from fibres. Recovered 

papers are pulped by grinding them in water with the addition of some chemical additives. 

Typical chemicals added in the pulping of the recycled paper include sodium silicate or 

sodium hydroxide, hydrogen peroxide, calcium chloride, fatty acids, and soaps. A detailed 

overview of the chemicals and the typical quantity applied is presented in section 2.3.3. 

The pH is an important parameter during pulping. The ink collecting characteristics of fatty 

acids and soaps used in deinking are optimal in the alkaline pH range. The high pH 

resulting from the pulping process allows for the swelling of fibres which leads to ink 

detachment. However, the yellowing or darkening effect of lignin may be activated at 

higher pH of above 10 (Jiang & Ma, 2000). In recent years neutral pH pulping is getting 

more common due to more studies and also applications at an industrial scale as it allows 

the elimination of common wastepaper recycling chemicals (Mayeli & Talaeipour, 2015; 

Nicodimos & Haynes, 2011; Sulbarán-Rangel et al., 2016).   

 

Different recycled paper grade 
Wastepaper 

[kg/ Mg recycled paper] 

Case-making material (for corrugated medium) 1000 

Newsprint 1 200 – 1 350 

Tissue and market deinked pulp 2000 
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Different types of equipment are used for pulping namely low consistency pulpers, medium 

consistency pulpers, and drum pulpers. The application depends largely on the efficiency 

required. Desirability includes minimization of residual paper flakes, prevention of breaking 

up of contaminants, and efficient ink detachment.  

4.) Pulp screening 
The screening step involves the removal of impurities which are materials bigger than 

fibres. The materials which could not be removed by sorting are removed in this stage 

before the deinking stage. Particle size is the main property used for screening. Coarse or 

fine screens are used depending on the size of the impurities. Coarse screen size range 

from 1.3 - 2 mm while fine screen size range from 0.015 - 0.7 mm (Holik, 2006). During 

screening, pulps with desired size flow through the holes or slots on the screen and leave 

the screen through the accept port. The oversized impurities and the reject pulp do not 

pass through the screen but exit from the reject port of the screen (Hamelin et al., 2014). 

The different types of screens are closed and pressurized or basket screens. Performance 

of the screen is measured with parameters such as screen capacity, debris removal 

efficiency, mass reject ratio, fibre fractionation, and power consumption (Salem et al., 

2013). 

5.) Pulp cleaning   
The impurities in the pulp which are denser than water can be removed by centrifugal 

cleaning or cyclones. They include staples, sand, plastic debris, etc. (Fricker et al., 2007; 

Holik, 2006). The cleaning step applies the principle of the centrifugal flow field to remove 

impurities. The working principle is such that the tangential inflow of materials into the 

cleaner produces a swirling motion. A centrifugal force is initiated through the swirling 

motion and causes particles heavier than the fibres to travel outside the cleaner while the 

lighter particles which include the fibres travel inward to the core of the vortex (Holik, 

2006). Cleaners can be used to remove different plastic particles and melt adhesives. The 

efficiency parameter of cleaners is residence time, radial acceleration, and the diameter of 

the cleaner (Levlin et al., 2010). The impurities from the cleaner device are collected as 

reject.  

2.3.2.2 Deinking stage 
The deinking stage involves the removal of hydrophobic particles such as printing inks and 

micro stickies. The hydrophobic particles are removed employing flotation through the 

addition of additives such as surfactant, soaps, etc. Some methods of deinking include 

flotation deinking, wash deinking, and enzymatic deinking.  
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1.) Flotation deinking 
The flotation step removes hydrophobic particles majorly ink particles. Ink particles in the 

range of 10 to 250 μm can be removed by flotation deinking (Suhr et al., 2015). The 

principle is explained as follows. Air is blown into the pulp slurry and the collector which 

includes chemicals like fatty acids and soaps that show affinity with ink particles and air 

bubbles. They cause the ink particles to attach to the bubbles. The air bubble takes the ink 

to the surface and forms a thick froth and can then be removed from the surface. An 

optimum process temperature of between 40 and 55 oC was reported for deinking 

floatation cells from a laboratory study by Mckinney (1995). While a higher temperature 

help to improve defibrization of wet strength paper, a lower temperature improves the 

removal of high stickies often on recovered papers such as magazines (Jiang & Ma, 

2000). The flotation cells are often applied in series to improve the deinking efficiency. The 

thick froth which is the deinking sludge contains inks, fibres fines and some additive 

particles such as fillers and bleaching agents. A detailed list of the chemicals added is 

shown in section 2.3.3.1. 

Pulp and deinking chemicals

Air

Deinked pulp

Deinking sludge
(Froth)

Paper ink Air bubble Direction of air bubble Long paper fibers Fiber fineDeinking solution

 

Figure 2.9 Diagram of a froth floatation cell showing fibre recovery and generation of deinking 
sludge (modified from Venditti et al. 2007).  
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2.) Wash deinking 
In the process of wash deinking, the small particles in the pulp slurry are removed with 

water through a sieve, while the larger particles including the fibres remain on the sieve. 

This process is like a thickening technology and involves the use of a dispersant. The 

wash deinking removes particles in the size range of 10 µm and smaller (Fricker et al., 

2007; Suhr et al., 2015). The different methods and mechanisms for wash deinking are 

displacement, dilution, extraction or diffusion. Rotary vacuum drums which are a type of 

displacement washer are the most common washers and operate at a paper stock 

consistency2 range from 0.8 (inlet) to 18% (outlet) and have production capacity of 5 -12 

moisture-free Mg/m2 (Santos & Hart, 2014). Other washing devices require a higher inlet 

paper stock consistency making rotary vacuum drums preferably after a low paper stock 

consistency screening.  

3.) Enzymatic deinking 
Studies have shown that some enzymes alone or in combination with other chemicals can 

effectively remove or detach ink particles from wastepaper (Saxena & Chauhan, 2017; 

Wang et al., 2018). It is  reported that the application of enzymatic deinking can reduce the 

expenses of the deinking process since it increases brightness and reduce the usage of 

bleaches. Even with the number of studies carried out to investigate the enzymatic 

deinking, they are not yet well applied due to some challenges as listed by Nathan and 

Rani (2019). The challenges amongst others include the high cost of pure enzymes, 

limitation of optimal temperature range, the problem with inhibitory conditions and high 

BOD load in effluent due to biological activity.   

2.3.2.3 Post-deinking stages 
The post deinking stages are steps taken to improve the quality of the deinked pulp and 

achieve desired property for the finished paper product. The desired properties include 

their mechanical properties such as strength and their physical properties such as 

brightness, colour, etc. The common steps for these are explained below;  

1.) Bleaching 
After deinking operation, the deinked pulp is often bleached to increase brightness and 

further remove dyes and colours (Bhardwaj & Nguyen, 2005). The bleaching agents may 

be added during the deinking stage or in a separate bleaching stage. The choice of the 

bleaching agent is largely dependent on the quality of the fibre which also includes the 

different impurities still present after deinking. 

 
2 Paper stock consistency (in percent) within the pulping and paper making industries is the dry 
solid content of a pulp slurry in water. It is calculated by dividing the fiber weight (in grams) by the 
sample volume used (in milliliters) times 100. 
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Bleaching of deinked pulp is carried out either by oxidizing or reducing agents. Due to 

environmental concerns resulting in strict legislation, chlorine-based bleaching chemicals 

are being replaced for bleaching deinked pulp. Hydrogen peroxide and sodium dithionite 

are widely used bleaching agents for all types of fibres (Fišerová et al., 2018). Hydrogen 

peroxide is an oxidizing agent while sodium dithionite is a reducing agent. Since Hydrogen 

peroxide is compatible with the environment as it decomposes to water and oxygen, it is 

reported as the most commonly used oxidizing bleaching chemical for deinked pulp (Petit, 

1992). 

2.) Stock preparation 
A stock is referred to as the different types of pulp and their mixtures that are available for 

paper production. They often pass through treatment processes before they are finally 

used for paper production. This is because they are often available in the form of loose 

materials and suspensions with properties that are not yet satisfactory for paper 

production. The required treatment processes are dependent on the properties of the raw 

stock and the quality of the targeted recycled paper.  Typical treatment processes include 

fibre disintegration, screening and fractionation, refining, and mixing (Holik, 2006; Suhr et 

al., 2015).  

The fibre disintegration step removes the interlaced fibres and curls which are free in 

stock. The screening step involves the removal of smaller impurities and small isolated 

fibres which were not removed before pulping, while the fractionation step separates fibres 

according to different characteristics such as length, stiffness, and flexibility. The refining 

step helps through a mechanical process to improve the bonding ability of individual fibres 

thus increasing the strength of paper to be produced. In the mixing stage, different types of 

stocks are mixed based on the required proportion to achieve a desired recycled paper 

grade or quality. During stock preparation, some chemical additives are also used. The 

typical chemicals include resins, wet strength agents, colours, and filler (Holik, 2006; Suhr 

et al., 2015). The fillers are non-fibrous materials that are used to modify paper’s structure, 

appearance, and other relevant properties that determine paper end-use performance and 

application. Typical fillers are calcium carbonate, kaolin, titanium dioxide, talc, and gypsum 

(Hubbe & Gill, 2016)  

3.) Formation of paper 
This step essentially involves the draining away of water from a dilute suspension of fibres 

and other chemical additives. The draining is carried out on a fine wire mesh; therefore, 

the mixture of the suspension and chemical additives is pumped uniformly on the mesh to 

achieve a uniform paper formation. During the formation of paper, a sizing or coating 

operation is optionally carried out (Lehtinen, 2000). The sizing operation can be wet-end or 

surface sizing.  
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In wet end sizing, starch or other sizing chemicals are added to a wet pulp at the wet end 

of the paper-making machine. This reduces the natural absorption capacity of paper, and it 

is beneficial for writing papers. The surface sizing involves the addition of a sizing agent on 

the surface of the paper at the dryer section of the paper machine. 

It gives the paper the property such as prevention from dusting, especially for paper used 

for offset printing. Coating involves the application of different chemical additives on paper 

to create a desired surface property for paper such as colour, opacity, glossiness, 

brightness, and shade. They are added to the dryer section of the paper-making machine. 

The coating formulation for paper making typically comprises pigments, binders, and some 

chemical additives. The pigments carry the characteristic properties of the coating while 

the binders hold or glue the coating pigments to paper. The typical pigments are kaolin, 

clay, calcium carbonate (GCC & PCC), and titanium dioxide while the typical binders used 

are latex, starch, and polyvinyl alcohol (Özcan & Zelzele, 2017). 

2.3.3 Consumptions in wastepaper recycling  
This section discusses the chemicals and energy consumption of deinking operations. 

Additionally, calcium carbonate which is filler for papermaking is discussed.  

2.3.3.1 Chemicals  
To further discuss wastepaper recycling, this section list some common chemicals and 

their quantities as it applies to different recovered papers used for wastepaper recycling. A 

detailed report on typical chemicals used for wastepaper recycling has been given by 

Jiang and Ma (2000) and Suhr et al. (2015).  They reported the quantities and functions of 

different a chemical as it applies to different recovered paper grades. The main purposes 

of chemicals during the pre-deinking (pulping) and deinking processes are for ink 

detachment, dispersion and removal. Chemicals are also used during post-deinking 

operations for operations such as bleaching, stock preparation and paper formation. Table 

2.3 shows the quantities of some common chemicals used for wastepaper recycling from 

the pre-deinking step to the post-deinking step. The only post-deinking step considered in 

Table 2.3 is the bleaching step. 

The chemicals listed are chemicals applicable to recovered papers such as newsprint, 

mechanical pulp-based computer printout, tissue paper and market pulp. Table 2.4 shows 

the quantity of some chemicals used during the paper production step (post-deinking 

operation) by a wastepaper recycling plant in Europe. The table identifies chemicals such 

as calcium carbonate, starch, binders, sizing agents and other colour additives. It is 

essential to note the high share of CaCO3 among the chemicals added.  
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Table 2.3 Typical chemicals and their quantities used in wastepaper recycling 

Wastepaper 
recycling 

stage 
Process Chemicals Newsprint 

Mechanical 
pulp-based 
computer 
print-out 

Tissue 
Paper and 

Market 
pulp 

Source 

Pre-deinking Pulping 

H2O2 

 
 

NaOH 
 
 

Na2SiO3 

 
 

Na2CO3 
 

Na2S2O4 
 

Ethoxylated 
alkyl phenol 

 
EDTA/ DTPA 

 
Sodium or 
Potassium 
phosphate 

 
Hydrophilic 
polymers 

0.5 – 1.0% 
NA 

 
0.5 – 1.0% 
0 – 5.0% 

 
1 – 2% 

NA 
 

NA 
 

NA 
 

0.1 – 2.0% 
 
 

0 – 0.5% 
 

0.2 – 1.0% 
 
 
 

0.1 – 0.5% 
 

NA 
0.5 – 2.5% 

 
NA 

0 – 5.0% 
 

NA 
0.5 –  5% 

 
0.25 – 5% 

 
0.25 – 5% 

 
0.1 – 2.0% 

 
 

0 – 0.5% 
 

0.2 – 1.0% 
 
 
 

0.1 – 0.5% 
 

0.0 – 1.0% 
NA 

 
NA 

0.0 – 5.0% 
 

NA 
NA 

 
NA 

 
NA 

 
0.1 – 2.0% 

 
 

0 – 0.5% 
 

0.2 – 1.0% 
 
 
 

0.1 – 0.5% 
 

1 
2 
 
1 
2 
 
1 
2 
 
2 
 
2 
 
2 
 
 
2 
 
2 
 
 
 
2 
 

Deinking Flotation 

 
Soap 

 

 
 

CaCl2* 

 

0.3 – 0.6% 
0.2 – 0.4% 

0.5 – 3.0% 
 

NA 

 
NA 
NA 

0.5 – 3.0% 
 

90 - 300 ppm 

 

0.3 – 0.6% 
NA 

0.5 – 3.0% 
 

NA 

 
1 
1* 

2 
 

NA 
 

Post-deinking Bleaching 

H2O2 

 

NaOH 

 
Na2SiO3 

 

Dithionite 

 

1.0 - 2.0% 

 

0.5 – 1.2% 

 
1.0 – 1.8% 

 

0.4 – 1.1% 

 

NA 

 

NA 

 
NA 

 

NA 

 

1.0 - 2.0% 

 

0.5 – 1.2% 

 
1.0 – 1.8% 

 

0.4 – 1.1% 

 

1 
 
1 

 
1 

 
1 

 
1 Suhr et al. 2015 
2 Jiang & Ma, 2000 
NA- implies value not explicitly given by author 
* Reported chemical and quantity for a second floatation step. 

 

 
 
 

 
 
 
 
 



  
 

23 

 

Table 2.4 Some chemicals used during post-deinking operation by a wastepaper recycling 
plant  (Suhr et al., 2015) 

Post deinking chemicals Amount 
(kg/Mg of Input pulp) 

Fillers (CaCO3) -  73% DM 313 

Coating pigment (CaCO3, Kaolin) -  73% DM 7.0 

Starch, dry 49 

Binders, dry 0.3 

Sizing agents  -  20% DM 10.5 

Other additives and dyes 57 

    

2.3.3.2 Energy 
Like every other manufacturing industry energy play a key role in production processes. 

The wastepaper recycling process which produces recycled paper utilizes energy in a 

different form for different purposes. Wastepaper recycling is more energy sustainable 

when compared with paper production from virgin pulp, in the sense that with 500 sheets 

of recycled A4 office paper about 19.3 kWh or 72% of energy is conserved when 

compared to paper produced from virgin paper (STP, 2021). The three main areas where 

energy is utilized in the wastepaper recycling process are:   

• Heating  energy - for heating of water, pulp, air and chemical additives to their 

required process temperature  

• Electricity energy - for driving the machinery, pumping, vacuum, forming, ventilation 

and wastewater treatment 

• Heat energy - for drying of paper in the paper machine 

Most heat energies are produced on-site while electrical energy is brought or generated 

on-site (CEPI, 2021b). In the study of Laurijssen (2013) on the energy consumption of 23 

different paper and board mills based in Europe, a report on the specific energy 

consumption (based on the actual energy consumption and not on installed power) of 7 

different wastepaper recycling mills using at least 85% recovered papers was made as 

shown in Table 2.5. The process reported are deinking, dispersion, stock preparation, 

forming and press section and drying section. It was observable that drying paper 

consumes the highest amount of energy during wastepaper recycling.  
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Table 2.5 Energy consumption for wastepaper recycling in the Netherlands (drawn  from 
Laurijssen 2013) 

Wastepaper Recycling 
stage 

Processes Tissues Other grades 

[GJ/t pulp] [GJ/t pulp] 

Deinking 
Dispersion 1.0 – 2.2 0.8 – 1.6 
Deinking 0.4 – 1.3 1.0 –  2.4 

Dispersion and deinking combined 2.6 2.3 –  3.0 

Post Deinking 
Stock preparation 1.7 – 2.3 0.4 –  1.7 

Forming  and Press section 0.8 – 3.0 0.5 –  2.8 
Drying section 6.0 – 7.6 4.6 –  6.2 

 

In Germany, the energy consumption from different types of recycled papers as reported 

by Suhr et al. (2015) is shown in Table 2.6. 

Table 2.6 Specific energy consumption for wastepaper recycling in Germany (drawn from 
Suhr et al. (2015) 

Paper grade manufactured Total energy Fibre supply 

[GJ/t pulp]  

Newsprint, SC paper 7.5 100% RCF 

Mainly newsprint 7.9 100% RCF 

Newsprint 8.6a 85% RCF, 15% Ground wood 

Newsprint, SC paper 10.2a 52% RCF, 42 RMP,  6% purchased chemical 
pulp 

Tissue 9.4 75% RCF, 25% purchased chemical pulp 

SC is an acronym for supercalendered. SC papers are primarily used for the production of magazines and 
advertising materials. 

a - For recycled furnish (RCF) paper mills, the specific energy consumption is directly proportional to the portion 
and type of mechanical pulp in the furnish. Power consumption for refiner mechanical pulp (RMP) and groundwood  
is substantially higher than for RCF processing.  

 
 
2.3.3.3 Calcium carbonate 
Calcium carbonate improves paper opacity, strength and brightness in papers, also its 

usage to reduce paper production costs is a common practice (Chen et al., 2011; Doelle & 

Amaya, 2012; Han et al., 2020). Among the fillers known, calcium carbonate is the most 

widely used  (Hubbe & Gill, 2016). Apart from production cost, another reason supporting 

the wide usage of calcium carbonate in the industry is due to the paradigm shift of the 

industry from acidic to neutral or alkaline sizing (Bajpai, 2015; Michael & Downs, 1996; 

Rende, 2015), where its application is a global industrial standard  (John et al., 2007; 

Rende, 2015) 
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Figure 2.10 shows the use of non-fibrous material for paper production in the CEPI countries 

from 1991 to 2020. A continuous increase in the consumption of calcium carbonate is 

notable. In 2020 calcium carbonate account for about 56 % of the non-fibrous materials used 

for paper production in the CEPI countries (Figure 2.10). This amounts to an increase of 

about 49% in the consumption of calcium carbonate when compared with that of 1991. Its 

demand is expected to increase as the paper production industry grows. 

 

Figure 2.10 Consumption of non-fibrous materials for paper production in CEPI Countries 
(CEPI, 2021b) 

 
Calcium carbonate in either the precipitated (PCC) or granulated form (GCC) are used 

extensively in the paper production industry and they are produced directly or indirectly 

from limestone (Durand & Pesaresi, 2007; Gaber, 2018). More on the description of PCC 

and GCC are available in section 3.4.1.  

2.3.4 Residues of wastepaper recycling and deinking sludge in Germany 
The residues of wastepaper recycling mills are a part of the residues generated in the pulp 

and paper mills.  Jung et al. (2014) in their study identified some important residues in the 

German pulp and paper mills. They include the bark and wood waste, DS, waste from the  

dissolution of paper and cardboard waste, fibre waste and sludge, sludges from 

wastewater treatment, combustion residues and other waste. All these residues except 

bark and wood waste can be associated with wastepaper recycling. In 2013, DS amounted 

to about 20% of the residues generated in pulp and paper mills in Germany. It was second 

to fibre waste and sludge (Jung et al., 2014).  

0
2
4
6
8

10
12
14
16
18
20

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

Q
ua

nt
ity

 o
f r

aw
 m

at
er

ia
ls

  [
m

illi
on

 M
g]

Clays Calcium Carbonates Starches Other Non-Fibrous Materials



  
 

26 

 

According to  Blanco et al. (2008) and  Monte et al. (2009), 70% of the residues of the 

European pulp and paper industry are generated from the production of deinked recycled 

paper of which DS is an important fraction. About 0.96 million Mg of DS was generated in 

the year 2013 in Germany according to Jung et al. (2014). Using PFR (paper for recycling) 

data and fractions of PFR used for deinking operation as reported by VDP (2021), the 

dried DS generated in Germany in 2015, 2019 and 2020 were estimated. It was assumed 

that the dry matter of DS as reported by Jung et al. (2014) is similar to that of pre-

dewatered DS obtained in own study. The relationship between the amount of PFR and 

recycled paper produced as well as between the amount of dry DS generated and 

recycled paper produced was obtained from  Suhr et al. (2015) and  Berger et al. (2021) 

respectively. The estimated DS generated in Germany were 2.28 - 5.75 million Mg DS 

(2015), 2.60 - 6.54 million Mg DS (2019) and 2.36 - 5.91 million Mg DS (2020) (Appendix 

A.3). It can be observed that the 0.96 million Mg of DS reported by Jung et al. (2014) for 

the year 2013 is about 42% of the lower bound of the estimated range for the year 2015.  
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CHAPTER 3 VALORIZATION OF DEINKING SLUDGES 
Valorization of deinking sludge implies increasing the value of DS from mere waste to a 

resourceful material with the possibility of applying it for economic or ecological beneficial 

purposes. The characteristics of DS, the current treatment approach and the application of 

anaerobic digestion as well as calcium carbonate recovery in wastepaper recycling are 

discussed.  

3.1 Characteristics of deinking sludges 
Some properties of DS have ben reported by some authors (Abubakr et al., 1995; Amare 

et al., 2019, 2020; Bienert et al., 2015; Krigstin & Sain, 2006; Kujala, 2012; Niessen, 2002; 

Steffen et al., 2017). The properties reported are often not detailed. Partly solid matter 

contents, ash contents, element contents (C, H, S, O, N) and/or heating values were 

reported. A pictorial view of DS and other substrates are shown in Appendix A.5. 

Generally, there exists a knowledge gap in the properties of the different types of DS 

respectively of sludges with constituents of DS (DS derivatives) and their impact on biogas 

production. Reports on the properties of the primary non-dewatered DS as a direct output 

of deinking are missing. DS undergoes several transformations in post-deinking processes 

(e.g. different dewatering steps) before it leaves the recycled paper mill as concentrated 

sludge. Table 3.1 show the DM, oDM and pH value of different DS samples as reported by 

different authors. 

 
Table 3.1 Characteristics of deinking sludges (DS) 

Sludge type 

(Dewatering) 

Wastepaper- 

grade 

DM 

[% FM] 

oDM 

[% DM] 

pH 

[-] 

Source 

Pre-dewatered DS W70 14.3 29.3 7.3 Amare et al., 2019, 2020 

Highly dewatered DS NA 63.3* 32* ND Bienert et al., 2015 

NA NA 38 - 62 49 ND Kujala, 2012 

NA NA 3 - 5 52.0 ND Krigstin & Sain, 2006 

NA NA ND 51.6 ND Niessen, 2002 

NA NA 42.0 79.8 ND Abubakr et al., 1995 

*Computed from the average of minimum and maximum value.  
NA- Not available 
ND- Not determined 
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In this dissertation, a more detailed investigation of the physical-chemical properties of 

different DS and DS derivative types is carried out. The different types of DS due to 

different wastepaper grades and due to post deinking operations (dewatering) were 

investigated.  

3.2 Current treatment of deinking sludges  
DS generated as the output of the flotation steps in wastepaper recycling contains residual 

organics and a large amount of water. As practice, the DS is often mechanically dewatered 

internally to reduce to a great deal the sludge handling volume and incinerated externally. 

The common sludge handling approaches for DS are land spreading, landfilling and 

incineration (Blanco et al., 2008). The landfilling and land spreading of sludge have 

declined in some countries due to the ecological and economical aspects (Abubakr et al., 

1995; Blanco et al., 2008; Monte et al., 2009). Jung et al. (2014) reported incineration as 

the most common treatment method applied for treating pulp and paper residues in 

Germany and it includes the treatment of DS. In 2013, incineration (external and internal 

combustion) had a treatment share of about 55% (Figure 3.1). 

 

Figure 3.1 Treatment methods of pulp and paper residues in Germany (Jung et al. 2014)  

 

Bousios (2016) and Bousios and Worrell (2017), have reported in detail, possible 

valorization options for residues in pulp and paper mills. Their options can be grouped into 

two categories, which are conversion into energy and energy carriers and the conversion 

into products.  
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The energetic conversion includes incineration, pyrolysis and anaerobic digestion. The 

substantial pathways include production of wood-plastic composite, nano-cellulose and 

building materials. This thesis however with a focus on DS, considers the application of AD 

coupled with recovery of calcium carbonate for building purposes as a more sustainable 

option compared to incineration.  

3.2.1 Incineration 
Waste incineration is the combustion of an organic fraction of waste for energy production 

(Porteous, 2001). Waste with high moisture content requires a fluidized bed incinerator for 

high efficiency (Patumsawad & Cliffe, 2002; Suksankraisorn et al., 2003), this is also 

applicable to DS. Although incineration has the highest share of treatment of residues 

generated in the German pulp and paper mills, it is arguably not economical and 

sustainable for the treatment of DS. DS has a low calorific value resulting from its high 

share of the inorganic compound and water content (Deviatkin et al., 2015). It therefore, 

requires a complementary fuel source for the energy efficiency of the incineration system. 

The treatment of flue gas which is required for incineration (Dong et al., 2020; Li et al., 

2020) also increases the treatment cost of DS by incineration. A more sustainable pathway 

other than incineration of DS is therefore to be considered.  

3.2.2 Application in the bricks and cement industry 
The ability of DS to act as a supplementary building material in bricks and cement industry 

has been investigated by a few authors (Bousios, 2016; Deviatkin et al., 2015; Singh et al. 

2018). It is explained to be due to the property of calcium carbonate to contribute to the 

strength of the material, especially when applied with cement. Though it is a promising 

valorization pathway its application is not common in Germany (Figure 3.1). The high 

treatment share of incineration also limits this application as the resulting ash from 

incineration gets contaminated with the constituents from other complementary fuel 

sources used for incineration. The biodegradation of the fines and fibres in DS  to produce 

biogas as a by-product and further utilization of the ash content as a material for the 

construction industry is a treatment pathway that does not contaminate the calcium 

carbonate and allows for its efficient application as a supplementary building material. 

3.3 Anaerobic digestion 
The section begins with an overview of anaerobic digestion (AD) and identifies the 

substrates already used for AD in the pulp and paper industry as well as in the wastepaper 

recycling sector. It further discusses some important fundamentals of AD technology which 

include the kinetic modelling of the AD process.  
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3.3.1 Process overview 
AD is a biochemical process carried out by the action of a microbial consortium that 

converts organic materials into biogas in the absence of oxygen. This process occurs 

naturally in bogs, moors, lake sediments, oceans, and digestive tracts of ruminants. 

Biogas comprises primarily of methane (CH4) and carbon dioxide (CO2). A description of 

the typical composition of biogas from AD facilities is shown in Table 3.2. Among the 

gases in biogas, the combustible component is the methane gas which has a calorific 

value of 50 - 55 MJ/kg (WNA, 2021). The biogas production from AD can be used as fuel 

for electricity, heat or steam generation and as well as automobile fuels (IRENA, 2018). 

Biogas substrates are mainly organic material that is either animal or plant-based. They 

include sewage or wastewater, manure, kitchen waste, energy crops and non-toxic 

biodegradable industrial wastes. Biogas is produced from non-fossil based material; 

therefore it is classified as a renewable form of energy. Its application helps in reducing the 

emission of the greenhouse gases such as CH4, CO2 and N2O, thereby contributing to 

solving the problem of climate change. Other advantages of biogas production include the 

reduction of soil and water pollution, prevention of health problems and the generation of 

organic fertilizer (Abubaker et al., 2012; Paolini et al., 2018). 

 
Table 3.2 Biogas composition and concentration range (Friehe et al., 2016b) 

Component Symbol Concentration Range Unit 

Methane CH4 50 – 75 %Vol. 

Carbon dioxide CO2 25 − 45 %Vol. 

Water H2O 2 − 7 * %Vol. 

Hydrogen sulphide H2S 20 − 20000 ppm 

Nitrogen N2 < 2 %Vol. 

Oxygen O2 < 2 %Vol. 

Hydrogen H2 < 2 %Vol. 

*  Vapour for temperature in the range of 20 - 40oC 

 
 
3.3.2 Substrates from the pulp and paper industry 
The application of AD in the European pulp and paper industry is common (Ekstrand, 

2019; Meyer & Edwards, 2014; Suhr et al., 2015; van Haandel & van der Lubbe, 2007). 

AD is often applied as a pre-treatment step in an anaerobic-aerobic treatment system in 

the industry.  
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The energetic utilization of organics present in pulp and paper mill effluents produces 

biogas which is beneficial in the energy-intensive process of the industry. One reason 

impairing the adoption of AD as a stand-alone treatment in the industry is the fact that the 

COD and BOD of AD effluents do not comply with the requirement set by EU legislation on 

environmental discharge (Suhr et al., 2015). Meyer and Edwards (2014) in their study also 

explained that the presence of lignocellulose, biosolids and associated complex organics 

limits the application of AD in the industry. This is because the hydrolysis of lignocellulosic 

materials is very slow and therefore limits their biodegradability (van Haandel & van der 

Lubbe, 2007).  

AD is applied mainly for selected waste streams in the industry and is scarce for mill 

derived sludge. The waste stream identified as the input source for AD application in the 

pulp and paper industry in Europe is often the process water. The process water is 

generated in plants from various water-related operations (Hubbe et al., 2016; Suhr et al., 

2015). Different process designs of AD are available in the European pulp and paper 

industry and include fixed bed reactor, up-flow anaerobic sludge blanket (UASB), 

expanded granular sludge blanket (EGSB) and internal circulation (IC) reactors (Suhr et 

al., 2015). The application of anaerobic-aerobic treatment for process waters in 

wastepaper recycling is common for plants without deinking operations since they often 

meet the COD requirement (1000 – 2000 mg/l) (Suhr et al., 2015). The residues and 

wastewater generated during wastepaper recycling are shown in Appendix A.1 and A.2. 

DS in this study is different in terms of characteristics when compared with process water 

and also sludges from non-deinking pulp and paper plants. DS is not applied as feedstock 

for a known AD application. Also, studies on the AD of DS are not common in scientific 

reports. However, few studies using DS as a substrate for AD have been reported recently 

(Amare et al., 2019, 2020; Bienert et al., 2015). Table 3.3 shows that pulp and paper mill 

derived sludges are potential feedstock for biogas production. The biomethane yields of 

the deinking and non-deinking sludges fall in similar ranges.  Detailed studies on the AD of 

DS are required to gain a deeper knowledge of its biogas yield. This includes studies on 

the different DS types with different characteristics, the influence of optimization 

measures such as nutrient supplementation as well as finding the optimal organic and 

hydraulic loading rate which is necessary for practical application. 
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Table 3.3 Methane yield from some pulp and paper mill derived sludges 

Pulp and 
paper mills 

Substrate type Reactor 
type/process 

Methane 
potential 

(NL/kg oDM) 

Sources 

 
 
 
 

Non- deinking 
plant 

Biosludge CSTR 130 - 200 Puhakka et al. (1992) 

Biosludge  CSTR 120  Karlsson et al. (2011) 

Primary sludge  
 

Primary sludge and 
biosludge 

 
Thermophilic 

process 

190 - 240   
 

150 - 170 
 

Bayr and Rintala 
(2012) 

Deinking 
Plant 

Highly dewatered DS Batch/ mesophilic 160 - 180 Bienert et al. (2015) 

Pre-dewatered DS Batch/ mesophilic 163 Amare et al. (2019) 

 

3.3.3 Fundamentals of anaerobic digestion 
Many different authors have reported the fundamentals of anaerobic digestion e.g. 

(Conrad et al., 2009; Gerardi, 2003; Leschine, 1995). This chapter is a summary of the 

generation of biogas, main milieu conditions in the anaerobic digester, inhibitors and some 

operation parameters of AD systems.  

3.3.3.1 Phases 
AD is a complex process involving four major phases. They include hydrolysis, 

acidogenesis, acetogenesis and methanogenesis. For an optimal production of biogas, 

these individual phases are expected to proceed at individual kinetics that leads to 

effective solubilisation of the biodegradable organic fraction, no accumulation of toxic 

substances for anaerobes and effective conversion of biogas precursors into biogas. The 

four biochemical phases (Figure 3.2) are described in more detail below. 

1.) Hydrolysis 
Hydrolysis involves the cleavage of a water molecule to polymeric biomolecules in the 

presence of hydrolytic enzymes, thereby breaking it down into parts (monomeric 

molecules). The polymeric biomolecules such as polysaccharides, proteins and lipids are 

broken down into monomeric molecules such as soluble sugar, amino acids and fatty 

acids respectively during hydrolysis. Hydrolysis is a relatively slow phase that can limit the 

rate of the AD process (van Haandel & van der Lubbe, 2007).  
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Organic macromolecules
(proteins, polysacharides and lipids)

Monomers (amino acids, sugars and 
long-chain fatty acids)

Intermediate products
(lactate, butyrate and propionate)

CH3COOH CO2 + H2

CH4 and CO2

Hydrolysis

Acidogenesis

Methanogenesis

Acetogenesis

 
 
Figure 3.2 Anaerobic digestion phases showing the breaking down of organic 
macromolecule to the formation of biogas (modified from Abdelgadir et al. 2014)  

Some hydrolytic enzymes include cellulases, amylases, proteases and lipases (Kashyap 

et al., 2003; Leschine, 1995). The majority of the hydrolytic enzymes are exoenzymes 

since they are released to the surface of the cell to induce contact with the substrate. The 

cellulose is hydrolysed by the activity of anaerobes such as Clostridium lochhadii, 

Bacteroides succinogenes, Butyrivibrio fibrosolvens, Clostridium cellobioporus, Clostridium 

thermocellum, Ruminococcus flavefaciens, Clostridium stercorarium, Ruminococcus albus, 

and Micromonospora bispora (Leschine, 1995; Lynd et al., 2002; Zhang & Lynd, 2004), 

while the hemicellulose by anaerobes such as Ruminicola, Butyrivibrio fibrisolvens, 

Ruminococcus flavenfaciens and Roseovarius albus (Andersen, 2007). The equation for 

hydrolysis is shown in Eq 3.1 (Anukam et al., 2019; Kamusoko et al., 2022). Figure 3.3 

shows the breaking of the bond by hydrolysis to convert cellulose to glucose and 

hemicellulose to xylose. Deinking sludges are reported to contain a substantial amount of 

cellulose, hemicellulose and lignin (Steffen et al., 2017). The cellulose and hemicellulose 

fraction could be broken down and be beneficial for biogas production.  
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(C6H10O5)n + n H2O      →       n C6H12O6                                        Eq 3.1 

 

⎣
⎢
⎢
⎢
⎢
⎡

⎦
⎥
⎥
⎥
⎥
⎤

                                 

⎣
⎢
⎢
⎢
⎡

⎦
⎥
⎥
⎥
⎤

    

 

 

⎣
⎢
⎢
⎡

⎦
⎥
⎥
⎤
                                 

⎣
⎢
⎢
⎢
⎡

⎦
⎥
⎥
⎥
⎤

    

 

Figure 3.3 Diagram showing hydrolysis of  cellulose and hemicellulose to glucose and xylose 
respectively (modified from (Kobayashi et al., 2016) 

 
2.) Acidogenesis 
The next step after hydrolysis is acidogenesis, which involves the further breaking down of 

monomeric molecules from hydrolysis. The microorganisms participating in acidogenesis 

produce acidic conditions due to the degradation of the monomers. Typical products of 

acidogenesis are carbon dioxide, hydrogen, ethanoic acid and shorter volatile fatty acids 

such as acetic acid, propionic acid, butyric acid, and ethanol. Some common acidogenic 

microorganisms are Clostridium sp., Lactobacillus sp., Staphylococcus sp., Escherichia 

sp., Veillonella sp., Selemonas sp, Desulfobacter and Desulfomon (Felchner-Zwirello, 

2014). Equations of acidogenesis are shown in Eq 3.2 to 3.4 (Anukam et al., 2019; 

Kamusoko et al., 2022). 

 

            C6H12O6        ↔   2 CH3CH2OH   + 2 CO2                                                      Eq 3.2 

            C6H12O6   + 2 H2  ↔   2 CH3CH2COOH   + 2 H2O                                               Eq 3.3 

            C6H12O6        ↔   3 CH3COOH                                                                            Eq 3.4 

 

 

 

Cellulose Glucose 

    H2O  

  catalyst 

Hemicellulose Xylose 

    H2O  

  catalyst n 

n n 

n 



  
 

35 

 

3.) Acetogenesis 
The acidogenesis step is followed by acetogenesis, which involves the formation of 

acetate from carbon with an energy source from the acetogenic microorganism. Many of 

the products of acidogenesis are broken down by acetogenic microorganisms into acetic 

acid, carbondioxide and hydrogen (Gerardi, 2003). The acetogenic microorganism are 

obligate H2 producers. As hydrogen production increases, the partial pressure also 

increases in the AD system. These species of microorganisms are reported to survive only 

at very low H2 concentration ranges (Gerardi, 2003). Therefore they carry out a symbiotic 

relationship with the microorganisms involved in the next step of AD, the methanogenesis. 

As the acetogenic microorganism produces H2, the consumption of H2 by the 

methanogenic microorganisms prevents the build-up of partial pressure to an undesirable 

value. Some common acetogenic microorganisms are Clostridium sp., Syntrophomonas 

wolfei and Syntrophobacter wolinii (Felchner-Zwirello, 2014). Equations of Acetogenesis 

are shown in Eq 3.5 to 3.7 (Anukam et al., 2019; Kamusoko et al., 2022). 

 

 CH3CH2COO-  +  3 H2O        ↔    CH3COO-  +  H+HCO3
-    +   3 H2                   Eq 3.5 

      C6H12O6  +  2 H2O       ↔    2 CH3COOH +   2 CO2   + 4 H2                           Eq 3.6 

  CH3CH2OH  +   H2O       ↔         CH3COO- +  2 H2  + H+                                    Eq 3.7 

4.) Methanogenesis 
Methanogenesis is the final step which involves the formation of methane from the 

products of acetogenesis and intermediate products from hydrolysis and acidogenesis. 

There are three main pathways for methane formation during methanogenesis (Gerardi, 

2003). One of which is the reduction of CO2 by H2 in the presence of hydrogenotrophic 

microorganisms to form methane and water (Eq 3.8) and the second is the cleavage of 

acetic acid by acetoclastic microorganisms to form methane and CO2 (Eq 3.9). The 

methanogenic pathway by acetoclastic microorganisms is responsible for about 70 - 90% 

of the total methane produced in the AD of organic waste (Merlino et al., 2013; Morita et 

al., 2011). This can be explained to be because the hydrogenotrophic pathway requires 

four molecules of H2 while the acetoclastic pathway requires only one molecule of acetate 

to form methane (Conrad et al., 2009). Sulphate reducing bacteria that have a high affinity 

for hydrogen could also be an explanation for limiting the hydrogenotrophic pathway. 

Microorganisms involved in methanogenesis are of the phylum Euryarchaeota and include 

Methanobacteriales, Methanococcales, Methanomicrobiales, Methanopyrales and 

Methanosarcinales.  
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The only acetoclastic methanogens among these microorganisms are the 

Methanosarcinales, example include Methanosaeta and Methanosarcina (Gerardi, 2003). 

Holmes and Smith (2016) described the third methanogenic pathway which is carried out 

by the action of acetoclastic Methanosacrinales and at least one member of the 

Methanomicrobiales on methanol or methylamines. This pathway is referred to as 

methylotrophic methanogenesis (Eq 3.10).  

CO2 + 4 H2 →  CH4 + 2 H2O                                                            Eq 3.8 

CH3COOH  → CH4 + CO2                                                                 Eq 3.9 

4 CH3OH  →  3 CH4 + CO2 + 2 H2O                                         Eq 3.10 

A fourth pathway as described by Guyot and Brauman (1986) shows that formate could be 

converted to methane by interspecies hydrogen transfer between sulphate reducing 

bacteria and hydrogenophilic methanogens. Table 3.4 shows the Gibbs free energy for 

three different methanogenic pathways which indicate that methanogenesis is an 

exothermic process resulting in a yield of energy.  

 
Table 3.4 Gibb’s free energy (ΔGo) for three different methanogenic pathways 
(Thauer et al., 1977) 
 

Methanogenic pathway ΔGo (kJ/mol substrate) 

Hydrogenotrophic - 135.5 

Acetoclastic - 32.3 

Methylotrophic - 79.9 

 
 
 
3.3.3.2 Milieu conditions in the anaerobic digester 
The milieu conditions refer to some important physico-chemical conditions within the 

reactor that influences the AD performance. The conditions discussed here are oxygen, 

water, temperature, pH and alkalinity as well as nutrient supply and inhibitors that may be 

encountered when DS is used as a biogas feedstock.  

1.) Oxygen 
AD proceeds in the presence of different microorganisms such as hydrolytic bacteria, 

acidogens, acetogens and methanogens. The hydrolytic acidogens and acetogens are 

facultative and obligate organisms that can live either in the presence or absence of 

oxygen.  
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The methanogens are strict anaerobes that can hardly survive in the presence of oxygen 

(Ueki et al., 1997). Whitman et al. (2006), reported that one species of Methanosarcina 

had a half time of survival of only 4 minutes in air equilibrated medium. The methanogens 

are the most important anaerobic species in the AD process since they produce the 

required methane. Therefore, the depletion of oxygen is favourable for the overall AD 

process. Conversely, some authors have reported that oxygen concentration at micro 

concentration improves hydrolysis (Jagadabhi et al., 2010; Johansen & Bakke, 2006) and 

oxidizes the sulphides to prevent unfavourable conditions (Duangmanee et al., 2007; van 

Pagel Zee et al., 2007; Zhou et al., 2007). 

2.) Water 
Water is important for living cells in the microbial consortiums which are responsible for the 

AD process. On a biological level, water helps cells with the transportation of molecules 

such as nutrients. It is also an important component in many biochemical reactions 

involving the building and breaking down of components of the cell (Gaur et al., 2014; 

Reuss, 2008; Watterson, 1988). The presence of sufficient water also allows the 

bioreactor’s content to flow and allows for mixing. Wet and dry types of fermentation are 

discussed in section 3.3.3.4.(2). 

3.) Temperature 
The reaction rate of AD strongly depends on temperature. The temperature influences the 

growth rate and the activity of the anaerobic microorganisms which include the 

methanogens. Several authors have investigated and established the temperature 

dependency of AD processes (Bergland et al., 2015; Nielsen et al., 2017; Siggins et al., 

2011; Wu et al., 2006). Depending on the temperature range of growth and metabolism, 

methanogens are classified into three groups. They include psychrophilic (< 20°C), 

mesophilic (25 - 45°C) and thermophilic (> 45°C) groups (Connaughton et al., 2006). With 

the psychrophilic methanogens, the AD process can be operated at ambient temperature 

without the need for external heat energy. The mesophilic and thermophilic methanogens 

require the input of heat energy for operation. While the mesophilic process requires a 

lower amount of heat, the thermophilic process requires a high amount of heat. The 

thermophilic process has the highest activity rate but requires very high external heat 

input. It has the advantage that during this temperature pathogenic organisms can be 

destroyed. However, it was reported that thermophiles do have lower diversity and they 

are very sensitive to changes in temperature and pH which therefore affect the stability of 

the AD process (Sivakumar et al., 2012).  

 

 



  
 

38 

 

4.) pH and alkalinity 
pH is the negative common logarithm of the hydrogen ion activity (Baucke, 2002). It gives 

information on the acidity or alkalinity of an AD system. The alkalinity of a biochemical 

system such as AD is a measure of its buffer capacity, preventing a rapid change in pH. 

The acidogenesis phase of AD leads to the production of volatile acids which causes pH 

reduction (section 3.3.3.1.(2)). The volatile acids are taken up during the methanogenesis 

phase to produce alkalinity. Another source of alkalinity includes the degradation of 

organic-nitrogen compounds like proteins and ammonium as well as the CO2 production 

from organic compounds (Gerardi, 2003). The produced alkalinity prevents the further drop 

in the pH of the system. Since the enzymatic activities of anaerobes are pH-dependent, an 

AD system requires sufficient alkalinity for stable conditions.  

At pH values less than 6 or above 8.5, the system equilibrium favouring the built-up of 

biogas is distorted. Studies on AD have shown that an optimum pH value for the AD 

process is reported at about 7 (Diamantis et al., 2007; Gerardi, 2003). Considering the 

thermodynamics and kinetics of the AD system, the intermediates produced during 

acidogenesis could accumulate thereby limiting the further breaking down of organic 

matter. This accumulation also leads to the build-up of partial pressure of hydrogen. The 

high partial pressure of hydrogen negatively influences the biodegradation of propionic 

acid and butyric acid. On the other hand, sufficient hydrogen partial pressure is required by 

the hydrogenotrophic methanogenesis for the production of biogas. This leads to a narrow 

“Thermodynamic window “ within which the individual reactions proceed simultaneously. 

Failure of an AD system can be monitored using the ratio of the volatile organic acid (VOA) 

and the alkalinity ratio termed VOA/TIC. Lili et al. (2011) reported that the AD system is at 

its maximum biogas production for a VOA/TIC ratio of 0.3 - 0.4. For pH and alkalinity 

adjustment in the AD system, a common chemical used is carbonate such as sodium 

bicarbonate and potassium bicarbonate since they release carbonate directly into the 

system (Lin et al., 2013). The uptake of soluble CO2 by hydroxyl groups such as Ca(OH)2 

before the production of carbonate makes it not desirable for pH and alkalinity adjustment. 

The pH can also be regulated by reducing the organic loading rate or by stopping feeding 

for a while in a continuous AD system. 

5.) Nutrient supply 
Anaerobes involved in the AD process require the uptake of nutrients for survival, energy, 

growth and reproduction. These nutrients which are the basis of cellular metabolism are 

converted to energy and biosynthetic intermediates aiding cell maintenance and division 

(Blum et al., 2021; Wei et al., 2017). Based on the quantity needed by anaerobes, these 

nutrients can be classified into macronutrients and micronutrients.  
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Macronutrients are consumed in relatively large amounts, while micronutrients are needed 

in trace quantities. They are also referred to as trace elements (TEs). The macronutrients 

are used especially for growth and energy (Prentice, 2005). They include carbon, 

hydrogen, oxygen, nitrogen, phosphorus, sulphur, potassium, magnesium, sodium, 

calcium and iron. Among these, carbon assumes great importance as the main constituent 

of all organic cell materials and represents about 50% of the cell’s dry weight (Loferer-

Krössbacher et al., 1998; Romanova & Sazhin, 2010). The carbon requirement for 

synthesis by anaerobes can be derived from biodegradable organic matter such as DS, 

wastewater, food waste, energy crops and so on. As opposed to aerobic micro-organisms, 

anaerobes do not use molecular oxygen as a terminal electron acceptor during respiration, 

instead, molecules such as sulphate (SO4
2-), nitrate (NO3

-), or sulphur (S) are used 

(Michas et al., 2020).  

The carbon-nitrogen (C/N) ratio is used to monitor the optimal operation of the AD 

process. In general, anaerobes are reported to consume carbon 25-30 times quicker than 

nitrogen (Samir et al., 2019). A C/N ratio in a similar fold in the AD mixtures may therefore 

enhance optimal biogas production. Too high C/N ratio may lead to poor uptake of carbon 

while too low uptake may lead to the build-up of ammonia which is not favourable for the 

AD process. C/N ratios reported for optimum biogas production are: 20 (Siddiqui et al., 

2011), 25 - 30 (Wang et al., 2012) and 20-35 (Ceron-Vivas et al., 2019; Panichnumsin et 

al., 2012). This variation is largely dependent on the characteristics of feedstock. TEs have 

subtle biochemical and physiological roles in cellular processes. Examples are cobalt, 

copper, manganese, molybdenum, nickel, selenium, tungsten, vanadium and zinc. They 

are metals playing the role of cell catalysts and many of them play a structural role in 

various enzymes. A lack of these nutrients may result in a deficiency state that 

compromises the growth and reproduction of anaerobes (Ezebuiro, 2014; Khanal, 2008; 

Takashima et al., 1990). It is reported that supplementation of TEs in the AD process can 

lead to improved methanogenesis (Ezebuiro, 2014; Khanal, 2008; Takashima et al., 1990). 

6.) Inhibitors 
Inhibitors are substances that alter the optimal condition leading to the effective production 

of methane in an AD system. The main inhibitors in the AD process are ammonia, 

sulphate-reducing bacteria, hydrogen sulphide, heavy metals, long-chain fatty acids and 

salts (Akunna, 2018; Liu et al., 2018). The following inhibitors discussed are those relevant 

to the AD of DS.  
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a.) Sulphate  
Sulphate reducing bacteria reduces sulphate (SO4

2-) present in an AD system to sulphide. 

Sulphates are formed from sulphur in organic molecules like proteins. They also come 

from high sulphate rich substrates like some industrial wastewaters. The reduction of 

sulphate involves the usage of hydrogen, acetate and fatty acids. Since this reduction 

process competes for potential methane precursors, it leads to poor efficiency of biogas 

production. The production of sulphide is also reported to have a toxic effect on anaerobes 

(O'Flaherty et al., 1998). Depending on pH and other AD conditions, hydrogen sulphide in 

the range of 50 to 250 mg/L was reported inhibitory (Chen et al., 2008). With the 

application of air stripping the hydrogen sulphide concentration can be considerably 

reduced. By application of activated carbon or the use of Fe2+ and Fe3+ in the form of FeCl2 

or FeSO4, the bioavailability of sulphur can be as well minimized (Petersson & Wellinger, 

2007). 

b.) Heavy metals 

Heavy metals are micronutrients which include cobalt, molybdenum, selenium, titanium, 

copper, nickel (Briffa et al., 2020; Engwa et al., 2019).  These nutrients play a key role in 

cell growth. The concentration of these metals beyond the tolerable range is toxic to 

anaerobes (Ezebuiro, 2014). The ink content of DS and wood source or paper are possible 

sources of heavy metals. The heavy metals present in the substrate can however be 

reduced e.g. adsorption, advanced oxidation processes, electrocoagulation, membranes  

(Qasem et al., 2021). 

c.) Calcium  
There are studies on calcium’s possible inhibitory effect on AD. Ahn et al. (2006) reported 

an inhibitory effect due to calcium concentration in the range of 5 - 7 g/L for swine 

wastewater. On the contrary, Jackson-Moss et al. (1989) showed that calcium in the 

concentration of up 7 g/L does not inhibit AD in a UASB digester where a synthetic waste 

comprising glucose, urea and yeast was used as feedstock. This is relevant for DS since it 

has been reported to have a high fraction of calcium in the form of calcium carbonate 

(Amare et al., 2019, 2020; Steffen et al., 2017). 

 
3.3.3.3 Operation and efficiency parameters 
The main operational parameters of AD are the organic loading rate, the hydraulic 

retention time, the biodegradability, the biogas yield and the mixing types. These 

parameters which differentiate an AD process from another are described briefly as 

follows. 
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1.) Hydraulic retention time and organic loading rate 
The hydraulic retention time (HRT) of an AD system is the amount of time it takes for the 

substrate to pass through the AD bioreactor. This operating parameter gives information 

on the quantity of substrate fed into the AD reactor per time. It is computed by dividing the 

volume of the AD reactor by the feeding rate as shown in Eq B.14 (Appendix B.9). HRT 

are reported in either hours or days. The HRT is dependent on the complexity of the 

organic component of the feedstock.  

While a high HRT is needed for complex organics, a low HRT is sufficient for less complex 

ones.  Many AD systems using wastewater as feedstock operate at an HRT of 15 - 30 

days under mesophilic conditions (Alepu et al., 2016). AD relies on the activity of relatively 

slowly growing methanogenic bacteria which made it necessary that sufficient time is 

given for bacteria growth. A direct relationship exists between the HRT and the organic 

matter converted to biogas (Khanal, 2008). The organic loading rate (OLR) indicates the 

amount of organic matter fed into the digester each day. It is computed as shown in Eq 

B.15 (Appendix B.9). Ideal OLR rates to avoid the build-up of acids are reported as                     

0.5 - 3.0 kg oDM /(m3 ·d) (Deepenraj et al. 2014; Ramanathan et al., 2022).   

The operating OLR depends on the type of wastes fed into the digester because different 

wastes have different biochemical characteristics (Babaei & Shayegan, 2011). If the 

digester is overfed, acids will accumulate, and methane production will be inhibited. 

Similarly, if the digester is underfed, the gas production will also be low. 

2.) Biodegradability and biogas yield 
The biodegradability in an AD process is determined by the fraction of organic matter from 

the total organic matter in the substrate fed that is biodegraded to form biogas by the 

action of anaerobes. The biodegradability indicates the efficiency of an AD system and it is 

also largely dependent on the characteristics of the substrate. Biodegradability can be 

computed by different methods. A common approach is to compute either the change in 

the mass of organic matter with Eq B.11 and B.12 (Appendix B.9) or the change in 

chemical oxygen demand (COD) due to biogas production. For semi-continuous 

bioreactor, it was computed with Eq B.13 (Appendix B.9).  

 

The biogas yield is the cumulative optimum biogas formation from an AD substrate. The 

biogas yield of the different substrates varies depending on the nature of their organics. 

Substrates with organics that are readily biodegradable have a higher biogas yield. The 

biogas yield is reported either relating to the fresh mass (FM, NL biogas volume/kg) or 

relating to the organic dry matter (oDM, NL biogas volume/kg oDM).  
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3.) Mixing 
Mixing refers to the homogenization of the content of an AD reactor. It is a key operating 

parameter for AD performance. Appropriate mixing of the AD system will foster an efficient 

distribution of the microbial consortium of nutrients and of the organics. This improves the 

bioavailability of substrates and the process efficiency of the system. For a continuously 

fed AD system, mixing helps in the inoculation of fresh feed, homogenizing the material 

and removing of end product of metabolism (Lindmark et al., 2014). Mixing in the AD 

process is required to ensure homogeneity of the reactor mixture to promote a uniform 

process condition such as temperature, pH and nutrients for anaerobes. In the 

comprehensive review of Kariyama et al. (2018) on the influence of mixing on AD 

efficiency in digesters, they reported in general three mixing methods used for AD 

processes which are gas recirculation, liquid/slurry recirculation and mechanical mixing. 

The gas recirculation involves the introduction of biogas at the bottom of the reactor in a 

recirculation form to cause a turbulent flow in the reactor mixture. In liquid/slurry 

recirculation, a pump is used to recirculate the reactor‘s content which also causes 

turbulent flow. The mechanical mixing involves the use of impellers or agitators (such as 

paddle, anchor, helical and propeller) which are driven by a motor to introduce a turbulent 

stream in the bioreactor‘s content.   

An appropriate mixing method should be selected to ensure an efficient process with 

minimum power consumption. Different authors have studied the influence of mixing on 

AD. Based on the mixing energy level, the efficiency was ranked in the order: mechanical 

mixing followed by gas recirculation and then liquid /slurry recirculation (Wu, 2010). Trad et 

al. (2016) reported efficiency in a contrary order; starting with gas recirculation followed by 

liquid /slurry recirculation and then mechanical mixing. This difference in their position for 

mechanical mixing may be owed to the different types of equipment used by the two 

different authors. While Wu (2010) has used a lower power number impeller, Trad et al. 

(2016) used one with a higher power number which generates a higher shear rate.  

It was reported that the hydrodynamic shear force which results from agitation is a 

pathway leading to cell damage in bioreactors and consequently to poor efficiency (Wang 

& Zhong, 2007). For the three mixing methods possible high-velocity zones which can 

damage cells are reported. In gas recirculation and liquid /slurry recirculation, high-velocity 

zones often occur at and near the inlet and injection nozzles, at locations of entrainment 

and at the surface where bubbles collapse. For mechanical mixing high-velocity zones are 

found at and close to the tip of impeller blades (Kariyama et al., 2018).  
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However, Wu (2010) reported that the possibility to achieve homogeneity using a lower 

mixing time, especially with a high organic loading rate in non-Newtonian fluids makes 

mechanical mixing a preferred option for optimization.  

3.3.3.4 Reactor types 
There are different AD reactor types used for the production of biogas. They can be 

grouped according to some operational criteria namely: mode of feeding, solid content 

matter treated, number of process phases of AD and the efficiency of the system.  

1.) Mode of feeding operation 
The feed in an AD system refers to the substrate containing the organic material that is 

converted to biogas. Regarding substrate feeding, there are three main types of reactors: 

batch, semi-continuous and continuous fed AD reactors (Slimane et al., 2016; Zhang et al., 

2013). In a batch AD system, the AD mixture comprising the substrate and the inoculum is 

mixed and allowed to produce biogas until the end of the process without extra substrate 

addition. In a semi-continuous AD system substrates are added and removed from the 

reactor intermittently, for example once or twice daily. In a continuous AD system 

substrates are added continuously. The feeding system operates continuously during the 

AD process at a particular feeding rate. The semi-continuous and continuous systems 

have a high requirement for a pump to feed new substrate and take out effluent during 

operation. This sums up to a high energy input during the AD process. If DS suits as a 

good feedstock for biogas production it may be applied in all modes. This is however 

dependent on some factors which include storage space for DS in the plant, size of the 

digester and targeted biogas energy production.  

2.) Solid matter content treated 
The solid matter content in the reactor differentiates AD reactor types into wet or dry 

fermentation reactors. A wet fermentation reactor commonly operates with solid matter 

content of less than about 15% while a dry fermentation reactor with about 20 - 40% 

(Kusch-Brandt & Oechsner, 2005). Wet fermentation reactors are applied for e.g.  

wastewaters with low dry matter content while dry fermentation reactors for fibrous 

materials with high solid contents. Pumps can be applied in the feeding system for wet 

fermentation due to the low amount of solids but not in dry fermentation. The mixing ability 

of wet fermentation either through pumps or agitators gives it a high biogas production. 

The dry fermentation does not use or require a pump as critical equipment for operation 

(Marjolaine, 2021). DS is known to have a high or low dry matter content depending on 

dewatering. Those with the low dry matter may be suitable for wet fermentation and the 

others for dry fermentation provided they have sufficient organic matter in them. 
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3.) Process phase stages 
When all the four phases of AD (section 3.3.3.1) are allowed to occur in a single reactor, 

this type of AD reactor is called a single-phase reactor. Due to the variation in the kinetics 

of the various AD phases the hydrolysis phase is very slow. It is also possible to operate a 

system where only the first two stages of biodegradation (hydrolysis and acidogenesis) 

take place in one reactor (Demirel & Yenigün, 2002). This is done by adjusting the pH to 

fairly acidic conditions so that the AD process does not proceed to acetogenesis and 

methanogenesis. After this, a second stage is carried out in a second reactor. A neutral pH 

condition is set for the effluent of the first stage. This allows the acetogenesis and 

methanogenesis to proceed leading to biogas formation. This type of system is referred to 

as a two-stage AD (Damayanti et al., 2019).  

4.) Efficiency of the system 
This classification type groups AD reactors according to their efficiency. The three groups 

are the passive, low rate and high rate systems. The passive system includes covered 

lagoons in which biogas production is carried out (McCabe et al., 2014). They do not 

involve temperature regulation and operate in the natural atmospheric temperature (Safley 

& Westerman, 1988).  

Low rate systems are systems in which containers or vessels are used to contain AD 

mixtures. Temperature is regulated and leads to better biogas production when compared 

to passive systems. Low rate system AD reactors include also continuous stirred tank 

reactors (CSTR) (Boe & Angelidaki, 2009) and plug flow reactors (Teng et al., 2014).  

In the high rate systems, the anaerobes are trapped in the AD reactor to increase 

efficiency either by recirculating anaerobes or allowing them to grow on surfaces 

immobilized in the reactor. High rate systems include fixed film digesters (Steinberg et al., 

2017), up-flow anaerobic sludge blanket (UASB) digesters (Chong et al., 2012) and 

sequencing batch digesters (Elamin & Gasmelseed, 2018). UASB digesters are suitable 

for substrates with a high amount of suspended solids and a low amount of settleable 

solids. DS has a very high amount of settleable solids. It may not be suitable for DS. The 

CSTR, the fixed-film digester and the sequence batch reactor are options to be considered 

for the use of DS as a feedstock for biogas production.  

3.3.4 Kinetic models for anaerobic digestion processes 
A knowledge of the thermodynamics and kinetics of chemical and biochemical reactions 

can provide information on the course of AD processes. While thermodynamic properties 

are required to determine the reaction direction as well as energy and entropy changes, 

kinetics describe the speed at which a simple or complex chemical or biochemical reaction 

proceeds.  
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A biomethane yield test that involves the determination of the biomethane yield of 

substrates such as DS is a complex reaction that is costly and time-consuming during 

execution. 

A kinetic model adapted to the AD of DS could be an alternative method to the biomethane 

yield test.  It is also important in monitoring the kinetics of AD of DS in a continuous AD 

system. Kinetic modelling of AD processes was motivated by the need for efficient 

operation of anaerobic systems in the early 70s (Gavala et al., 2003). According to the 

review by Kythreotou et al. (2014) on AD models, a variety of models with varying 

purposes have been designed for the AD process. In their work, they identified and divided 

existing mathematical models for the AD process into three groups namely: models on 

theoretical biogas yield, models with reaction kinetics and the IWA anaerobic digestion 

model 1 (ADM1). The theoretical models determine gas composition through the chemical 

composition of the feedstock. The reaction kinetics models are centred on bacteria growth 

by using the Monod equation. Unlike the theoretical biogas yield and reaction kinetics 

models, the ADM1 includes multiple steps describing the biochemical and 

physicochemical processes of AD. 

Velázquez-Martí et al. (2019) also worked on the review on models applied in the AD 

process. They grouped the models into 5 categories, namely exponential models, the 

Gompertz model, kinetic models, models based on the transfer function and the cone 

model. The exponential models are based on bacterial growth and fit the groups of models 

of reaction kinetics as reported by Kythreotou et al. (2014).  The one and two steps first 

order kinetics, the modified Gompertz kinetics, the transfer function and the logistic 

function models are explained in section 4.8.2.1. 

3.4 Calcium carbonate recovery 
This section discusses the properties of calcium carbonate as a filler in paper and as a 

supplementary building material. It also discusses some material valorization options of 

calcium carbonate found in DS.  

3.4.1 Calcium carbonate 
Calcium carbonate is a substance with the chemical formula CaCO3 and appears as a 

white, odourless powder or colourless crystal and it is sparingly soluble in water (Kim et 

al., 2019). It occurs in both biological and geological sources. The biological sources 

include eggshells, snail shells and also most seashells. The geological occurrences are in 

polymorphs. The three polymorphs of calcium carbonate are vaterite, aragonite and 

calcite. Based on structure, the polymorph with the highest thermodynamic stability is 

calcite. Also, it has the highest occurrence in nature and next is aragonite (Ni & Ratner, 

2008).  
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The scratch hardness of calcite is 3, according to the Mohs scale of mineral hardness 

(William, 2000). Its density is 2.71 g/mL and its melting point is 1.339 °C (Al Omari et al., 

2016). 

Calcium carbonate exists in two main types, ground calcium carbonate (GCC) and 

precipitated calcium carbonate (PCC). The GCC is produced directly from the mining of 

limestone while the PCC which is a purer form of calcium carbonate produced industrially 

by the decomposition of limestone to calcium oxide and followed by a recarbonisation step  

(Kim et al., 2019). The PCC which is also termed synthetic calcium carbonate (SCC) can 

be produced from waste with high calcium carbonate content (Krigstin & Sain, 2006). 

Figure 3.4 shows the chemical structure of calcium carbonate. Calcium ion binds ionically 

with CO3
2-. Also, a  covalent bond exists between carbon and oxygen atoms in the 

carbonate ion. These properties of calcium carbonate allow it to be suitable for a wide 

range of use. It is the most extensively used filler in paper, paint, plastic, food, ceramic, 

cosmetic, and pharmaceutical industries (Erdogan & Eken, 2017; Khanna & Xanthos, 

2010). 

 

Figure 3.4 Structure of calcium carbonate (Al Omari et al., 2016) 

 
It is also used in food additives and ingredients as well as a component of bone substitutes 

in medical science (Chen et al., 1999; He et al., 2015; Monchau et al., 2013). The 

properties of calcium carbonate discussed further as applicable to this study are its 

properties as filler for papers and properties as a supplementary building material.        

3.4.2 Properties as fillers in paper                 
Fillers are particulate materials that are added to papers either to make them achieve the 

desired properties or to reduce cost or a combination of both (Dong et al., 2008; Hubbe & 

Gill, 2016). Calcium carbonate due to its physico-chemical properties is often used in 

paper as filler. Due to the varying characteristics and properties of different types of 

calcium carbonate, specific types are selected to meet desired qualities in a paper 

application (Ni & Ratner, 2008). The economical aspect of the use of calcium carbonate in 

paper production is becoming more important and its use in the European wastepaper 

recycling industry has continued to increase. The high demand for calcium carbonate in 

CEPI countries was mentioned in section 2.3.3.3. 



  
 

47 

 

3.4.3 Properties as supplementary building material                 
Calcium carbonate is widely known for its filling effect. It has been shown by some authors 

that calcium carbonate is not an entirely inert material. Its properties as a supplementary 

building material have been studied and reported by different authors (Kakali et al., 2000; 

Péra et al., 1999; Wang et al., 2012). Reports have shown that calcium carbonate 

promotes an accelerating crystallization effect on tricalcium silicate (C3S) and cement 

hydration (Kakali et al., 2000; Péra et al., 1999). The C3S and the C-S-H are the 

determinants of the strength of cementitious mortar. Cement hydration is the reaction 

process of cement and water that leads to the hardening of the cement. It is therefore 

worthwhile to investigate the suitability of the calcium carbonate present in DS to 

understand its suitability as a supplementrary building material. 

Portland cement made from limestone and clay with some amount of gypsum is reported 

as the simpliest cement and is widely produced (Habert, 2013; Helmuth et al., 2000). Many 

authors have studied portland cement and have shown the influence of its particle size on 

the hydration and strength of hardened cement paste (Argiz et al., 2018; Osbaeck & 

Johansen, 1989; Zhang & Napier-Munn, 1995). Argiz et al. (2018) reported that for given 

water to cement ratio (w/c), the finer the portland cement is milled the better is its hydration 

rate and promotion of high early strengths.  

3.4.4 Material recovery from deinking sludges 
DS contain a large amount of calcium carbonate, which should be sustainably managed by 

recovery. Sustainable waste management broadly considers approaches such as energy 

utilization, material inertisation, and recycling or reuse.  

The hierarchy of waste from Directive 2008/98/EC describes waste lifecycles towards a 

sustainable economy. Waste recycling was identified in the pyramid as an important 

option. The recycling approach essentially enhances a shift from the conventional linear 

economy to a circular economy. It does not only contribute to the reduction of raw material 

demand but also largely reduces the energy consumption and gaseous emissions 

resulting from the extraction and processing of raw materials.  

Recycling of waste in the pulp and paper industry has been studied by different authors  

(Deviatkin et al., 2015; Kujala, 2012; Monte et al., 2009; Ochoa de Alda, 2008; 

Seyyedalipour et al., 2014; Sudarshan et al., 2017). The study of Deviatkin et al. (2015), 

was extensive in the sense that different pathways of material recovery from DS were 

identified. The pathways of material recovery include direct applications and the recovery 

of inorganics in DS for further application. These recovery approaches are geared towards 

the rich mineral composition of DS which is mainly determined by calcium carbonate.  
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Table 3.5 lists the different pathways as reported by Deviatkin et al. (2015). The direct 

application approach utilizes dried DS to either make cement-based or other types of 

products. The calcium carbonate of DS is as a supplementary material for the binders in 

the products. In the pathways which involve the conversion of DS into single products, DS 

is treated thermally to either remove unwanted material or to transform some essential 

components into a useable form. For DS to be suitable as a pozzolona as repoted by 

Deviatkin et al. 2015, it is expected that it contain sufficient amorphous siliceous or 

siliceous and aluminous material which react with calcium hydroxide in the presence of 

water to create cementitious hydration products such as calcium silicate hydrates and 

calcium silicate aluminate hydrates (Walker & Pavía, 2011). 

 
Table 3.5 Different recovery pathways for DS from wastepaper recycling (based on Deviatkin 
et al. (2015)) 

 

 
3.5 Research strategy 
To answer the research questions (section 1.0), the strategic flow diagram drawn shows 

the hypothetical treatment of DS which is investigated in this study (Figure 3.5). The 

diagram considers DS as a resource flowing into a treatment scheme to produce 

renewable energy in the form of biogas and as well utilizing its high CaCO3 content as a 

supplementary building material in a further process step. This energetic and material 

valorization of DS is expected to improve the sustainability of the wastepaper recycling 

industry.  

Figure 3.5 considers the generation of raw DS, which is first dewatered to increase its dry 

matter content. The thickened sludge (pre-dewatered DS) then serves as an input into the 

AD process. The AD process produces the biogas which can be used, for example, to 

cushion the high heat demand of the industry. The effluent of the AD process (digestate) 

comprises water, hardly biodegradable organic solid fractions and the inorganic solid 

fractions.  

Direct application Conversion into products 

Cement and cement-based products 

Ceramic products (bricks, lightweight aggregates, tiles) 

Wood-based panels (fibreboards, particleboards, millboards, 
cement bound boards) 

Stone wool 

Plasterboards 

Carbonization 

Vitrification 

Supercritical water oxidation 

Pozzolana 

Composite materials 

Animal bedding /litter 

Synthetic calcium carbonate 
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The inorganic solid fraction which is the main component of interest in the digestate 

contains majorly CaCO3. The digestate can be treated by drying and burning to remove 

the water and hardly biodegradable organic solid fractions.  

This allows for the recovery of ash that is rich in CaCO3 and can be used as a 

supplementary building material.  

 

Deinking process

Pre-dewatering

Anaerobic digestion

Improved dewatering

Drying (105oC) +
 Burning (550oC)

As supplementary 
building material

Heat substitutionWastewater treatment

Recycled paper 
production

Fibers

Wastewater

Pre-dewatered DS

Digestate of DS

Dewatered digestate of DS

Raw DS

Wastewater
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Ash
(CaCO3)

Biogas

Pre-Investigation Main 
investigation

Additional 
investigation

Theoritically 
considered

 

Figure 3.5     Strategy for the energetic and material valorization of deinking sludges 

 

The six groups of substrate studied are: 

1. DS  
2. DS derivatives  
3. Biosludge 
4. DS-digestate 
5. Ash of DS 
6. Ash of DS-digestate  

The DS and DS derivatives refer to the raw DS and other streams of DS generated by the 

partner wastepaper company due to the dewatering treatment process (Figure 4.1, 

Appendix A.6). The biosludge is an effluent of the biological wastewater treatment plant 

where DS and other wastewater types are fed as influents.  
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The DS, DS derivatives and biosludge were supplied by the partner wastepaper recycling 

company. The DS-digestate is an output of own anaerobic treatment studied. The ash of 

DS and DS digestate were generated by drying and incinerating their respective fresh 

samples. 

Also, inoculum from different existing anaerobic digestion plants was investigated but 

these do not fall into the main category of the investigation. Pictures of DS, Digestate of 

DS, Ash of DS and Ash of Digestate of DS are shown in Appendix A.5. 
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CHAPTER 4 MATERIALS AND METHODS 
The materials and methods begin with an overview of the research methods and the 

classification of the different types of DS and their derivatives in the partner wastepaper 

recycling company. This is followed by a detailed description of the methods used to 

investigate the valorization of DS. The chapter discusses the methods used to 

characterize the DS and its derivatives, the experimental approach to investigate the 

energetic and material valorization of DS, the dewaterability of DS and its digestate, 

modelling the AD of DS and the approach for the design of different treatment scenarios 

for DS. 

4.1 Research methods 
Table 4.1 gives an overview of the investigations and the parameters analysed. It also 

highlights the substrates investigated. It includes a comprehensive list of research 

methods, starting from sample characterization and various AD tests, followed by solid-

liquid separation of DS and DS-digestate, an investigation of the properties of DS and DS-

digestate ash as potential supplementary building materials, modeling of AD for DS, and 

finally, the design of different treatment scenarios for evaluating the novel DS treatment 

approach. These experimental investigations are also part of the research approach. The 

investigation also adopted a modelling approach for the AD of DS. The possible practical 

applications of the novel treatment approach for DS are discussed using process flow 

scenarios. 
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Table 4.1 Overview of investigations 

 
 
4.2 Classification of wastepaper 
The wastepaper types used are described in Table 4.2. The Table also gives information 

about the codes used for the DS samples in this study. They are based on the wastepaper 

used as input. The codes W70, W80 and W90/100 are used to describe the different 

categories of DS types generated by the partner’s wastepaper recycling plant.  
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   Characteristics of DS, DS derivatives and inoculum: 

DM, oDM, ash content, CaCO3, pH, TC, TN and TEs 
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Anaerobic digestion of DS & derivatives 
 
Batch tests usng 1-L bioreactors 
 
The adaptability of DS with common inocula  
Influence of high CaCO3 on DS digestibility 
Influence of water content on DS digestibility 
Influence of wastepaper grades on DS digestibility 
Influence of nitrogen supplementation 
 
Semi-continuous tests using 100-L bioreactors  
 
Studies on HRT and OLR  
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Model fitting for AD of DS  
Model comparison and best model selection  

4 
   Characteristics of DS-digestate: 

DM, oDM, ash content, CaCO3, pH, TC, TN, COD 

5   Solid-liquid separation of DS and DS-digestate 

 
a. 
b. 
c. 

 
Wet sieve analysis 
Sedimentation analysis  
Centrifugation analysis 

 
6 
 

  Characteristics of DS and DS-digestate ashes  
Particle size distribution, chemical composition and determination of phases 

7   Material valorization of DS and DS-digestate by recovery of CaCO3 

 
a. 
b. 
c. 

 
Characterisation of ash of DS and DS-digestate  
Test of density and flow value  
Test of flexural and compressive strength 

8   Mass flow scenarios of DS application for biogas in plants  

 a. 
b.  

Comparison of scenarios for the energetic and material valorization of DS  
Estimation of biogas energy and calcium carbonate potentials of DS  
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Table 4.2 Classification of DS samples with regard to wastepaper inputs and corresponding 
recycled paper qualities of partner wastepaper recycling company  

Sample 
code 

in study 

Wastepaper Recycled 
paper 

Grading EN-643 Code Types used in the facility ISO-
Brightness 

W70 Ordinary 

1.06.00 Unsold magazines 

70 
1.11.00 Sorted graphics for deinking 

W80 Medium 2.03.01 Lightly printed white shavings with or without 
glue 

80 

 

 

W90/100 

Medium 2.05.00 Sorted office paper 

90 

 

100 

Medium 2.08.00 Coloured wood free magazines 

High 3.10.00 
Wood free, coated, lightly painted, free from 
wet-strength paper or paper coloured in the 

mass 

 

The numbers behind the letter “W” in the sample code correspond to the ISO-brightness of 

the targeted recycled paper. The targeted ISO-brightness of recycled paper determines 

the quality of wastepaper required as input for wastepaper recycling. The DS samples with 

code W70 were generated during the wastepaper recycling process that utilizes mainly 

two types of wastepaper grades “1.06.00” and “1.11.00”. They both belong to group 1 of 

the wastepaper grades termed ordinary grades as classified by CEN. DS samples with the 

code W80 were generated from the use of medium (2.03.01, 2.05.00, 2.08.00)  and high 

grades (3.10.00)  wastepapers. The DS samples with code W90/100 as well, were 

generated from the use of medium and as well high-grade wastepapers.  Although the DS 

from samples W90 and W100 have different wastepaper input and chemical additives, 

they have been grouped in this study due to chemical similarities and limited quantity 

produced.  

4.3 Classification of deinking sludges and streams investigated   
Figure 4.1 is a simplified flow, showing the treatment of DS in the partner’s wastepaper 

recycling company. The simplified flow is the basis of the analysis of the valorization of DS 

as investigated in this study. It is relevant to mention here that the treatment steps as 

shown in Figure 4.1 are not always the same with all deinking plants. The selected 

treatment of DS is from an award-winning wastepaper recycling company. The approach 

in the treatment of DS can therefore be considered a good practice. 
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Deinking 
operation 
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dewatering
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Sludge buffer Main-
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Wastepaper Stream 4

Stream 5 Stream 6Biosludge

Paper 
Production

Further 
Output

Further 
Input

Stream 5 II
Stream 5 I

Stream 5 III
Further 
Output

 
 
Figure 4.1  A simplified flow of DS with codes for the investigated streams  

 
Figure 4.1 starts with the input of wastepaper as a resource into the deinking operation. 

Although the input into the deinking operation is preceded by some other wastepaper 

recycling steps as described in section 2.3.2, the simplified diagram has been drawn to 

visualize only the essential components for this study. The further inputs comprise mainly 

the process water and chemical additives used especially during the pulping stage. As the 

deinking operation leads to the generation of DS, the deinked pulps are further treated to 

produce recycled papers. Three main treatment processes specifically important to study 

after the generation of DS are dewatering, reuse of process water and wastewater from 

biological treatment.  

The dewatering is done in three steps: pre-dewatering, microflotation and main 

dewatering. The pre-dewatering step takes in fresh or non-dewatered DS (Stream 1) as 

input into a dewatering device that operates by gravitation to produce a pre-dewatered 

sludge (Stream 2). The microflotation step involves the further removal of particles in the 

liquid fraction from the pre-dewatering (Stream 5). The main-dewatering step utilizes a 

winkle press to further dewater a mixed sludge (Stream 3) comprising Streams 2, Stream 

5 III and Biosludge to produce a sludgy fraction (Stream 4). The reuse of process water is 

derived from the microflotation step which generates „clear water” that is further recycled 

into the deinking operation. The biological wastewater treatment step takes in the liquid 

fraction of the main-dewatering step (Stream 6) and chemical additives as further input 

and treats the containing organics by an aerobic process.  

The output of the simplified flow of DS includes the concentrated DS derivative 

characterized by a high solid content and the discharged effluent from the wastewater 

treatment plant. The further treatment step of the concentrated DS adopted by the partner 

company is incineration (internal and external). The sludge is incinerated with the addition 

of RFD (refused derived fuel) due to the low calorific value of DS. The analysis of the 

incineration of the concentrated DS is beyond the scope of this study and therefore not 

included in the simplified diagram.  
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A further description of the different streams of the simplified flow which were used for the 

investigation as well as their codes in this study can be seen in Table 4.3.   

Table 4.3  Description of DS and DS derivatives as obtained from partner wastepaper 
recycling company  

 

The code for the various samples of DS and derivatives investigated in this study follows 

the below example designation (Figure 4.2).  

 

Example of a designation  
 

 
 
 
 
    

Figure 4.2 Example of code for describing different DS types investigated  

Code 
 

Sample characteristics 

Type Description 

Stream 1 DS Fresh, non-dewatered DS 

Stream 2 DS Pre-dewatered DS 

Stream 3 DS + MS + BS 
Pre-dewatered mixed sludge 

(DS with biosludge and micro flotation sludge) 

Stream 4 DS + MS + BS 
Highly dewatered mixed sludge 

(DS with biosludge and microflotation sludge) 

Stream 5 DL Turbid water from pre-dewatering 

Stream 5 I DL Clear water from microflotation 

Stream 5 II MS Microflotation sludge 

Stream 5 III DL Turbid filtrate from disc filters of deinking operation 

Stream 6 DL + BL Filtrate from the main dewatering 

Biosludge BS Sludge from biological wastewater treatment 

DS-Deinking sludge; MS-Mixed sludge; BS-Biosludge; DL-Dewatering liquid; BL-Biosludge liquid 

 
  Stream of DS derivative received from partner facility  
 
  Targeted ISO-brightness of recycled paper type 

Stream 1 - W70 
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The biosludge is a recycled stream from the wastewater treatment plant. It is generated 

from the mixture of different DS types and other process waters hence the biosludge 

sample is not denoted with a targeted ISO-brightness of recycled paper type.  

 
4.4 Analytical methods 
The physico-chemical properties of DS and its derivatives were determined to get 

information to assess the suitability for the production of biogas and for the use of the 

inorganic fraction which mainly consists of CaCO3 as material for building reinforcement. 

The suitability for biogas generation was determined from the following properties: Dry 

matter content (DM), Water Content (WC), Organic dry matter content (oDM), C/N ratio, 

pH value, sulphur content as well as Trace element (TEs) content specifically Co, Ni, Se 

and Mo. The ash content and CaCO3 content informs on the potential of usability as a 

supplementary building material. The overview of the analysed parameters is shown in 

Table 4.4. 

Aside from the DS and the DS derivatives, the inoculum used for the AD test and the 

digestates generated were analysed for DM, oDM, ash, CaCO3 and pH. Different 

equations were used to compute the different physico-chemical properties of DS and its 

derivatives into the units given in Table 4.4. The equations used are shown in Eq A.1 to 

A.9 (Appendix A.4). The various samples collected from the partner company and other 

sample types generated during this study are classified into three different groups as seen 

in Figure 4.3. The sludge comprises the DS and its derivatives as well as the inoculum 

used and the digestate generated. The gas category is the biogas generated during the 

anaerobic process while the solid category is the DS and DS-digestate ash which were 

used for the test for suitability as a supplementary building material. It further describes the 

different methods of sampling, sample storage and parameters analysed from the different 

samples collected and generated. 
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Table 4.4  Overview of analysed parameters with guidelines and equipment used for 
characterizing DS and its derivatives 

Parameter Unit Guideline/  Equipment Comments 

Dry matter content (DM), 

Water content (WC) 

% FM DIN EN 12880: 2001-02 (2001) 15-20 mg fresh sample; 

drying at 105 oC overnight 

Organic dry matter 

content (oDM) 

% DM  

DIN EN 12879:2001-02 (2001) 

Samples analysed for DM were 
often used for oDM measurement 

Ash content (Ash) % DM Computed from oDM  value 

CaCO3 % DM DIN EN 12880: 2001-02 (2001); 
DIN EN 12879:2001-02 (2001) 

Samples analysed for oDM were 
often used for CaCO3 

measurement 

C/N ratio - Centrate: 

C & N: 

Multi NC Analyzer 

 

Solid cake: 

C: ELTRA-Elemental Analyzer 

Fresh sample 

N:  Buchi test 

Centrifugation of fresh sample into 
centrate and solid cake 

Total C and Total N were 
computed by adding separately 

measured values of the individual 
phases 

 

A fresh sample was additionally 
analysed for N 

COD mg/L Cuvette test by Hach Lange Measurement range 
15 -150 mg/L O2 

pH-value - pH-Meter [Model 323, WTW] Liquid sample only analysed. The 
sample must be sufficient to 

submerge the pH sensor 

TEs (Co,Ni,Se,Mo) mg/kg DM PE-Optima 700 DV OES with ICP 
and PE –Nexion ICP –MS 

Samples are first dried at 105oC 
and analysed at the Central 

Laboratory of TUHH 
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Sampling type

Sludge Gas Solid

Sampling

Inoculum DigestateDS Biogas DS and DS-digestate ash

Sample storage

Analysed parameter 

DM
oDM
Ash

CaCO3
C/N
pH
TEs

DM
oDM
Ash

CaCO3
C/N
pH

DM
oDM
Ash

CaCO3
pH

Biogas
CH4
CO2
H2S

Particle sizes
Ca
Si
Al 

Other elements
Minerals 

Every new 
sample

Every new 
sample

After and 
during  

experiment

Stored at 
10oC

Stored at room 
temperature 

Stored at room 
temperature

Stored at 
room 

temperature 

Stored at 
10oC

In batches during 
AD experiment

Before and after AD 
experiment

 

Figure 4.3 Overview of sample types  

 
 
4.5 Energetic valorization of deinking sludge 
The methods to investigate the energetic valorization of DS comprises the design of AD 

test systems, substrate characterisation, execution of AD experiments and the 

measurement of parameters required for AD process description.  

4.5.1 Design of 1-L batch anaerobic digestion test system 
The setup of the AD test system as shown in Figure 4.4 is a simplified diagram showing 

only one of the reactors. The system comprises an open rectangular shaped vessel (1), 

which seats on a metal frame (2). The vessel is filled with deionized water (3) which is 

heated and regulated at the desired temperature with the aid of a thermostat (4) and 

serves as the water bath. In the water bath, up to fifteen 1-L volume of Duran glass bottles 

were partly immersed.  
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The closed 1-Liter volume duran glass bottle (5) is the reactor that contains the AD mixture 

for an experiment. A seal is used between the cover of the glass bottle to allow for air and 

water tightness. The reactors are immersed in the water bath such that their content is 

submerged in the water to ensure a uniform distribution of heat in the AD mixture.   

 

 

 
 
 
 
 
Figure 4.4 Simplified diagram of the 1-L AD test system (not to scale) 

 
For a better homogenization of the reactor content, the reactors were shaken manually 

daily. The reactors are connected via their gas outlet with gas tubing (6) to a graduated 

glass cylinder. The graduated cylinder is the eudiometer (7) which is filled with water that 

is saturated with salt and coloured with methyl orange (8).  

 

 
1. Rectangular shaped vessel 6. Gas tubing 

2. Metal frame 7. Eudiometer  

3. Water 8. Eudiometer liquid 

4. Heater with thermostat 9. Coupler 

5. Reactor 10. Barrier solution glass cylinder 
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The eudiometer indicates the volume of biogas produced. When the pressure of produced 

biogas builds up in the reactor it push the liquid into the graduated glass cylinder 

downwards. This change of gas volume represents the biogas volume produced in the 

specified period. To determine the quality of biogas produced, biogas samples are taken 

through the coupler (9) attached to the gas tubing and connected to the eudiometer. The 

content of the ungraduated glass cylinder (10) attached to the graduated glass cylinder is 

the same as the eudiometer liquid but serves as a barrier solution and opens to the 

atmosphere. The components of the 1-L AD test system and their suppliers are described 

in Appendix B.1. The pictorial view of the test system is also available in Appendix B.2. 

4.5.2 Automatically fed 100-L anaerobic digestion test systems 
This section discusses the design of the automatically fed 100-L AD system and the 

process control for the operation of the systems. 

4.5.2.1 Design of 100-L anaerobic digestion test systems 
Three AD test systems were designed to investigate the AD of DS in a semi-continuous 

process. Table 4.5 shows the difference between them and the operation parameters of 

the AD tests carried out with them.  

 

Table 4.5 Difference in the three bioreactors designed and investigated 

 

The design of the bioreactors considers the bioreactors in two groups: bioreactors with a 

recirculation pump (R1A and 1B) and with a stirrer (R2). The discussion is done based on 

the  principal and attached components of bioreactors. 

1.) Principal components of bioreactors 
The designs of the bioreactors are shown in Figures 4.5 and 4.6. Their pictorial view is 

available in Appendix B.3 and further information on their components can be seen in 

Appendix B.6. 

 

100-L 
bioreactor 

Stirrer 
installed 

Recirculation 
pump 

Inclination 
of the bottom 
to the outlet 

Operation parameter 

HRT 
 

Duration of 
operation 

   [o] [d] [Weeks] 

R1A No 
Yes 

170 - 1000 L/ h 
5 30, 25, 20, 15 50 

R1B No 
Yes 

100 - 3000 L/ h 
45 19 6 

R2 Yes No 5 19 6 
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Aside from the difference in their mixing mechanisms, both systems were designed with 

several similar principal components. They are made up of a 100-L double jacket vessel 

(1). The outermost layer is made of stainless steel. The outermost layer and the first jacket 

consist of an insulator (2) to prevent heat loss due to conduction. The first jacket holds 

water which is heated and regulated by a thermostat (3) at the desired temperature.  

 

       

M

 

1. Cross-section double jacketed reactor  9. Electric motor 
2. Insulator 10. Clutch 

3. Heater with thermostat 11. Stand for electric motor 

4. Temperature sensor 1 12. Metal platform 

5. Temperature sensor 2 13. Weighing balance 

6. Recirculating water pump 14. Pallet 

7. Inclined bottom 15. Cover 

8. Paddle stirrer 16. Bourdon gauge 

 

Figure 4.5 Components of 100-L bioreactor  R1A  and  R1B (left)  and R2 (right) (not to scale) 

 
The second or inner jacket holds the bioreactor content or the AD mixtures. The 

temperature of the bioreactor content and the water jacket are measured by a PT100 

sensor (4 and 5). The content of the water jacket is recirculated with the aid of a small 

attached recirculating water pump (6) to allow for even heat distribution. 
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The cover of the bioreactor seats on a ring seal which is designed to make the bioreactors 

airtight. The R1A and R2 have a bottom inclined (7) at 5o, while R1B has an inclined 

bottom of 45o. The inclined bottom of R1B is made with a PVC material and padded with 

extruded polystyrene material. The R2 has an installed double paddled stirrer (8) attached 

to an electric motor (9) used for mixing. The motor is attached through a clutch (10) to the 

stirrer with a damping effect made from plastic material. The motor is held fixed by a stand 

(11) which is attached to a metal platform (12) to ensure the stability of the system 

required for weighing.  

The entire bioreactor vessel seats on a weighing balance (13) to measure the bioreactor’s 

content. For the R1A and R1B the weighing balance is placed on the floor via a plastic 

pallet (14) without fixing it. For R2, the metal platform carries the weighing balance. The 

cover (15) of the bioreactors has three main gas outlets. One outlet connects to the gas 

manometer (16) for measuring the pressure of gas in the bioreactor vessel. 

2.) Attached components to  100-L bioreactors  
The attached components refer to equipment that are not the main parts of the bioreactor 

but are attached externally to ensure the proper functionality of the AD system. They are 

similar for all bioreactors except for the pump-type attached. Beginning with the solenoid 

valve 1 (17) attached to the second outlet at the cover which is designed to open when 

feeding in the substrate to allow for pressure equalization in the reactor vessel. It connects 

to a gas bag filled with nitrogen (18). The third gas outlet connects the first to the second 

solenoid valve 2 (19) and then to a first gas scrubber (20) before a biogas flow meter (21). 

The first gas scrubber allows for the cooling of biogas to room temperature and possible 

removal of condensed water in biogas coming from the bioreactor. After the measurement 

of biogas volume by the biogas flowmeter, the biogas passes through a second and third 

scrubber (22) before being stored in a biogas bag (23). The second gas scrubber serves 

as a water trap for the third gas scrubber. The third gas scrubber is partly filled with water 

and serves as a pressure barrier to prevent the building up of negative pressure at this 

point. With this setup, the pressure of the system remains roughly at ambient atmospheric 

pressure. The biogas quality analyser (24) measures the main components of biogas 

which are methane and CO2. The mixing of the bioreactors with the recirculation pump is 

carried out by a progressive cavity pump-1 (25). The R1A has a pump with a capacity of 

170 - 1000 L/h while R1B has a capacity of 100 - 3000 L/h. The feed tank (26) of the 

bioreactors holds the influent which is kept homogeneous by a feed tank stirrer (27). The 

effluent tank (28) holds the digestate. The transport of substrate and effluent in and out of 

bioreactors is done with the combination of a pump and two ball valves (29 and 30).  
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Figure 4.6 Components attached to the 100-L bioreactors (not to scale) 

 
The R1A and R1B use the same progressive cavity pump-2 for mixing while the R2 uses a 

progressive cavity pump-2 with a capacity of 5 - 25 L/h (31). The systems have a data 

logger (32) which measures environmental parameters such as atmospheric temperature 

and pressure. The systems have a control box (33) and the computer (34) is used to run 

the LAB-VIEW program for process control. The process control of the 100-L automatically 

fed AD test system is further discussed in detail in section 4.5.2.2. 

 

 

17. Solenoid valve 1 26. Feed tank 

18. Nitrogen gasbag  27. Feed tank stirrer 

19. Solenoid valve 2  28. Effluent tank 

20. Biogas scrubber 1 29. Control ball valve  1 

21. Biogas flow meter 30. Control ball valve  2 

22. Biogas scrubbers 2 and 3 31. Progressive cavity pump-2 

23. Biogas storage bag 32. Data logger  

24. Biogas quality analyser 33. Control box  

25. Progressive cavity pump-1 34. Computer 

To laboratory exhaust-gas  
system by suction 
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4.5.2.2 Process control system 
The process of automatic operation and control of the 100-L AD test systems is explained 

in this section. It covers the description of the graphic user interface, the temperature 

measurement, the feeding and effluent removal as well as the biogas measurement. 

4.5.2.2.1 Graphic user interface of the process control system 
The process control systems of the automatically fed 100 L bioreactors were operated with 

the aid of the LabVIEW Software (2017). The LabVIEW software developed by National 

Instruments is a workbench for data acquisition, instrument control and industrial 

automation. The software allows the design of a graphic user interface (GUI) that aids the 

easy visualization and control of instruments.  The design and the electrical works of the 

process control system were done through a collaborative effort with the electrical 

department of the research workshop of the TUHH. Figure 4.7 shows the GUI for the 

system with a stirrer. The menus and relevant sections of the GUIs are explained in the 

following. The words with “*” are translated. The original German words used in the 

LabVIEW GUI are shown in the foootnote. 

1.) Reactor control3: This is the first menu from the left. It displays a pictorial 

representation of the bioreactor and components involved in the process flow of substrates 

and biogas. It indicates the operation mode which is either manual or automatic as well as 

notifies a batch or semi-continuous process.  It also indicates the weight of the reactor 

content and the working mass. The working mass is a constant mass set for the 

bioreactor’s content. It is stored in the initialization data of LabVIEW. Other important data 

indicated include biogas production, atmospheric pressure and room temperature.  

2.) Graphical representation4: This menu displays the graph of temperature in the water 

jacket and in the reactor content versus time. It also shows the graph of biogas produced 

versus time and the cumulative biogas production with time.  

3.) Time and stirrer system5: This menu displays the dialogue boxes where input values 

to set feeding operation parameters are entered. These main input values are feed mass 

of substrate, duration of a complete cycle, duration of recycling bioreactor’s content (via 

pumping), duration of stirring reactors content and duration of pump idle state. The 

duration of stirring of the content of the feed tank before the feeding operation can also be 

entered here.  

 

 
3 Reaktorsteuerung 
4 Yt –Reaktor 
5 Zeiten & Rührwerke 
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Figure 4.7  The LabVIEW graphic user interface for control of the 100-L bioreactors. Top: 
Bioreactor without a stirrer. Bottom: Bioreactor with a stirrer (Sokolinski, 2014, 2019). 
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4.) Limit values6: This menu allows the input of limit values necessary for operating the 

process within a tolerable range. It includes the maximum and minimum temperatures of 

the bioreactor’s content and the maximum and minimum values of the weight balance. The  

amount of feed, effluent per cycle (day) and maximum volume of effluent container can be 

entered here.  

5.) Component test7: This menu displays the location where some relevant components 

of the process control system can be tested for effective signal reception. This test is 

required when the system is started newly after being idle or not being in operation for a 

long-given period of time. The components that can be tested include the two ball valves 

for feeding, the two magnetic valves, the dataloger device (Extech SD70), the pump, the 

weight balance and the watchdog (digital communication detector).  

6.) Configuration (analog & digital outputs and inputs)8: This menu displays the 

analogue input data from the temperature sensors and the weight balance. It also displays 

the reactor initialization data (mass of the empty reactor). 

7.) Others status9: This is not a menu but is displayed on the GUI. It informs on the last 

error message and the location of data storage during the operation of the system. The 

error message helps for an early and quick reaction such as adjustment or repair where 

necessary.  

 

4.5.2.2.2 Temperature control system 
The main components of the temperature control system include two Pt 100 temperature 

sensors, a universal PID temperature controller (UR4848), a transmitter, a Labjack U1210, 

a thermostat, a water jacket, a recirculation pump and the LabVIEW software. Figure 4.8 

shows the signal flow within the temperature control system. The temperature sensor (Pt 

100_1) is placed in the water jacket of the double jacket bioreactor while the temperature 

sensor (Pt 100_2) is placed in the inner jacket which contains the bioreactor’s content. 

They are both placed below half of the height of the bioreactor. The heating element of the 

thermostat is placed in the water jacket while the recirculating pump helps to distribute 

heat within the water jacket. As seen in Figure 4.8, the UR4848 receives input data from 

the Pt 100_1 and controls the temperature based on the set value. The data from the 

UR4848 is sent to the LabVIEW via the Labjack U12.  

 
 

6 Grenzwerte 
7 Komponenten Test 
8 Konfig- Analog & Digital Ein /Ausgänge 
9 letzte Meldung/en und Speicherort Messdatetendatei 
10 Portable data acquisition and control system 
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Figure 4.8 Components and flow of signals for temperature control 

 

The control process of the UR4848 is achieved by comparing the set value (temperature) 

and the Pt 100_1 data (temperature) at any time. The Labjack then communicates this 

with the thermostat which leads to either putting the thermostat on or off depending on 

what is required. The data of the Pt 100_1 at any time is displayed on the UR4848 and 

also via LabVIEW. The temperature control is achieved with a deviation of ± 1 K. The input 

data from Pt 100_2 (temperature of the bioreactors’ content) at any time is transmitted and 

sent to the Labjack U12 and displayed via LabVIEW. A detailed signal and temperature 

control diagram is available in the process control documents of bioreactors (Sokolinski, 

2014, 2019). 

4.5.2.2.3 Feed operation control 

The feed operation is carried out with the combination of a weight balance, a measuring 

amplifier, the Labjack U12, the installed LabView software, two ball valves and a pump 

(feeding and discharge operation). As seen in Figure 4.9, analogue signals from the weight 

balance are first amplified and sent to the Labjack U12 in the control box. The LabVIEW 

displays the mass continuously. The ball valves and the pump are actuated by the Labjack 

U12 according to the instruction received from LabVIEW. The feed operation consists of 

discharging a quantity of reactor contents into the effluent vessel and then adding the 

same quantity of DS from the feed vessel to the reactor. 
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Figure 4.9 Components and flow of signals for feed operation 

 
The pre-set duration of a cycle for the feeding operation (feeding and discharge) is 24 h. 

The operation of the main components of the feed control system which include the weight 

balance, the ball valves and the pump are described in the following: 

1.) Weighting system  
The weight balance has a squared shaped platform made of two metal plates one at the 

top and the other below. Between them lies a load cell that generates an analogue signal. 

It is displayed and used for weight control. The maximum load of the weight balance is 400 

kg. The sensitivity of the balance is ± 0.2 kg. The working mass is the maximum mass of 

the AD mixture allowed in the bioreactor. The value is entered in the LabVIEW software. 

The initialization process of the control system records the empty mass of the reactor 

which includes the reactor vessel, its cover and all other attached components. This mass 

serves as a reference for subsequent measurements. The total mass of the bioreactor at 

any time (which is the sum of the empty bioreactor mass and the AD mixture) is measured 

continuously by the weight balance.  

The mass displayed at a given time by the LabVIEW software is the difference between 

the total mass of the reactor and the reference mass of the bioreactor. This corresponds to 

the mass of the AD mixture or reactor’s content. The system is designed so that the mass 

of the AD mixture at any time does not exceed the working mass which is entered as a 

pre-set value.   
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The required mass of AD substrate to be fed and the required time for feeding are inputed 

as variables into LabVIEW. The discharge of effluent precedes the feeding of the 

substrate. When it is time for taking out of effluent, the LabVIEW software subtracts the 

required mass of the sample to be fed from the mass of the bioreactor’s content. This new 

mass or targeted mass is then compared with the working mass before the actuation of the 

ball valves. 

2.) Ball valves  
Two three-way electric actuated ball valves are used for the feeding operation. As soon as 

the ball valves receive digital signals for feeding operation, they switch to open any of the 

three pathways as shown in Figure 4.10. The pathway for recirculation is the ground state 

according to design. This occurs only when positions 1, 2, 4 and 5 are opened. For the 

feeding operation only positions 2, 3, 4 and 5 are opened, while for the discharge of 

effluent only positions 1, 2, 4 and 6. As soon as the required states or positions of the ball 

valves are reached, the pump is automatically switched on to carry out the operation. 

 

Feed container Effluent container

1 2

3

4

6

5

Bioreactor 

Ball valve 2Ball valve 1 Pump

Weight 
balance 

  

 

Subtrate and effluent flow

 

Figure 4.10 Diagram showing bioreactor components, substrates and effluent flow 

3.) Pump 
The two different pump types were used for the three 100-L AD bioreactors, a progressive 

cavity pump and a rotary positive displacement pump (section 4.5.2.1). While the 

progressive cavity pump transfers fluid utilizing the progressive rotating action of a 

sequence of small fixed shape discrete cavities, the rotary positive displacement pump 

uses the actions of rotating gears to transfer fluids. To be able to carry out an accurate 

feeding operation, the pumps are operated at a slow speed and in a batch form. Figure 

4.11 shows the flow scheme for the feeding operation. Whenever an automatic feeding 

operation is about to start, the LabVIEW software follows the sequence as described in the 

logical flow scheme until the pump is actuated.  The pump feeds intermittently until the 

targeted mass is reached and then stops. 
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Start feeding operation 
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Actuate the ball valves 
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Yes

No

Stop pump

MRF = Mass of required feed

 
 
Figure 4.11 Algorithm for the automatic feeding operation of the 100-Liter AD system 
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4.5.2.2.4 Mixing operations  
Two different mixing operations were carried out automatically. They are mixing of the 

substrate in the feed container and the mixing of the AD mixture in the bioreactor. For an 

effective AD process, both feed input and AD mixture must be properly mixed. The 

substrate in the feed container is mixed with anchor type stirrer (section 4.5.2.1). The 

stirrer is switched on by instruction from the LabVIEW software. The control system allows 

the input of the time for the start of the stirrer before the feeding operation begins. For this 

study, the time is often set at 5 minutes.  The mixing of AD content of the 100-L AD system 

is carried out either by a stirrer or by a pump (section 4.5.2.1). The duration and the 

frequency of operation of the stirrer and the pump for a cycle (24 h) are input values in the 

LabVIEW control system. 

4.5.2.2.5 Automatic biogas measurement  
The automatic control of the biogas measurement is described in Figure 4.12. The main 

components are a drum-type gas meter, the Labjack U12, a computer with installed 

LabVIEW software and two solenoid valves. The drum-type gas meter sends digital 

signals to the Labjack U12 and this is displayed via LabVIEW. The gas meter is not 

continuously opened for reading. The two solenoid valves help to manage when biogas 

flows into the gas meter or the equalization bag. This helps to maintain a pressure balance 

in the bioreactor during feeding operation.  

 

Drum-Type
gas meter

Weight 
Balance 

Bioreactor

equalization 
bag

Solenoid
Valve_1

Solenoid
Valve_2

Labjack U12

Biogas bag

Windows
(LabVIEW)

 

component Biogas flow

 

Signal Extech SD700

Computer

 

Figure 4.12 Components and flow of signals for biogas measurement 
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The gas meter works on the principle of positive displacement. A measuring drum is partly 

submerged in a barrier liquid. Two different biogas meters were used and they operate 

with different barrier liquids, one with tap water and the other with an aromatic free 

paraffinic oil (Ondina 909). The drum rotates as biogas flows into the system. The periodic 

filling and emptying of the rigid measuring chambers by the drum give information on the 

volume of flowing biogas. The magnitude is indicated by a magnetic coupling, a needle 

dial and a cumulating counter. The measuring accuracy of the gas meter is ± 0.2% or 

better at standard flow value and ± 0.5% across the full measurement range. The 

measuring range is from 1 to 18000 L biogas / h. More information on the components can 

be found in the product manual (Ritter, 2017). 

In addition, the Extech SD700 data logger which measures atmospheric temperature, 

pressure and relative humidity is also attached to the system. It does not give any signal 

used for control but the provided data are used to compute normalized biogas (273 K,1 

atm). The data of the Extech SD700 are displayed and stored via the LabVIEW software. 

The measurement range of atmospheric temperature, atmospheric pressure and relative 

humidities of the Extech SD700 Data logger are  0 -  50°C and 10 - 1100 hPa. Their 

respective accuracies are 0.8°C, 2 - 3 hPa and ~ 4%. 

 

4.5.2.2.6 Data storage 
Data storage is a key part of the process control system. The storage of data in the system 

can be classified into two groups, the static and the dynamic data. The static data are 

constants. They include the total bioreactor‘s reference mass and the working mass of 

bioreactors‘ content. The dynamic data are continuously changing and include time, the 

mass of the reactor content, the temperature of the water jacket, the temperature of the 

bioreactor’s content, the atmospheric temperature, the atmospheric pressure and 

comments. The possible comments include confirmation of feeding operation and process 

errors during feeding operation. The dynamic data are stored in Microsoft Excel 

compatible format and can be used for further processing. 

4.5.3 Execution of anaerobic digestion experiments   
This section consists of the description of substrates used for the AD experiments, the 

description of AD experiments carried out, the analysed parameters and the relevant 

equations. 
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4.5.3.1 Substrates and characterization 
The substrates for the AD mixtures are feedstock and inoculum. The feedstock is the 

organic source while the inoculum is the microbial consortium containing active 

anaerobes. 

The inocula were collected from AD plants in Germany. Different inocula were used in the 

course of this study. The sources of inocula used are reported when describing the 

experiment. The feedstocks used for the AD experiments were DS of different types 

collected from the partner wastepaper recycling company.  

 

4.5.3.2 Description of anaerobic digestion tests with deinking sludges  
This section describes the different AD experiments carried out using the 1-L AD test-

system.  

1.) Batch tests 
This section describes the different experiments carried out as a batch process in the 1-L 

AD test system. They were all carried under mesophilic conditions and allowed to run for 

about 21 days. Cellulose was used as a control substrate. Each sample mixture was 

investigated in double fold. The goals and their AD mixtures are described in the following: 

a.) Experiment 1: Biogas yield of Stream 1-W70 and Stream 2-W70 
The goal of this experiment is to determine the biogas yield of quantitatively most 

important DS W70 and to determine the difference in the biogas yield of the two DS types 

differing in the dewatering degree. One sample of Stream 1-W70 was used, while two 

different samples of Stream 2-W70 differing by sample dates were used. The inoculum 

used was collected from the AD treatment plant Seevetal in Hamburg. Details of the AD 

mixtures and the experiment, in general, can be seen in Appendix C.1. 

b.) Experiment 2: Influence of different inocula on DS biogas yields 

The goal of this experiment is to determine how different common inocula from AD plants 

behave with DS as a feedstock. The DS sample used for this experiment was Stream 2-

W70. The different inocula used were inoculum 1 (AD treatment plant-Herrling; input 

substrate: maize silage), inoculum 2 (AD treatment plant Seevetal; input substrate: 

sewage sludge), inoculum 3 (AD treatment plant Köhlbrandhöft; input substrate: sewage 

sludge and some grease trap residues) (Amare et al., 2019). The various masses of the 

reactor content are shown in Appendix C.2. 
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c.) Experiment 3: Influence of water content of DS on biogas yield 

The goal of this experiment is to determine how different water contents (dewatering 

settings) resulting from the main-dewatering unit (winkle press) of the partner’s company 

could affect the AD production of DS. The substrates used were mixtures of DS derivative 

Stream 4-W70 and Stream 6-W70. They were mixed in proportion using Eq B.4 and B.5 

(Appendix B9) to achieve different mixtures of targeted DM contents between 9 and 48% 

FM (Appendix C.3). 

The maximum DM corresponds to the maximum DM obtainable by the winkle press. The 

inocula with the best performance in Experiment 2 (AD treatment plant Seevetal) were 

used but differed by sample dates.  

d.) Experiment 4: Influence of wastepaper grades of DS on biogas yield 

The goal of this experiment is to determine the biogas yields of further DS types with other 

wastepaper grades other than the W70 type (Experiment 1). The substrates used are 

Stream 2-W80 and Stream 2-W90/100. The best performing inoculum from Experiment 2 

(AD treatment plant Seevetal) was collected. The different masses of the feedstocks and 

inocula added are shown in Appendix C.4.  

e.) Experiment 5: Influence of CaCO3 on the AD of DS 

The goal of this experiment is to determine if an inhibition exists in the AD production of 

DS due to its high CaCO3 content. The feedstocks for the experiment were cellulose-

CaCO3 mixtures. The cellulose was used to simulate the oDM content of DS, while 

different masses of CaCO3 were added to cover ranges of high and low CaCO3 contents of 

DS. Appendix C.5 shows the masses of cellulose, CaCO3 and inoculum for the AD 

mixtures for different bioreactors.  

f.) Experiment 6: Influence of different C/N ratio on AD production of DS 
The goal of this experiment is to determine the C/N range that is optimal for AD. The 

feedstock was Stream 2-W70. The inoculum used was a digestate taken from a semi-

continuously operated AD of DS (Stream 2-W70). The inoculum was taken after 68 days of 

operation when biogas yield production was declining (Appendix C.6). An ammoniacal N 

(NH3/NH4
+-N) concentration of less than 20 mg/L was assumed as the limited nitrogen 

concentration for AD of DS. Therefore, experiments were conducted with AD mixtures of 

different C/N ratios to investigate the influence of limited nitrogen. Different masses of 

NH4Cl were added to obtain C/N ratios of 24, 29, 34 and 44 (Appendix C.7)..   
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2.) Semi-continuous tests 
The goal of this experiment was to investigate the semi-continuous AD of DS regarding 

OLR, HRT, inhibitions and possible operational problems. The three different 100-L 

automatic AD systems (section 4.5.2.1) were used for this investigation and were operated 

in a semi-continuous mode. The feed stock used is Stream 2-W70 and the inoculum used 

was collected from the AD treatment plant Seevetal. The feeding patterns of the 

bioreactors are found in Appendix C.8. 

 

4.5.3.3 Analysed parameters for anaerobic digestion  
The basic parameters analysed are DM, oDM, ash and CaCO3 content as well as pH 

(Table 4.4).  Additional parameters analysed during the AD experiments are listed in Table 

4.6 

 
Table 4.6 Complementary parameters analysed for the AD experiments   

Parameter Unit Guideline / Equipment (Appendix B.8) Comments 

VOA/TIC % FM FOS/TAC 2000 Pronova Analysentechnik GmbH 
Sample: 

Digestate of DS 

Kjeldahl nitrogen mg/L Buchi distillation unit K-350 
Sample: 

Digestate of DS 

Biogas 
Characterization 
(CH4, CO2, H2S) 

% Vol.  GEOTECH Biogas 500 A minimum of 250 
mL of gas required 

 

Different equations were used to compute the appropriate masses of substrate mixtures, 

biogas and methane potentials as well as DS fed into the semi-continuously operated AD 

process. The equations are shown in Eq B.4 to B.17 (Appendix B.9).  

 

4.6 Solid-liquid separation of fresh and digested deinking sludges 
This section discusses the method of sieve analysis, sedimentation and centrifugation. 

Selected DS substrates and DS-digestates were tested for their behaviour in solid-liquid 

separation. The different substrates used are shown in Appendix E.1. The parameters 

measured to analyse the influence of separation are DM, oDM and CaCO3.  

4.6.1 Preparation of deinking sludge digestate 
DS used for sedimentation test was those generated from a semicontinuous operation of 

AD. A 10-L bioreactor (not described in this study) was operated mesophilically using pre-

dewatered DS as substrate.  
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The effluent was used for the sieve analysis and sedimentation tests. The DS-digestate 

used for centrifugation was generated from one of the automatically fed 100-L bioreactors 

(R1A). 

4.6.2 Sieve analysis 
A wet sieving analysis was carried out to evaluate the particle size distribution of 

undissolved solids present in samples of DS and DS-digestates. The DS investigated was 

Stream 2-W70 and the digestate investigated was the effluent of a 10-L bioreactor 

(Influent: Stream 2-W70). The sieve seizes used for analysis and samples investigated are 

shown in Appendix E.1. The various sieves and the particles trapped in them were dried to 

compute the total mass of particles on each sieve. Photos of dried solids on the sieves 

were taken with the aid of a camera to get optical information on their structure.  

To summarize the particle size distribution evaluation of the various particles detected 

were grouped into three different categories. They include less than 63 µm (very fine), 63 - 

200 µm (fine) and greater than 200 µm (fibrous and lumpy).  

4.6.3 Sedimentation analysis 
The behaviour during sedimentation was compared between DS and DS-digestate 

(Appendix E.1) using imhoff cones of 1 L volume size. The settling property investigated 

was the settling time during sedimentation under gravity. The first sedimentation test was 

carried out by using the samples in an Imhoff cone and allowed to stay for 48 h. The solid 

matter content of DS-digestate was observed lower than that of DS due to the 

biodegradation of a fraction of the organic matter present in the solid matter.  

Knowing that the total amount of solid matter content present in a sample during settling 

may influence the settling time, the second sedimentation was carried out. Samples of 

similar solid matter content for DS and DS-digestate were prepared. This allows for an 

appropriate comparison of the settling behaviour of the particles of the different samples 

without the impact of the number of particles. The preparation was done by diluting the DS 

sludge to the DM of the DS-digestate before sedimentation as shown in Appendix E.2. The 

Imhoff cones were kept uprightly in a stand and were filled to the 1 L mark with the 

respective samples after thorough mixing. The settling of the supernatant was observed 

optically and documented for a period of 12 h in the following sequence: 0.5 h, 1 h, 2 h, 4 

h, 6 h and 12 h. After the last settling period the supernatant was decanted from the Imhoff 

cones. The dry mass of the supernatant and the sedimented fractions were measured and 

representative samples were taken from the different fractions for DM, oDM and CaCO3 

measurement.    
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4.6.4 Centrifugation analysis  
The centrifugation experiments were carried out using an Haereus Multifuge X3 centrifuge 

from Thermo Fisher Scientific GmbH with samples shown in Appendix E.1. The samples 

were poured into 750 mL polypropylene bottles and placed in the sample points of the 

centrifuge following the suppliers' protocol. The centrifugation experiments were carried 

out at a rotation speed of 4500 rpm with an acceleration of 5 m/s2 and deceleration of 9 

m/s2 for 30 min. After centrifugation, the centrate which is the supernatant liquid was 

decanted from the solid sludge (cake). The mass of the supernatant and the solid sludge 

were noted (see Appendix E.3. for the preparation of the samples for the centrifugation 

test).   

 

4.7 Material valorization of deinking sludges and its digestate 
The section explains the methods for the determination of particle size distribution, the 

process for the formation of mortar prism, the preparation of mortar prisms for flexural and 

compressive strength test, the analysed parameters and the relevant equations.  

4.7.1 Preparation of ashes from deinking sludge and its digestate 
Pre-dewatered DS of the W70 type obtained from wastepaper recycling on 07.02.2017 

and DS-digestate at the end of operation of the 100-L-bioreactor (R1A) were first dried at 

105oC and then burnt at 550 oC to generate the ashes. Thereafter, they were 

homogenized and pulverised using a milling machine with a mesh size of 1 mm (see the 

image of ashes in Appendix A.5). 

4.7.2 Preparation of mortar and formation of mortar prisms 
The mixtures (mortar) for the rectangular prisms were made with and without ash of DS or 

DS digestate. The ones made without the ash of DS or DS digestate were termed 

Reference. The other mixtures were formed by increasing the addition of DS ash or DS-

digestate ash as well as a simultaneous reduction in the cement fraction of the mixture 

(Appendix F.2). The water-cement ratio is an important factor that influences the strength 

of mortar. Therefore, the water-cement ratio was used as a factor to design the different 

ranges of applications. A standard mortar mixer according to DIN EN 196-1 was used.  

After mixtures were prepared, they were tested for flow consistency by using a flow table. 

This was followed by the formation of the rectangular mortar prisms by the use of a 

forming device from Toni Technik GmbH and a compacting device from AEG-

Vibrationstechnik GmBH. The mortar prisms made had a cross-section of 40 mm x 40 mm 

and a length of 160 mm. Following the DIN EN 196-1, the steps in Figure 4.13 were 

followed from 1 to 10 to make the mortar which took about 4 minutes to complete.  
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1. Measure required mass of cement, water, sand and ashes in cups

2. Pour the measured water into the detached mixing bowl of the mixer

3. Add cement to the detached mixing bowl of mixer

4. Install the mixing bowl with water /cement mixture in the mixer

5. Mix water and cement at level 1 speed of mixer for 10 s 

6. Add sand to the water/ cement mixture within 20 s still mixing at level 1 speed mixer

7. Mix mortar at level 2 speed for 30 s

8. Mix mortar again for 90 s at level 1. Use plastic scraper to scrape mortar sticking to 
edges of the mixing bowl in the first 15 - 30 s

9. Do a final mixing of mortar at level 2 mixing speed of mixer for 60 s

10. Pour mortar into the form device and compact to form test prisms

 

Figure 4.13 Preparation of mortar and formation of mortar prism (carried out at Institute of 
Materials, Physics and Chemistry of Buildings at TUHH)  

  

4.7.3 Curing of mortar prisms  
The mortar prisms were tested for density, flexural and compressive strength. After the 

formation of the mortar prisms, they were placed in a climate controlled chamber. The 

chamber regulates the temperature of the mortar prism at a set point of 20oC with relative 

humidity ≥ 90% overnight. This was necessary to begin the curing process. It was followed 

by curing under water for 28 days ± 4 h (DIN EN 196-1: 2016-11, 2016). After curing the 

bulk density, flexural strength and compressive strength of the  mortar  prisms  were 

determined. 
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4.7.4 Analytical methods 
The parameters and the equipment used for the analysis of ashes of DS and DS-

digestates, mortars and mortar prisms are presented in Table 4.7.  

 
Table 4.7 Analysed methods, equipment and methods for ashes and mortar 

Parameter Units Equipment/Method Reference/ 
DIN Norm 

Ash of DS and digestate 

Particle size11 µm Mastersizer 3000 from Malvern Panalytical Ltd Malvern (2013) 

Ca and other 
elements12 % DM X-ray fluorescence analysis Schmidt-Döhl (2013) 

Phases12 - Fourier-Transform infrared spectroscopy 
(FTIR) and X-ray diffraction Schmidt-Döhl (2013) 

Mortar 

Flow value mm Flow table, truncated conical mould, tamper, 
trowel, palette knife and calliper 

DIN EN 1015-3: 2007-05 
(2007) 

Mortar prism 

Density kg/m3 Vernier calliper and weight balance - 

Flexural strength N/mm2 Toni Technik compressive/flexural  strength 
testing machine (TONI COMP III) 

DIN EN 196-1: 2016-11 
(2016) 

Compressive 
strength N/mm2 Toni Technik compressive/ flexural strength 

testing machine (TONI COMP III)  
DIN EN 196-1: 2016-11 

(2016) 

 

To compute the bulk density, flexural and compressive strength the equations as shown in 

Eq G.1 to G.3 (Appendix G.1) were used. The comparison based on determined 

parameters was carried out between reference mortar prisms, mortar prisms with DS 

ashes and mortar prisms with DS-digestate ash.  

1.) Particle sizes in ashes 
The particle sizes of materials have to be determined for the analysis of strength 

properties. The sand used for all mortar prisms was in accordance with the DIN EN 196-1 

and has the particle size distribution corresponding to that shown in Appendix F.1. The 

cement used was a portland cement CEM I 42.5 R-NA (today CEM I 42.5 R (na)) 

according to DIN EN 196-1. The Mastersizer 3000 device from Malvern Panalytical Ltd 

was used (Malvern, 2013). It applies the technique of laser diffraction to determine particle 

size distributions. A laser beam is generated and passed through a dispersed particulate 

sample.  

 

 
11 Analysis by Institute of Advanced Ceramics at TUHH 
12 Analysis by Institute of Materials, Physics and Chemistry of Buildings at TUHH 



  
 

80 
 

The angular variation in the intensity of the scattered light is then measured. Since the 

angular variation is dependent on the particle sizes, it is therefore used as a parameter to 

calculate the size of particles resulting from the scattering based on the Fraunhofer theory 

of laser diffraction (Cyr & Tagnit-Hamou, 2001). The results are presented in a volume 

equivalent to sphere diameter.  

2.) Determination of chemical composition and mineralogy of ashes  
The application of X-ray fluorescence (XRF), X-ray diffraction analysis (XRD) and Fourier-

transform infrared spectroscopy (FTIR) for the determination of the chemical properties of 

building materials has been reported by Schmidt-Döhl (2013). These three methods were 

used for the chemical analysis of DS and DS-digestate ash. All analysis were carried out 

by the laboratory of the Institute of Materials, Physics and Chemistry of Buildings at TUHH. 

The XRF is a method used for the determination of the elements present in materials. 

When a sample is activated by a main X-ray source, each element present in the sample 

emits a distinct set of recognizable fluorescent (or secondary) X-rays which is exclusive to 

it. An element is present when its distinct fluorescent is detected. The detailed principle 

and instrumentation of XRF is provided by Ait Bouh (2020). XRD is an analytical method 

typically employed for crystalline material phase identification. When monochromatic X-

rays are incident to samples containing crystalline material they produce constructive 

interference (and or diffracted rays) at certain conditions (Bragg’s Law). The diffracted rays 

are collected and analysed to determine the phases present in the sample. Detailed 

information on instrumentation and application of XRD is provided by Bunaciu et al. 

(2015). Lastly, the FTIR is a method used for the determination of the infrared spectrum of 

absorption or emission of a given material which is its characteristic property. This is 

achieved by exposing samples to infrared light (IR). The sample's capacity to absorb 

energy from infrared light at various wavelengths is examined to ascertain the molecular 

make-up and structure of the substance. Sufficient information on the principle of FTIR is 

provided by Schmitt and Flemming (1996). 

3.) Determination of flow value of mortars  
The mortar mixtures prepared (section 4.7.2), were tested for flow property according to 

the DIN EN 1015-3: 2007-05 (2007) before the formation of mortar prisms. The procedure 

entails putting a truncated conical mould filled with mortar samples at the centre of the 

flow table's disc. Compacting was done with the tamper for at least 10 short strokes 

and excess mortar was skimmed off. After about 15 seconds, slowly the mould was 

lifted vertically, and the flow table was shocked 15 times at a consistent frequency of 

roughly one per second. As a result, the mortar spreads on the flow table.  
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On the flow table, the diameter of the mortar was measured in two directions at right 

angles to each other and estimated to the nearest millimetre. The flow value was then 

calculated as the average of the two measurements. Each test was done twice, with 

the average as the actual flow value. If the individual flow results are 10% higher than 

the average flow value, the test is repeated.  

4.) Determination of density of mortar prisms 
Cured mortar prisms (section 4.7.3) were subjected to density determination. The 

length, height and width were measured with a vernier calliper to compute the volume. 

The weight was measured with a weight balance. The value of the volume and weight 

were then inputted into Eq G.1 (Appendix G.1) to determine the density.  

The average density of three individual results determined on a set of three mortar 

prisms was calculated. The test with the set of three individual mortar prisms was done 

twice and their average was taken as the actual density. 

5.) Determination of flexural and compressive strength of mortar prisms 

The flexural and the compressive strengths were determined using the Toni COMP III from 

Toni Technik. The procedure as described in DIN EN 196-1 was used. For flexural 

strength, the three-point loading method was adopted, where a cured mortar prism was 

placed in the test machine such that one of its side-face is on the support rollers and the 

prism's longitudinal axis is perpendicular to the rollers. The load was applied 

perpendicularly to the other side of the prism with the load roller and increased 

consistently with a load increment of 50 ± 10 N/s until failure occurs. The load at the 

fracture point, the width of the mortar prism and the length of the support span were 

inputted into Eq G.2 (Appendix G.1) to determine the flexural strength. Each result was 

specified to be at least 0.1 N/mm2. The average flexural strength of three individual results 

determined on a set of three mortar prisms was calculated. The test with the set of three 

individual mortar prisms was done twice and their average was taken as the actual flexural 

strength. The prism halves were covered with a damp cloth until the compressive strength 

was determined. 

The compressive strength was conducted on cured mortar prism halves obtained during 

flexural strength testing. A half prism was placed on the machine's test plates, aligned 

laterally to within 0.5 mm and longitudinally so that the prism's end face protrudes about 

10  mm beyond the plates. The load was increased consistently across the full loading 

range with a load increment of 2400 ± 200 N/s up to failure. To determine the compressive 

strength, the load at the fracture point and the cross-sectional area of the mortar prism half 

were entered into Eq G.3 (Appendix G.1).  
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Each individual result was specified to be at least 0.1 N/mm2. The average compressive 

strength of three individual results determined on a set of three mortar prisms halves was 

computed. This was done twice and the average was taken as the actual compressive 

strength. 

4.8 Statistics, modelling and material flow design  
Appropriately modelling the AD process of DS allows for simulation of the biogas and 

methane production rate and also gives valuable information for the design and the 

efficiency evaluation of biogas plants. 

4.8.1 Statistical methods  
The characterization of DS samples and their derivatives generated a substantial amount 

of data which necessitated the use of a statistical tool to compute the minimum and 

maximum values, mean, median and standard deviations of means.  

A double-sided t-test was used to determine if a significant difference existed in the 

properties of the different samples tested. The t-test provided t-statistic, degree of freedom 

and significance levels. Microsoft Excel (2010) was used for the determination of the 

statistic parameters and the t-statistics. 

Normal distribution tests were carried out before the t-test, with the online statistical tool 

from Hemmerich (2018) to ascertain the normal distribution of data sets. The F-test was 

carried out by Microsoft Excel (2010) before the t-test. The purpose of the F-test is to 

determine if the data sets have equal or unequal variance. This is necessary as an input in 

Microsoft Excel (2010) for the t-statistics. For all the double-sided t-statistics, a null 

hypothesis was assumed and was rejected or accepted at a significance level (P) of 0.05.  

4.8.2 Modelling of anaerobic digestion of deinking sludges  
This section discusses the models used for the AD simulation of DS, the method of 

parameter estimation and the approach for model comparison.  

4.8.2.1 Models investigated for anaerobic digestion of deinking sludges 
Five different models for the AD process of DS were used. The predicted values with the 

different models were compared with values obtained from a laboratory experiment. The 

different models investigated are explained below;  

1.) One-step first order kinetics model  
The first order kinetic (one step) model is a simple model when compared to some other 

models used in AD such as Gompertz.  
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The model considers one of the AD process phases as a limiting step and the rate 

constant for the AD process is determined based on this step. Also, it considers a single 

rate constant for the degradation of readily and less biodegradable organics. The use of a 

one-step first order kinetics model for AD processes has been reported by many authors 

(Angelidaki et al., 2009; Deepanraj et al., 2015; Sánchez et al., 1996). It is represented as 

shown in Eq 4.1. 

 

Yt = Ym * [1 - exp(-kt)]                                                                  Eq 4.1 

 
where, 

 
 
 
 
 

2.) Two-steps first order kinetics model 
The two steps first order kinetics is a model similar to the first order kinetics (one step). 

The difference is that it considers different degradation rate constants for the readily and 

less biodegradable organics. If a single or equal degradation rate constant is achieved, 

then the model suggests that a two steps kinetics can be disregarded. The two-step first 

order kinetics as reported by Luna-delRisco et al. (2011) is shown in Eq 4.2.  

 

Yt =Y1 * [1 - exp(-k1t)]  + Y2 * [1 - exp(-k2t)]                                          Eq 4.2 

 

where, 

Yt     Is the biogas yield (L/kg oDM ) with respect to time (days) 

Ym    is the maximum biogas yield of the substrate ( L/kg oDM) 

k       is the hydrolysis rate constant (1/day) 

t        is the time (days) 

Y1  is the biogas yield (L/kg oDM) associated with bioconversion of readily biodegradable organics 

Y2  Is the biogas yield (L/kg oDM) associated with bioconversion of less readily biodegradable organics 

k1  is the hydrolysis rate constant of Y1 (1/day) 

k2  is the hydrolysis rate constant of Y2 (1/day) 

Yt, and t have the same description as in Eq 4.1. 
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3.) Modified Gompertz model 
The modified Gompertz model is based on the variable cell growth of microorganisms. The 

model describes the cell concentration at a certain time in the AD process. The model 

does not consider maximum cell growth.  

The model as proposed by Velázquez-Martí et al. (2019) is shown in Eq 4.3. 

 

Yt  = Ym * exp �- exp �
Rm * e    

Ym
( λ - t) +1��                                         Eq 4.3 

where, 

 
 
 
 

 
4.) Transfer function model 
The transfer function model is derived from the one-step first-order kinetic model. It 

considers the kinetic of the rate-limiting step not sufficient to model the AD process. It, 

therefore, substitutes this constant with the ratio between the maximum and medium 

methane production velocity. The model as described by  Velázquez-Martí et al. (2019) is 

shown in Eq 4.4 

 

Yt  =   Ym �1- exp �-
Rm(t - λ)

Ym
��                                                           Eq 4.4 

Where, 

Yt, Ym, Rm, t and λ have the same description as in Eq 4.3 
 
5.) Logistic function model 
The logistic function model is based on biomass growth. Unlike monod kinetics, it is 

independent of substrate concentration. Its microbial growth rate is proportional to the 

biomass concentration and the difference between the maximum concentration of biomass 

and the actual biomass concentration. The modified logistic equation as reported by 

Donoso-Bravo et al. (2010) is shown in Eq 4.5 

 

 

Rm  is the maximum biogas production rate (L/kg oDM day) 

λ Is the lag phase time (days) 

e  is the Euler's  number (2.7183) 

Yt, Ym, and t have the same description as in Eq 4.3 
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Yt   =
Ym 

  1+exp �4Rm
λ - t
Ym

 + 2�
                                                             Eq 4.5 

Where, 

Yt, Ym, Rm, t and λ have the same description as in Eq 4.3. 

 
 
4.8.2.2 Parameter estimation and comparison of models investigated 
The estimation of parameters in the models is shown in Eq 4.6 to 4.9 and the prediction of 

biogas yield was determined by carrying out a nonlinear least-square regression analysis 

with the aid of Microsoft excel (2010) software. To identify and compare the accuracy of 

the different models investigated, the coefficient of determination (R2), and root mean 

square (RMSE) were computed for each model. The R2 informs about the goodness of a 

model fit while the RMSE is the standard of deviation between the predicted and 

measured values. The R2 was computed using Microsoft excel (2010) while the RMSE 

was computed using the Eq 4.6 (Pramanik et al., 2019) 

 

RMSE =��
(PYi - MYi)

2

N

N

i=1

                                                                                 Eq 4.6 

Where,  

PYi  is the predicted biogas yield 

MYi  is the measured biogas yield 

N  is the number of measurements 
 

The Bayesian Information Criterions (BIC) test and the Akaike Information Criterions (AIC) 

test were also carried out to evaluate and determine which model has the highest 

probability of correctness. BIC was computed with Eq 4.7 and 4.8 and AIC was computed 

with Eq 4.9 to 4.11 (Fabozzi et al., 2014; Pramanik et al., 2019). 

BIC = N In�
RSS

N �+K In(N)                                                                                 Eq 4.7 

ΔBIC = BIC1 - BIC2                                                                Eq 4.8 
 

AIC = N In�
RSS

N �+ 2K + 
2K(K+1)
(N-K-1) , when 

N
K < 40                                                           Eq 4.9 
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AIC = N In�
RSS

N �+ 2K, when 
N
K ≥ 40                                                                      Eq 4.10 

ΔAIC = AIC1 - AIC2                                                                                                              Eq 4.11 
 

Where,  

N  is the number of measurements 

K  is the number of parameters in the model 

RSS  is the residual sum of square 

ΔBIC is the difference between the BIC of the best model and the candidate model compared 

BIC1  is the BIC of the best model 

BIC2  is the BIC of the candidate model compared to the best model 

ΔAIC is the difference between the BIC of the best model and the candidate model compared 

AIC1  is the AIC of the best model 

AIC2  is the AIC of the candidate model compared to the best model 
 

4.8.3 Material flow design 
The basis of the material flow design was according to the simplified flow diagram of DS in 

the partner treatment plant (Figure 4.1). The input comprises the annual fresh mass of 

wastepaper, process water and the output as concentrated sludge. The DM, oDM and 

CaCO3 values obtained from sample analytics were used to compute mass flows. The 

design of the material flow was done with the aid of the STAN (subSTance flow Analysis) 

software, developed by the Vienna University of Technology (Cencic & Rechberger, 2008). 

With STAN a graphical representation of all material flows from the wastepaper raw 

material over its drainage to incineration and disposal of the residual materials were drawn 

for the example of the recycling company.  

 

Novel treatment scenarios for DS, focusing on the production of biogas in partner’s DS 

treatment facilities, were drawn using MS Visio software. This software facilitated the 

creation of detailed diagrams showing the flow of materials and processes within each 

scenario, particularly highlighting the integration of AD into the treatment process. 
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CHAPTER 5 RESULTS AND DISCUSSION 
 
 
5.1 Characteristics of deinking sludges and their derivatives  
The characteristics obtained can be used to make a contrast between the different DS and 

derivatives and to analyse their suitability for a targeted sludge treatment. They are used in 

this dissertation to discuss their suitability for biogas production.  

5.1.1 Dry matter contents  
The results of the dry matter content of different DS and DS derivatives streams without 

consideration of the wastepaper grades (W70, W80, W90/100) are shown in Figure 5.1. 

The dry matter content of biosludge streams is also shown in Figure 5.1. The 

corresponding data and other statistical indicators are shown in Appendix H.1 to H.7. The 

various streams were described in section 4.3.  

 

 

 
 
 
 
  Organic Dry Matter (oDM) 
 
 
 
 
 
 
 
 
 
Figure 5.1 Minimum, median, maximum and interquartile range of dry matter contents (DM) of 
different DS and DS derivatives. (On the y-axis, the distance between 20% and 45% is not to scale)  

 
Stream 1 which is the raw DS has a considerable amount of DM. The output of the pre-

dewatering unit (Stream 2) shows distinctly more DM content when compared with Stream 

1. The output of the sludge buffer (Stream 3) also has a considerable amount of DM.  
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This stream contains other flows such as microflotation sludge and biosludge. The output 

of the main-dewatering unit (Stream 4) contains a high amount of DM due to intense 

mechanical dewatering by the winklepress. This high DM of Stream 4 informs that the 

sludge volume is reduced significantly by the application of both dewatering units due to 

water removal. The liquid phase of the pre-dewatering unit (Stream 5) contains a low 

amount of DM. It is recycled and used as process water to supply the huge water demand 

of the wastepaper recycling process. The output of the main-dewatering unit (Stream 6) 

and the biosludge also show little values of DM.  

From a statistical point of view, the DM data obtained for the different DS and its 

derivatives streams showed slightly negative or positive skewed distributions (different 

mean and median values). For instance, a negative skew was observed in the DM boxplot 

of Stream 2 and Stream 4, while the box plot of Stream 1 shows a positive skew. The 

difference between means and medians ranged from 1% (Stream 4) to 12% (Stream 6). 

Normal distributions of DM data for all streams except Stream 6 were ascertained through 

a test (Appendix H.1). The large difference in the DM of Stream 6 can be attributed to the 

low number of samples. Since medians are preferred measures of central tendency for 

slightly skewed distribution, they are used for further discussion on the DM of DS and its 

derivatives. 

1.) Streams of the pre-dewatering unit 
The raw DS (Stream 1) which is discharged from floatation cells show low DM values (1.1- 

4.7% FM). This is because aside from deinking chemicals a large quantity of water is used 

to deink recovered wastepapers. The pre-dewatering unit receives the raw DS as an input 

and generates Stream 2 (5.1 - 16.4% FM) which is about 3.7 higher in DM compared to 

Stream 1. Stream 2 is categorized as medium DM sludge.  

The DM difference between Stream 1 and Stream 2 denotes the significance of the pre-

dewatering unit in the sludge handling cascade. The large range of the DM of Stream 2 

can be attributed to the DM variation of Stream 1 and further to variable operation 

conditions of the pre-dewatering unit. The turbid water (Stream 5) as the second output 

from the pre-dewatering unit had DM below 1% FM and therefore grouped as a very low 

DM sludge. This stream is recycled via a microflotation unit.  

The other streams which are not shown in Figure 5.1 are the turbid filtrate from the disc 

filter of deinking operation (Stream 5III) with DM of 1.8% FM, the clear water (Stream 5I) 

with DM of 1.8% FM and microflotation sludge (Stream 5II) with DM of 6.4% FM (see 

Figure 4.1 for flow diagram). 
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2.) Streams of the main-dewatering unit 
The input of the main-dewatering unit is a mixed sludge from the sludge buffer consisting 

of pre-dewatered DS (Stream 2), microflotation sludge (Stream 5 II) and the Biosludge 

(Figure 4.1). The mixed sludge is characterized by a low DM (4.0 - 6.6% FM). It is highly 

dewatered to generate Stream 4 (30.0 - 61.1% FM) sludge with an increase in DM by 

about 8.6 fold. The DM of Stream 4 is notably about 4.2-fold that of Stream 2. Stream 4 is 

grouped as a high DM sludge. The filtrate from the main-dewatering unit (Stream 6) had a 

very low DM of below 1% FM. It is transported to the biological wastewater treatment plant 

(WWTP) for further reduction of biological oxygen demand (BOD) before final discharge in 

the river. The biosludge generated from the WWTP has also a very low DM (less than 2%) 

and is recirculated into the sludge buffer. 

The result of DM obtained for the DS and its derivatives in this study can be compared to 

those reported in the literature. It is not commonly described in the literature which post-

deinking operations are carried out. DS in the range of 3 - 5% FM as reported by Krigstin 

and Sain (2006), fall into the category of low DM. These DS might be referred to as a raw 

DS (Stream 1) which is not yet dewatered. Other reported DM of DS in literature fit the 

high DM category: 42% FM (Abubakr et al., 1995), 38 - 62% DM (Kujala, 2012), and 64% 

FM (Bienert et al., 2015). They might be referred to as the highly dewatered DS (Stream 

4).  

5.1.2 Composition of the deinking sludges and their derivatives 
The results regarding the oDM contents of different DS streams without consideration of 

the wastepaper grades (W70, W80, W90/100) can be seen in Figure 5.2. The 

corresponding data with statistical indicators are available in Appendix H.2. The dry matter 

composition was distinguished into organic matter and inorganic matter, whereas the last 

mentioned was composed of CaCO3 and other compounds. T-test analyses were carried 

out to evaluate if significant differences exist in the oDM and CaCO3 flow across the pre- 

and main-dewatering units. The summary of t-test results can be found in Appendix H.5. 
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Figure 5.2 Mean values of organic dry matter (oDM) and calcium carbonate content (CaCO3) 
of different DS and DS derivative types. “Others” refer to the fraction of ash other than CaCO3. The 
green bars are the main DS streams while the blue bars are the DS derivatives. 

 
1.) Organic dry matter content 
Figure 5.2 confirms that organic dry matter is present in all the DS and DS-derivatives 

analysed. The oDM content of all samples ranged from 19.2 to 57.0% DM. However, the 

mean values of the oDM of Stream 1 to 6 fall in a narrow range of 30.5 to 33.4% DM. The 

biosludge on the other hand is characterised by a higher oDM with a mean value of 51.3% 

DM and a range of 44 to 57% DM. The WWTP of the wastepaper recycling company 

receives also non-wastepaper recycling-related inputs which might have an impact on its 

oDM.  Very few oDM contents of DS are reported in the literature. However, it is possible 

to compute oDM values from the few reported ash contents of DS. The oDM value of DS 

reported by Bienert et al. (2015) who investigated DS in a high DM category is 33% DM. It 

falls well in the range of the oDM obtained in this study. The oDM content from DS by 

other authors are 79.8% DM (Abubakr et al., 1995), 52.0% DM (Krigstin & Sain, 2006), 

51.6% DM (Thompson et al., 2001), 49.9% DM (Niessen, 2002) and 49.0% DM (Kujala, 

2012) (see Table 3.1 for more oDM values of DS reported).  

2.) Ash and CaCO3 Content 
The ash content is the inorganic fraction left after the ignition of the organic matter in DS. 

Figure 5.2 shows that a substantial amount of CaCO3 is present in the inorganic fraction of 

all the DS and DS derivatives analysed. It also denotes that CaCO3 is the main component 

of the ash content of DS and its derivatives.  
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It is observable that excluding the biosludge all other DS and its derivatives have a higher 

ash and CaCO3 as oDM content. CaCO3 contents in the range of 21.4 - 76.7% dry matter 

and ash contents in the range of 43.0 - 71.4% dry matter were obtained for DS and its 

derivatives. Ash contents of DS have been reported in literature but the CaCO3 contents 

are scarce to find. The ash contents of DS reported are 20% DM (Abubakr et al., 1995), 

48% DM (Thompson et al., 2001), 48% DM (Krigstin & Sain, 2006), 50% DM (Niessen, 

2002), 51% DM (Kujala, 2012) and 67% DM (Bienert et al., 2015). Most of the ash 

contents reported in the literature are similar to that obtained in the main DS streams 

(Stream 1, 2, 4) of this study which is in the range of 43 - 81% DM. The only report 

deviating from own ash contents of DS and derivatives is that of Abubakr et al. (1995) with 

a lower ash content. A lower amount of CaCO3 (mean 42.5% DM) is observed for 

biosludge. This might be due to dilution caused by other different input wastewater 

streams into the WWTP. These results inform that ash and CaCO3 content are significant 

components of DS and should be as well recovered for other practical applications. 

3.) oDM and CaCO3 flow across the pre- and main dewatering units 
The dewatering units distribute DM present in input streams into two categories of streams 

(Figure 4.1). One with low DM and the other with high DM. The DM of the two streams 

also corresponds to their low and high oDM and CaCO3 in the fresh matter. This section 

used a t-test to investigate if oDM or CaCO3 present in DM of streams are influenced by 

the action of any of the dewatering units.  

For the pre-dewatering unit, t-test result showed that the mean oDM value of Stream 1 

(33.4% DM) is significantly different from Stream 2 (30.5% DM) (Appendix H.3). Some 

oDM fraction of Stream 1 probably flows into the liquid phase (Stream 5) which results in a 

higher oDM value of Stream 5 (39.0% DM) compared to Stream 2. It is possible to infer 

that there may be some finer particles that are non-fibre like that make up the organic 

fraction of the DM in Stream 1. These possible flow into Stream 5 due to the influence of 

the pre-dewatering unit. A further t-test between the oDM of Stream 1 and Stream 5 

showed no significant difference and suggest that the organics in Stream 1 and Stream 5 

are similar. This result suggests that during the process of pre-dewatering, some amount 

of organic fraction from the Stream 1 may be lost. The t-test comparing Stream 1 and 

Stream 2 regarding CaCO3 indicated no significant difference. This suggests that the pre-

dewatering unit does not influence the flow of CaCO3 components in the DM of the flowing 

streams significantly.   

For the sludge buffer, t-tests were carried out to compare the oDM and CaCO3 contents of 

streams across the sludge buffer (Appendix H.3). The result obtained suggests that the 

oDM and CaCO3 in the DM of flowing streams are not influenced by the sludge buffer.  
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For the main-dewatering unit, different t-tests carried out to compare the oDM and CaCO3 

across the main-dewatering unit all showed no significant difference (Appendix H.3). It 

suggests that the main-dewatering unit does not influence the oDM or the CaCO3 in the 

DM of flowing streams. In comparison with the t-test obtained for the pre-dewatering, the 

lack of influence on oDM might imply that the amount of the non-fibre like organic fine 

particle presumably in Stream 1 has reduced significantly before input into the main-

dewatering unit.  

In summary, the results obtained inform that DS and derivatives contain a substantial 

amount of oDM but the CaCO3 content is the most significant fraction of the DM. The pre-

dewatering unit of raw DS could lead to a loss of oDM but not CaCO3 in the DM of raw DS. 

The main-dewatering unit does not impact the oDM or CaCO3 present in the DM of flowing 

DS streams. These characteristics of DS and derivative are required for application in 

biogas modelling from DS and also for mass balance computation.   

 

5.1.3 Comparisons based on wastepaper grades 
Figure 5.3 compares the main DS streams (Stream 1, 2, 4) regarding DM, oDM and 

CaCO3 content with consideration of wastepaper grades (W70, W80, W90/100) used in 

deinking. The corresponding data with statistical indicators are available in Appendix H.4 

and H.5. 

 

 
Figure 5.3 Mean values with standard deviation of the dry matter (DM), organic dry matter 
(oDM) and CaCO3 contents from Stream 1, 2 and 4 samples for different wastepaper types  
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1.) Dry matter content  
The t-test between the DM of the different Stream 1(raw DS) types showed no significant 

difference due to the difference in wastepaper grades (Appendix H.5). Also, the t-tests 

between the DM of different Stream 2 (pre-dewatered DS) did not show any difference due 

to difference in wastepaper grades except that between the mean DM of Stream 2-W80 

(14.5% DM) and the mean DM of Stream 2-W70 (11.5% DM) (Appendix H.5). The 

difference suggests that the DM of pre-dewatered DS from W80 is significantly higher than 

that from W70,  but this is inconclusive due to the very low sample size of DM values of 

Stream 2-W80 and the fact that the DM values of Stream 2-W70 were not normally 

distributed (Appendix H.4). It can be concluded from the results of the t-test that DM of DS 

is similar for the different Streams 1, 2 and 4 irrespective of their wastepaper grades.  

2.) Organic dry matter 
For Stream 1, a significant difference was observed in the t-test between the mean oDM of 

W80 (33.7% DM) and W90/100 (31.3% DM) (Appendix H.5). For Stream 2, a significant 

difference was also observed in the t-test between the mean oDM of W70 (30.4% DM) and 

W80 (25.6% DM) as well as between the mean oDM of W70 (30.4% DM) and W90/100 

(25.4% DM) (Appendix H.5). The results suggest that the oDM of raw DS from W80 

(medium wastepaper grades) is greater than that of W90/100 (medium/high wastepaper 

grades). It also suggests that the oDM of pre-dewatered DS from W70 is greater than 

other pre-dewatered DS from W80 and W90/100. The oDM of raw DS from W70 and W80 

are not significantly different as observed by their pre-dewatered DS. It may be assumed 

that the pre-dewatering unit impacts on the oDM of raw DS from W80 due to a high 

fraction of non fibrous fine organic particles contained in its DM (section 5.1.2.3).  The 

distinct lower oDM of DS from W90/100 compared to those from other wastepaper grades 

may be due to its high CaCO3 content (Steffen et al., 2017). The results inform that the 

oDM of raw and pre-dewatered DS may vary due to the wastepaper grades used for 

recycling. DS from W70 tends to have a higher amount of organics compared to those 

from W80 and W90/100.  

3.) CaCO3 contents  
For Stream 1, a significant difference was observed in a t-test between the mean CaCO3 

contents of W70 (44.2% DM) and W90/100 (57.4% DM) as well as between the mean 

CaCO3 of W80 (43.1% DM) and W90/100 (57.4% DM) (Appendix H.5). For Stream 2, a 

significant difference was also observed in the t-test between the means of W70 (30.4% 

DM) and W80 (25.6% DM) as well as between the means of W70 (30.4% DM) and 

W90/100 (25.4% DM) (Appendix H.5).  
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The results suggest that DS from W90/100 is significantly higher in CaCO3 when 

compared to those from other wastepaper grades. This corresponds to the lower oDM as 

observed for DS from W90/100 in section 5.1.3.2.  

5.1.4 Comparison of deinking sludges with common biogas feedstocks 
The DM categories of DS and its derivatives which are very low, low, medium and high 

using their median values as described in section 5.1.1 were used as the basis to assign 

them in Table 5.1. Table 5.1 also lists common biogas feedstocks which corresponds to 

DS and its derivatives using the same DM categories. The DM of DS and its derivatives 

can be compared with the DM of various common biogas feedstocks as shown in Table 

5.1. Blackwater from vacuum toilets has very low DM, which can be placed at the lower 

boundary of the very low DM category of the DS derivatives.  

 
Table 5.1 Assignment of DS and DS derivatives to dry matter (DM) categories of common 
biogas feedstocks (numbers in brackets exceed / fall below assigned category) 

DS and DS derivative 
Common biogas feedstock 

Dry matter 
category 

DM and oDM content 
 

Type Range 
[% FM] Type 

DM 
[% FM] 
Median 
value 

oDM 
[% DM] 
Median 
value 

Type 
DM 

[% FM] 

oDM 

 [% DM] 
Source 

Very low >0.4 – 2 

Stream 5 

Stream 6 

Biosludge 

0.9 

0.5 

1.4 

39.1 

29.1 

53.4 

 

Blackwater from 
vacuum toilets 

 

0.4 – 0.5 – 
0.9a 56 1 

Low >2 – 7 
Stream 1 

Stream 3 

3.5 

5.0 

33.4 

29.5 

Sewage sludge 

Greasy water 

Pig manure 

4 – 8a 

2 – 3 – (10)a 

6b 

60-80 

82 

80 

2 

1 

3 

Medium >7 – 20 Stream 2 12.7 31.0 Liquid cow 
manure 10b 80 3 

High >20 Stream 4 54.1 31.2 

Food waste 

Solid cow manure 

Chicken manure 

Green waste 

Lawn cuttings 

23 ± 10c 

25b 

40b 

45b 

14 – 67a 

88 

80 

75 

NA 

83 

4 

3 

3 

5 

1 

 a minimum–mean–maximum value; b literature standard value, c mean value ± standard deviation,  

NA- not available by Author 

1- Hertel et al., 2015 ;  2- Olivia et al., 2009 ; 3- Friehe et al., 2016a  ;  4- Fisgativa et al., 2016 ; 5- Richter et al., 2017 
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The oDM fraction of about 56% DM of blackwater from vacuum toilets allows it to fit as a 

co-substrate for biogas even with its very low DM  (Hertel et al., 2015). The biosludge in 

the very low  DM category has similar oDM to black water from vacuum toilets and might 

also be suitable as a biogas co-substrate. Stream 5 (liquid fraction of the pre-dewatering 

step) and Stream 6 (liquid fraction of the main-dewatering step) have lower oDM values 

compared to blackwater from vacuum toilets. The lower oDM might impair their suitability 

as a biogas co-substrate.   

The DS and its derivatives in the category of low DM (Stream 1 and 3) correspond to 

sewage sludge, greasy water and pig manure. However, these common biogas feedstocks 

in the low DM category show about 2.0 fold higher oDM when compared to that of DS and 

its derivatives in a similar category (Table 5.1). This implies that though the DS and its 

derivative might be suitable for biogas production, they might also have a lower biogas 

yield compared to the common biogas feedstock in the low DM category. The DS in the 

category of medium DM (Stream 2) also corresponds to liquid cow manure while that in 

the high DM (Stream 4) category corresponds to food waste, solid cow manure, chicken 

cow manure, green waste and lawn cuttings (Table 5.1). The oDM of DS is also lower 

compared to that obtainable in the medium and low DM category of common biogas 

substrate. However, their sufficiently high DS and substantial oDM make the potential 

substrate suitable for biogas production. Though a lower biogas yield might be envisaged 

when compared to a common biogas substrate, it is also dependent on the 

biodegradability of the organic fraction contained in the substrate. 

 

5.1.5 Other relevant characteristics of deinking sludges 
Aside from the oDM, ash and CaCO3 component of DS other relevant characteristics that 

may impact its suitability for biogas production include, chemical oxygen demand (COD), 

C/N ratio, Trace elements and pH. They are discussed as follows: 

1.) Chemical Oxygen Demand   
The chemical oxygen demand of raw and pre-dewatered DS types was analysed with the 

method as shown in Table 4.4. Figure 5.4 shows the COD of the different DS types. The 

raw DS has COD in the range 20197 - 21785 mg/L. The pre-dewatered DS has COD in 

the range of 44613 - 82427 mg/L, which is about the 2 - 4 folds of the raw DS. This further 

explains that the pre-dewatering unit concentrates the organic fraction of its inputs (raw 

DS) resulting in the pre-dewatered DS. The COD of the raw DS shows similar values 

irrespective of the wastepaper grades.  
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Figure 5.4 Chemical oxygen demand of different DS-types 

 

For the pre-dewatered DS, the W70 had the highest COD value while the W80 has the 

lowest. The COD comprise both biodegradable and non-biodegradable organics. It does 

not alone give information on the biogas yield of the substrate except when information 

about the biodegraded fraction is known. The COD value is similar to the oDM. Figure 5.3 

(oDM) and Figure 5.4 (COD) identifies W70 as the highest in term of organics. While 

Figure 5.3 (oDM) shows a similar organic for W80 and W90, Figure 5.4 (COD) suggest 

some difference in magnitude of organics between W80 and W90.  

2.) C/N ratio  
The results of the C/N ratios of DS are shown in Appendix H.6. The average C/N ratios of 

Streams 1 and 2 were 93 ± 24 and 82 ± 51 respectively. Stream 4 had a significantly 

higher average C/N ratio of 178 ± 7. Bienert et al. (2015) and  Fierro et al. (1997)  reported 

a C/N ratio of 240 and 114 respectively for a highly dewatered DS. The fibres and fines in 

DS emanate from wood which is known to be characterized by high C content but a 

relatively low N content, hence resulting in their high C/N ratio  (Chen, 2014). It is reported 

that there is the possibility that wood N varies by more than 14 fold in different tree species 

(Martin et al., 2014; Martius, 1992). There may be also influence due to variations in 

chemical types and quantities used for the deinking process. Also, the N-rich ink in 

wastepaper may be present. These explain the wide variation between own results and 

that reported by Bienert et al. (2015) and Fierro et al. (1997). The C/N ratio of a sludge 

influences the biodegradability by anaerobic microorganisms and a range of between 20 

and 35 is recommended for an optimal process (section 3.3.3.2.(5)).  
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The C/N of DS are higher than the recommended range. It implies that the high C/N ratio 

of DS might not support an optimal uptake of carbon and may necessitate a N 

supplementation for the optimal application of DS streams for biogas production (section 

5.2.1.6). 

3.) Heavy metals 
Heavy metals are metals with a density of more than 5 g/cm3. They include cadmium, 

cobalt, chromium, copper, iron, lead, manganese, molybdenum, nickel, selenium (Briffa et 

al., 2020; Engwa et al., 2019). Some of these heavy metals are required by living 

organisms in trace quantities (very low concentration). Therefore, they are referred to as 

trace elements (TEs). The result obtained for selected DS were presented in Table 5.2. 

Some authors have reported the influences of TEs on the AD process (Ezebuiro, 2014; 

Gonzalez & Stres, 2019). The main sources of TEs in DS are pigment colourant and driers 

in printing inks used on wastepaper. Due to toxicity concerns, the European Printing Ink 

Association restricts the use of some TE-based pigment colours (EuPIA, 2020). This may 

explain to a large extent why the TEs of DS are low. TEs are also present in the wood from 

which the fibres are made (Harju et al., 1997; Tejada et al., 2020). The TEs of DS 

analysed in this study were those investigated by Ezebuiro (2014). The optimal ranges he 

suggested for AD as follows: Co (96.2 - 184.0 mg/kg DM), Ni (35.0 - 94.0 mg/kg DM), Se 

(0.0 - 23.1 mg/kg DM) and Mo (0.0 - 70.4 mg/kg DM) for mesophilic AD process. 

Supplementation of AD of DS with TE (Co, Ni, Mo and Se) have been reported to improve 

methane yield (Amare et al., 2020). 
 
Table 5.2 Trace elements in raw DS, pre-dewatered DS and inoculum (Amare et al., 2019b) 

  

 

Sample Sample 

Date 

Fe Co Ni Se Mo 

(g/kg DM) (mg/kg DM) (mg/kg DM) (mg/kg DM) (mg/kg DM) 

Stream 1-W70 02.12.2013 1.01 2.67 10.50 < 0.52 1.66 

Stream 2-W70 02.12.2013 1.14 3.18 11.50 < 0.51 2.46 

Stream 2-W70 05.11.2013 0.57 1.53 10.10 < 0.50 1.00 

Stream 2-W70 24.04.2014 NA 2.11 12.00 < 0.51 1.70 

Inoculum  1 15.01.2014 56.4 4.72 98.50 1.92 9.63 

Inoculum 2 30.04.2014 NA 5.64 27.50 1.23 7.88 

NA- not available 
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The values of TEs obtained from DS do not fall well in the range of values recommended 

by Ezebuiro (2014). AD mixture consists also of inoculum which might contain TEs and 

may compensate for the deficiency in the DS. However for a long time AD process, TEs 

concentration might run below the recommended values due to low TEs of DS and this 

might require optimization for an optimal biomethane production (Amare et al., 2020).  

4.) pH value  
Most biological reactions are pH-sensitive. Biogas production proceeds optimally in the pH 

range of 6.5-7.5 (Cioabla et al., 2012; Malina & Pohland, 1992; Reungsang et al., 2012). 

The statistical evaluation of the pH values from this study is shown in Appendix H.7. The 

pHs obtained are in the range of 6.0 - 8.0. This establishes that the pH of DS streams falls 

well in the suitable pH range for optimal biogas production. The high amount of CaCO3 in 

DS could serve as a pH buffer which allows for a relatively stable pH in the biological 

process during biogas production. 

5.1.6 Key findings on characteristics of deinking sludges for valorization 
The following are the key findings of the investigation for the energetic valorization of DS 

by AD.   

1.) Different DS types are possible in a wastepaper recycling company. They differ based 

on wastepaper grades used for recycling, deinking chemicals used and the treatment 

carried out within the plant.   

2.) The dry matter content of DS and its derivatives can be compared with that of common 

biogas feedstocks. The raw DS (3.5% FM), pre-dewatered DS (12.7% FM), mixed sludge 

(5.0% FM) and main dewatered DS (54% FM) can be grouped into categories of low to 

high DM.   

3.) DS contain organic matter originating from fibres, inks and soap amounting to about 29 

to 33% DM. The largest fraction of its dry matter content is calcium carbonate with about 

46 to 73% DM. 

4.) DS generated from high wastepaper grade contain less lignin. They also contain a 

substantial amount of calcium carbonate. 

5.) DS has a high C/N ratio which may result in a biogas process limitation due to low N 

content for a semi-continuous process in a long run. 
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5.2 Biogas production from deinking sludges 
This section discusses the results obtained from the various experiments carried out on 

the AD of DS using the 1-L test system and the 100-L automatically fed test system.  

5.2.1 Results from 1-L bioreactor batch tests 
The results obtained in the investigation of biogas yields of DS using a 1-L test system 

(section 4.5.3) are discussed in the section. An overview of the AD tests carried out is 

shown in Table 4.1 (section 4.1). All experiments were described in section 4.5.3.2. 

5.2.1.1 Influence of inocula on biogas production  
Three inocula of different sources were tested with pre-dewatered DS of W70 type (section 

4.5.3.2.(1)). Cellulose is microcrystalline and using cellulose as a control experiment 

helped to ascertain the activity of the microbial consortia and to compare the biogas yield 

with that of DS. The biogas yields reported were obtained by subtracting biogas produced 

by the inoculum from that produced by DS and inoculum mixture. The influence of inocula 

on the biogas yield of DS is discussed by considering the biogas formation, the specific 

biogas yields and the methane content in biogas.  

1.) Specific biogas yield 
The specific biogas yield is a cumulative value of the biogas produced throughout the 

retention period. The yields of the two feedstocks are seen in Figure 5.5. The specific 

biogas yield of a substrate is its characteristic property within a set of defined operational 

AD conditions. Both graphs describe a sigmoid curve of bacterial growth. They both 

denote lag phases, with the DS feedstock upto 1 day and the cellulose feedstock upto 3 

days for the different inocula investigated. It is pertinent to restate here, that this difference 

may be due to the existence of hydrolysed chemical compounds such as fatty acid from 

soaps present in the DS as compared to the pure cellulose feedstock. For the DS 

feedstock, a rapid biogas production rate began from day 1 and peaks on day 6 with 

cumulative specific biogas yields in the range 185 - 245 NL/kg oDM for the different 

inocula.  

For the cellulose feedstock, the rapid phase began between days 2 and 3 and peaks are 

days 7 and 8 with cumulative specific biogas yields in the range of 495 - 501 NL/kg oDM 

for the different inocula. The biogas production rate continues to decrease for both 

feedstocks and peaks at the 22 day retention time with the DS feedstock reaching a 

biogas yield in the range of 243 - 286 NL/kg oDM and the cellulose feedstock in the range 

of 585 - 588 NL/kg oDM. Although the DS feedstock had a lower or almost negligible lag 

phase when compared to cellulose feedstock, a substantially higher biogas yield was 

observable for the cellulose feedstock.  
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This cellulose specific biogas yield at the peak of this phase is about 2 folds of that of DS. 

This explains that the components leading to a shorter lag phase for DS (supposedly fatty 

acids) are not the major components for bioconversion into biogas. DS contain a 

substantial amount of fibres and fines aside from the deinking chemicals added during 

wastepaper recycling. A study on three different DS samples from 2 different wastepaper 

recycling mills identifies the presence of total carbohydrates in the range of 12.7 – 59.3% 

DM and lignin of 5.5 - 11.8% DM. Lignin in DS was reported to originate from wood 

wastepaper grades and fibres. Wood can contain up to 19% lignin (Steffen et al., 2018). 

The total carbohydrate include cellulose and hemicellulose which have varying 

biodegradability. The lignin reported is an organic polymers that is known to be hardly 

biodegradable. It informs that the lower biogas yield of DS as compared to cellulose might 

be due to the lignocellulosic components of DS (W70 type). 

 
Figure 5.5 Specific biogas yields of DS and cellulose with three different inocula for 22 days 
(drawn from Amare et al. 2018) 

 

Aside from the difference in the biogas yields due to the feedstock, Figure 5.5 also 

suggests a difference in the bioactivity or performance of the three different inocula used. 

For DS as feedstock, a significantly higher biogas yield is observable by inoculum 2 having 

a final cumulative biogas yield of 286 NL/kg oDM at end of the retention time. This is 

however not the case when using cellulose as a feedstock. Instead of inoculum 2, 

inoculum 1 showed a faster biogas production rate during the rapid phase but culminates 

in a relatively equal biogas yield with the other inocula.  
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With regard to the performance of inoculum 2 with the DS feedstock, it is necessary to 

mention that there are likely characteristic properties of the inocula that contribute to such 

distinct performance. This is discussed in a later subsection of this section. Conclusively, 

Figure 5.5 confirms the biodegradability of DS for biogas production with common inocula 

and  does  not  suggest  an  inhibitory  characteristic  of  DS  components  towards  the 

production of biogas. 

 

2.) Biomethane content in biogas  
The building up of biomethane content for the two different feedstocks and three different 

inocula is shown in Figure 5.6. The AD with DS as feedstock attained a maximum 

production of methane content at about 4 days. This increasing trend was similar for the 

three different inocula used. On the other hand, the AD of cellulose showed a delay in 

attaining maximum methane content which was in about day 10. This may be owed to the 

quicker adaptability of methanogens to the characteristics property of the DS. However in 

the long run similar methane content was observable for both feedstock and both 

culminated as well at a similar final biomethane content of 71 ± 1% (for DS) and 69 ± 2% 

(for cellulose).  

 
Figure 5.6 Biomethane content in biogas generated during AD batch test of two different 
feedstocks  

 
3.) Comparison of inocula based on characteristics  
The variations in the biogas and biomethane yield are often due to the characteristics of 

substrates as well as the operational conditions. The operational conditions for the two 

feedstocks and the three different inocula were kept constant, therefore the observed 

differences are largely due to their characteristics. 

 

0

10

20

30

40

50

60

70

80

0 2 4 6 8 10 12 14 16 18 20 22

Bi
om

et
ha

ne
 c

on
te

nt
 [%

]

Retention time (days)

DS mixed with Inoculum 1
DS mixed with Inoculum 2
DS mixed with Inoculum 3

0

10

20

30

40

50

60

70

80

0 2 4 6 8 10 12 14 16 18 20 22

Bi
om

et
ha

ne
 c

on
tn

en
t[%

]

Retention time (days)

Cellulose mixed with Inoculum 1

Cellulose mixed with Inoculum 2

Cellulose mixed with Inoculum 3



  
 

102 
 

Appendix I.1 shows the C/N ratio and the VOA/TIC of the individual substrate inoculum 

mixtures prepared for the AD process and corresponding biogas yield and 

biodegradability. The TNliq and C/Nliq were computed from the liquid phase of the sample. 

Appendix I.1 shows that the macronutrient N which is required for microbial activity is in 

the descending order starting from reactors with inoculum 1 followed by inoculum 3 and 

then inoculum 2. However, the N concentration alone does not give sufficient information 

as compared to the C/N ratio which is a performance indicator for a biogas producing AD 

process.   

The C/Nliq was computed only for the reactors with DS as feedstock and the variations from 

26.7 to 229 were obtained. When compared to the 20 - 35 optimum C/N ratio for the AD 

process  (section 3.3.3.2.(5)), reactors with inoculum 1 and 3 having a C/N ratio of 52.2  

and 229 respectively might have conditions of lower uptake of carbon. The reactors with 

inoculum 2 fall into the reported range for optimum AD process and hence its considerably 

higher biogas yield during the biodegradation of DS when compared to the other two 

inocula. The biodegradability of inoculum 2 (26% oDM) for DS as feedstock is also the 

highest when compared to other inocula. This further establishes why inoculum 2 had a 

higher biogas yield with DS as feedstock. The strains of microbial consortium present in 

inoculum 2 might also have influenced the result obtained. But the analysis of microbial 

consortium was beyond the scope of this study. Also, inoculum 2 does not show a 

distinctly higher performance in terms of biodegradability or biogas yield when cellulose 

was used as feedstock. This concludes that although common inocula types, especially 

those tested in this study all could produce biogas from DS. The inoculum 2 from a 

sewage sludge treatment plant happens to perform better possibly due to the optimum C/N 

ratio in its DS-inoculum mixture or the strains of microbial consortium present in it. The 

inocula used for further studies on AD of DS in this study were similar to inocula 2 as they 

were collected from the same source.  

5.2.1.2 Influence of high calcium carbonate on biogas production  
The influence of high CaCO3 on the biogas yield of DS was carried out as described in 

section 4.5.3.2.(1). The result of the biogas test for the different samples of cellulose- 

CaCO3 mixtures are shown in Table 5.3.  Table 5.3 shows the corresponding biogas yield, 

biomethane yield and hydrolysis constants for the different cellulose-CaCO3 mixtures. The 

results showed that a possible negative influence of CaCO3 in AD is not observable. The 

negative influence of CaCO3 in AD as reported by van Langerak et al. (1998) are: the 

limitation of the mass transfer due to highly scaled biomass and the growth of thin biofilms 

of biomass on the surface of precipitates.  
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It is therefore arguable that for cellulose-CaCO3 mixturse with a CaCO3 content in the 

range of 0 - 40% DM, there is no inhibitory effect on the AD process. The cellulose-CaCO3 

mixtures can be compared to the oDM-CaCO3 content of the DS sample produced in the 

highest proportion by the partner wastepaper recycling company (W70). The median value 

of the CaCO3 content in this DS type for raw sludge is 42% DM and for pre-dewatered 

sludge, it is 47% DM. These values are at the upper boundary of the range of CaCO3 

content investigated, other authors have reported that the high CaCO3 content of DS has 

no negative influence on the AD of DS due to any form of chemical interaction (Steffen et 

al., 2017). A reason might be that the concentration of CaCO3 in DS is not sufficiently high 

to initiate an inhibition in the AD process. The experiment of van Langerak et al. (1998), 

where inhibition was observed, was operated at CaCO3 of 4000 mg/L using a UASB, 

whereas the concentration of CaCO3 in pre-dewatered DS of all types is between 24.2 - 

132.4 mg/L. This concludes that the presence of high calcium carbonate in DS is not too 

high to lead to an inhibitory effect.   

 

Table 5.3 CaCO3 share in the cellulose-CaCO3 mixture, biogas and biomethane yield and 
hydrolysis constant for cellulose CaCO3 AD test 

 

5.2.1.3 Influence of wastepaper grades on biogas yields 
The influence of wastepaper grades on the biogas yield of DS was investigated as 

described in section 4.5.3.2.(1). DS samples discussed are shown in Appendix C.1, C.2 

and C.4. This section discusses differences in biogas yield of the samples regarding 

absolute and specific biogas, biomethane yields as well as on biodegradability of DS.  

 
 
 
 

Sample 
number 

CaCO3 added to 
cellulose 

Specific yield Hydrolysis 

constant Biogas Biomethane 

 [% DM*] [NL /kg oDM] [NL /kg oDM] k R2 

1 0 654 ± 2.0 273 ± 1.3 0.430 0.9808 

2 12 667 ± 2.7 277 ± 0.7 0.407 0.9874 

3 22 662 ± 0.6 273 ± 0.5 0.418 0.9872 

4 40 656 ± 10.7 271 ± 4.6 0.367 0.9831 

*Refer to the total dry matter in a mixture that includes both the CaCO3 and the cellulose 
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1.) Absolute biogas and biomethane yield  
The absolute biogas yield is a cumulative value which refers to the biogas (or biomethane) 

produced regarding its fresh mass. It is the volume of biogas (or biomethane) in 

normalized Litre that 1 kilogram of a fresh DS will produce under an AD process. The fresh 

mass of a DS sample includes its water as well as organic and inorganic components. 

Figure 5.7 shows the absolute biogas and methane yield of three different DS samples 

which differ in terms of different wastepaper grades. The samples investigated were all 

pre-dewatered DS (Stream 2). For all experiments, inocula from the same source as 

inoculum 2 were used. Figure 5.7 shows some variations in the biogas and biomethane 

yield of the different DS samples.  

 

 
Figure 5.7 Absolute biogas and biomethane yields of different pre-dewatered DS which differ 
by wastepaper grades. n is the number of samples. 

 

The absolute biogas yield for these three categories of DS samples investigated was in the 

range between 7.0 and 12 NL/kg FM. The minimum value of 7.0 NL/kg was observed for 

W80, while the maximum value of 12.0 NL/kg FM was observed for W70. According to the 

average values obtained, their absolute biogas yields are 9.3 NL/kg FM (W70), 7.4 NL/kg 

FM (W80) and 10.8 NL/kg FM (W90/100). The average values according to Figure 5.7 

present W90/100 as the highest followed by W70 and then W80. The high standard 

deviation of W70 is notably. It occurred due to variation in a large number of samples 

tested. On the other hand, W90/100 had a limited amount of samples.  
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The biogas produced by all DS from different wastepaper grades contains a substantial 

amount of biomethane. In terms of average values, their absolute biomethane ranged 

between 3.7 and 5.4 NL/kg FM. Provided all other AD process conditions are kept 

constant, the main property of AD substrate that leads to differences in absolute biogas 

yield is the amount and nature of the organic components in the dry matter. If the nature or 

types of organic components is the same for different AD substrates, then their absolute 

biogas yield should have a direct relationship with their organic content in fresh mass.  

The mean organic content in the fresh mass of the different pre-dewatered DS 

investigated are; W70 (3.8% FM), W80 (2.7% FM) and W90/100 (2.6% FM). The trend 

described by the absolute biogas yield of W70 and W80 has a direct relationship with their 

respective oDM in fresh mass. This is not the case with the W90/100. It might imply that 

the organics in W70 and W80 have similarities, but they are both different from those 

present in W90/100. The difference like the organics in W90/100 might be the reason for 

its higher absolute biogas yield when compared to the other DS samples from other 

wastepaper grades. They are generated from the deinking process which involves high 

quality recovered wastepapers (section 4.2).  

A study on the total carbohydrate and lignin characteristics of different DS samples which 

differ based on wastepaper grades has been reported by (Steffen et al., 2017). The 

samples investigated were collected from a laboratory deinking process. They reported the 

total carbohydrate content of raw DS in the order W100 > W90 > W80 > W70. The lignin 

content of raw DS in the order W100 < W90 < W80 < W70. The highest biomethane yield 

was observed for W100.  This implies that the high amount of carbohydrate and low lignin 

content of W90/100 might be the reason for a higher absolute biogas yield when compared 

to the DS from the other wastepaper grades. Based on carbohydrate and lignin content the 

W80 is expected to be better than W70, but this is not the case as can be observed in 

Figure 5.7. An explanation for this might be due to the substantially higher oDM of W70 

with more yield than the influence of the better organic type reportedly present in W80. 

The influence of the different organics present in different DS on biogas production can 

further be established in section 5.2.1.3.(2) which discusses differences in the specific 

biogas and biomethane yield of DS from different wastepaper grades.  

2.) Specific biogas and biomethane yield 
The specific biogas and biomethane yield of different DS types is given in Figure 5.8. It 

shows similar values for W70 and W80 but different for W90/100, which had the highest 

specific biogas yield with a value of 417 NL/kg oDM.  
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The specific biogas yield describes the biogas generation related to the organics present. 

Although W80 has less lignin and a higher carbohydrate than W70, the difference of 22 

NL/kg oDM in specific biogas observed in favour of W80 is not high. They can therefore be 

grouped into the same category in terms of biogas generation. The higher specific 

biomethane yield of W90/100 is shown in Figure 5.8. corresponds to the report of Steffen 

et al. (2017). Biomethane content of biogas were also obtained for the different DS types 

and are W70 (72%), W80 (63%) and W90/100 (66%).   

 
Figure 5.8 Specific biogas and biomethane yields of pre-dewatered DS differing by 
wastepaper grades  

 
3.) Biodegradability 
The biodegradability of different DS samples was computed using Eq B.11 and B.12 

(Appendix B.9). The mean biodegradabilities of pre-dewatered DS obtained were 23% 

oDM (W70), 26% oDM (W80) and 39% oDM (W90/100). These values correspond to the 

specific biogas and biomethane yields. The biodegradability of W90/100 was significantly 

higher compared to the other two DS samples. The biodegradability of W70 and W80 are 

similar.  
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5.2.1.4 Influence of pre-dewatering on biogas yield  
This section compares the input of the pre-dewatering unit (raw DS) with its output stream 

(pre-dewatered DS). It discusses the variations in the biogas yield of the different streams. 

The selected samples were DS of W70 type. Figure 5.9 depicts the absolute and specific 

biogas and biomethane yields of the two different DS types. Also, their biodegradabilities 

are shown on the plot. The average absolute biogas yield of the pre-dewatered DS is 

about 2.2 times higher than that of the raw DS. The ratio of oDM in the fresh mass of pre-

dewatered DS to raw DS is approximately 3.2 of that of raw DS. Since their oDM ratio in 

fresh mass (pre-dewatered to raw DS: 3.2) is not similar to the ratio of their absolute 

biogas yield (pre-dewatered to raw DS: 2.2), it may imply that the two samples possibly 

have different organic matter composition. Organic matter composition here refers to the 

proportions of the different organic types present. It suggests that a proportion of a more 

readily biodegradable organic fraction from raw DS finds its way into the liquid phase 

(Stream 5) during the pre-dewatering process.  

 

 
Figure 5.9 Absolute and specific biogas yields and biomethane of raw and pre-dewatered DS 
samples from wastepaper grade W70 as well as biodegradability 

 

The sources of organics in raw DS other than fibres and fines include soaps originating 

from deinking chemicals (section 2.3.3.1) or detached printing ink from wastepaper. They 

have finer particles (dissolved) when compared to fibres and fines. They may also be 

readily biodegradable depending on their nature and composition.  
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Soap (alkaline salt of fatty acids) for example has been reported with biodegradability of 

80% in anaerobic treatment (Prats et al., 1999). The result suggests that the loss of these 

fractions of biodegradable organic matter in raw DS resulted in a negative impact on the 

absolute biogas yield of pre-dewatered DS of W70 type. The 2.2-fold of absolute biogas 

yield obtained for pre-dewatered DS in comparison to raw DS is a beneficial impact of the 

pre-dewatering operation on biogas production. However, the specific biogas yield of 

Stream 2-W70 is seen to be lower than that of Stream 1-W70 (Figure 5.9). This 

establishes further that the nature of the total organics present in raw DS is more 

biodegradable than those in pre-dewatered DS.  

This is also confirmed by the biodegradability plot (Figure 5.9). Also, the biomethane 

concentration of the two DS types increased was different, 67% (raw DS) and 72% (pre-

dewatered DS). The influence of the water content of DS on biogas yield is further 

discussed in section 5.2.1.5. 

5.2.1.5 Influence of water content on biogas of deinking sludge 
In this section, the impact of water content on the biogas yields of DS was investigated. To 

generate a range of DS samples with varying DM contents, a highly dewatered DS 

(Stream 4-W70) and the corresponding filtrates (Stream 6-W70) were mixed in different 

proportions (Appendix C.3). The equations used for calculating the required substrate for 

mixing are Eq B.4 and B.5 (Appendix B.9). The water contents (WC) of DS mixtures were 

55, 64, 71, 80 and 91%. A raw DS is similar to the DS mixture with a WC of 91%, a pre-

dewatered DS is similar to a WC of 80% and a highly-dewatered DS to that with a WC of 

55%. Figure 5.10 shows the absolute and specific cumulative biogas yields at different 

times for the different DS mixtures. All samples had a similar starting pattern, 

characterised by little lag phases (1 - 2 days). The mixtures with the WC of 91 and 80% 

completed their rapid phase and reached the declining phase within the 21days period. 

The other DS mixtures were still in their rapid phase after 21 days. They require more time 

to reach the declining phase.  

In terms of absolute biogas yields, the DS mixtures within the WC range of 55 - 71% 

showed similar high performance on day 21, followed by the DS mixture with WC of 80%, 

while the least was DS mixture with WC of 91%. When the specific biogas yields are 

considered, a different order was observed. The DS mixtures in the WC range of 71 - 91% 

showed the best performance followed by the DS mixture with a WC of 64% and the DS 

mixture with a WC of 55% as the least.  
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Figure 5.10 Absolute and specific biogas yields of different DS mixtures (Stream 4-W70 and 
Stream 6-W70).  

 
The results revealed that for DS with higher WCs (91 - 80%), the final absolute biogas 

yields were lower, but they had improved biodegradability since their specific biogas yields 

showed that more biogas was produced per kg of oDM when compared to the DS mixtures 

with lower WC (55 - 64%). The lower biodegradability of DS mixtures with lower WC 

observed during the period might have been caused by poor mixing efficiency due to 

higher solid contents.  

Using the result obtained as a basis for the comparison of different DS types based on 

water content, it can be inferred that the degree of dewatering of DS types may influence 

their application for biogas production. In a real application, a highly dewatered DS 

requires a lower size of the bioreactor to achieve a desired biogas production but it will as 

well require a longer retention time to reduce the oDM fraction considerably. A raw or less 

dewatered DS requires a larger bioreactor size to achieve a similar desired biogas due to 

lower oDM in fresh mass but results in an improved reduction in its oDM fraction. It is 

therefore necessary to find a point of compromise that is optimum for biogas production.  
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The point should depict a dewatering degree for DS to achieve desired biogas yield within 

a rather small bioreactor and for which retention time may also not be too long. Figure 5.11 

shows the intersection of the trend lines describing the absolute and specific biogas yields 

of the DS mixtures regarding their various water contents. The two trend lines are 

polynomials with sequence 3. 

 
Figure 5.11 Trend lines and point of intersections between the specific and absolute biogas 
yield of DS mixtures with different water contents  

Their intersection denotes the point of compromise for bioreactor size and retention time. It 

coincides with a WC of about 65%. Raw DS had WC in the range of 95 to 99%, which is 

not optimal for biogas production with consideration of bioreactor size and retention time. 

Therefore for an optimal application in this regard, dewatering of raw DS might be 

beneficial. The main-dewatering unit results in DS with WC in the range of 38 - 51% DM 

which is too thick for biogas production, especially in the wet fermentation process. A 

different set of dewatering units to yield DS with WC of about 65% is recommended. It is 

however also important to consider the energy balance as to whether the energy 

expended in dewatering is compensated for by the resultant surplus biogas energy output.  

5.2.1.6 Influence of nitrogen supplementation 
The influence of nitrogen (N) supplementation on the AD of DS was studied. Ammoniacal 

N was used for the study. Inocula with low N concentration and pre-dewatered DS of type 

W70 were mixed and spiked with ammonium chloride to achieve samples of different N-

contents (section 4.5.3.2.(1), Appendix C.7). The C/N ratio of the DS mixtures obtained 

were 44, 34, 29 and 24. The different DS mixtures began biogas production without a lag 

phase but showed partly differences in their rapid phases (Figure 5.12).  
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At the end of the batch test, they culminated in a similar cumulative biogas yield. The 

mixtures with C/N ratios of 34, 29 and 24 showed a higher biogas production rate in the 

rapid phase and described well-shaped biogas production curves. The mixtures with a C/N 

ratio of 44 had a lower biogas production rate during the rapid phase, indicating a 

suboptimal condition in the biogas production process, which may be connected to a 

longer lag phase of adaptation of the microorganism in the particular mixture. It is thought 

to be as a result of an N limitation as other variables of sample mixtures as well as AD 

conditions were considered constant.  

 

Figure 5.12 Biogas yields of different samples with the same masses of DS and inoculum 
mixture but varying C/N ratios. The C/N ratio was varied with the addition of ammonium chloride.   

 
The C/N ratio of inoculum and DS used for the AD test are 34 and 49 respectively 

(Appendix C.7). This shows that the nitrogen concentration in the inoculum used is higher 

than that in the DS used. In comparison to the inoculum, the mixture with a C/N ratio of 44 

represents a condition of depleted N, which can occur during a long run of a semi-

continuously operated AD process. Nevertheless, this nitrogen depletion condition does 

not suggest a process concern for a batch AD, since in the long run it eventually yielded 

similar biogas to the other AD mixtures. However, when the process is operated semi-

continuously a high yield in the rapid phase is desirable. Also on further consideration, the 

C/N ratio of 44 is beyond the reported optimal range of 20 to 35 for the AD processes 

(Ceron-Vivas et al., 2019; Panichnumsin et al., 2012; Siddiqui et al., 2011; Wang et al. 

2012).  
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The result obtained suggests that for a semi-continuously operated AD using DS as 

substrate, the AD mixture set with a C/N ratio of about 44 and above may be 

disadvantageous. Conditions of N depletion can be corrected by the addition of synthetic 

nitrogen chemical sources such as NH4Cl or NH4OH or the use of co-substrate rich in 

nitrogen such as urine, pig or cow manure (Samir et al., 2019) as well as grass silage 

(Dickson et al., 1991; Hertel et al., 2015).  

It concludes that in a long run, a semi-continuously or continuously operated AD of DS 

may encounter impaired process efficiency possibly due to nitrogen depletion, which can 

lead to reduced biogas production rate in the rapid phase. For conditions of this kind, N 

supplementation by the use of a synthetic N source or co-substrate is recommended to 

bring the C/N ratio in the range of 24 and 34 to improve the productivity of AD of DS.  

 

5.2.1.7 Comparison of deinking sludge with common biogas feedstocks 
The study on batch and semicontinuous AD using different types of DS as substrate 

showed that DS are biodegradable and can be used for the production of biogas. The 

biogas yields of common biogas feedstocks (section 5.1.4) were compared to the biogas 

produced from DS in the 1-L batch test. As shown in Table 5.4 the blackwater from 

vacuum toilets which has the same DM category as Stream 5, Stream 6 and Biosludge 

has very low absolute biogas yields owing to the very low DM content. The low DM 

category of common biogas substrates which include the sewage sludge, greasy water 

and pig manure have absolute biogas yield in the range of 15 - 30 NL/kg FM. Their specific 

biogas yield is also in the range of 525 - 1066 NL/ kg oDM. The W70 Stream 1 which 

belongs to the same low DM category showed absolute and specific biogas yields below 

these ranges. This low value may be owed to the lignin content in the W70 DS sample as 

discussed in section 5.2.1.3. 

The liquid cow manure which belongs to the medium DM category has absolute and 

specific biogas yields of 25 NL/kg FM and 312 NL/kg oDM respectively. The Stream 2 DS 

samples belonging to the medium DM category showed varying biogas yields. Their 

absolute biogas yield is lower with DS samples from W90/100 having about half of the 

liquid cow manure. Although the specific biogas yield of DS from W70 and W80 DS types 

are also lower than that of liquid cow manure, that of W90/100 is sufficiently higher. The 

biogas feedstock in the high DM category has absolute biogas yield in the range of 50 - 

411 NL/kg FM. The DS sample of Stream 4 which belong to the same category may have 

biogas of about this range as well due to sufficient oDM in the fresh mass.  
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The comparison of the biogas production from DS Stream 1 and 2 with common biogas 

feedstock showed that although they might be lower they are as well biodegradable and 

produce a substantial amount of biogas that can be beneficial for the wastepaper recycling 

industry.  

Table 5.4 Comparison  of biogas yield of deinking sludge with that of common biogas 
Feedstocks 
 

DS and DS derivative Common biogas feedstock 

Dry matter 
category 

Biogas yields 

 

 

Type 

 
Range 

 
Type 

 
Absolute 

biogas 
yield 

Specific 

biogas 
yield  

Type 

 

Absolute 

biogas yield 

Specific 

biogas yield 

Source 

 

 (% FM)  (NL/kg FM) (NL/kg DM)  (NL/kg FM) (NL/kg DM)  

Very low >0.4 – 2 
Stream 5 
Stream 6 
Biosludge 

ND 
ND 
ND 

ND 
ND 
ND 

 
Blackwater 

from vacuum 
toilets 

 

2 489 1 

Low >2 – 7 
Stream 1 

Stream 3 

4.2 

ND 

343 

ND 

Sewage sludge 

Greasy water 

Pig manure 

15 

30 

28 

525 

1066 

583 

2 

1 

3 

Medium >7 – 20 Stream 2 10a, 7.4b, 
11c 

253a, 275b, 
417c 

Liquid cow 
manure 25 312 3 

High >20 Stream 4 ND ND 

 

Food waste 

Solid cow 
manure 

Chicken 
manure 

Green waste 

Lawn cuttings 

 

411 

80 

 

140 

50 

78 

 

1663 

400 

 

466 

NA 

393 

 

4 

3 

 

3 

5 

1 

ND: Not determined;  NA: Not available by author; aW70; bW80; cW90/100 

1 Hertel et al., 2015     2  ARCHEA, n.d.    3  Friehe et al., 2016a  ; 4 Al-Wahaibi et al., 2020    5 Richter et al., 2017  

 

5.2.2   Results of 100 L bioreactor semi-continuous tests 
This section discusses the results obtained in the AD of DS by the application of a semi-

continuously feeding mode. The three AD systems, 100 L bioreactor with recirculation 

pump (R1A), 100-L bioreactor with a recirculation pump and highly inclined bottom (R1B) 

and 100-L bioreactor with a stirrer (R2) were used for this purpose (section 4.5.3.2.(2)). All 

the AD test systems were operated under mesophilic conditions and the Stream 2-W70 

was used as substrate in all cases.  
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5.2.2.1 Bioreactor with recirculation pump 
The bioreactor with recirculation pump (R1A) was operated first in a batch mode for 21 

days before the semi-continuous feeding mode started. This was done to compare the 

output with that obtained from the 1-L batch test system. It further proved the airtightness 

of the reactor. The results of the batch phase, as well as the semi-continuously operated 

phase, are discussed. 

1.) Initiation phase  
The cumulative biogas yield of DS during the batch phase of bioreactor R1A is shown in 

Appendix J.1. The inoculum’s contribution to the biogas production of the mixture was 

neglected because the inoculum was warmed up under mesophilic condition for about 2 

weeks to reduce the amount of readily degradable organics before beginning the batch 

test. The biogas production began without a lag phase and continued in a rapid phase until 

the 4th day with a biogas yield of about 200 NL/kg oDM when a technical breakdown was 

encountered. The system was restarted after refilling some lost mass with consideration of 

the organic fraction of DS and inoculum.  

The system continued production in a rapid phase and began to approach a stationary 

phase at about the 10th day. At the end of the 20th day, a cumulative biogas yield of 277 

NL/kg oDM was observed for DS. This is in range with values obtained for the AD of 

Stream 2-W70 in the 1-L batch test. Also, the average concentration of methane in biogas 

at 20 days was found to be 51.5% Vol. The maximum H2S concentration observed in the 

batch phase was 127 ppm. This result confirms that the system is airtight (anaerobic) and 

the condition of the microbial consortium in the reactor was in good conditions. 

2.) Semi-continuous phase  
The semi-continuous phase of bioreactor R1A is divided into two phases, the feeding 

phase until process limitation and the reactivation phase.  

a.) Feeding phase until process limitation 
The operation of the bioreactor R1A (see the design in section 4.5.2.1) began with a daily 

feeding mode (semi-continuous) after the initiation phase. The feeding pattern is shown in 

Appendix C.8. The HRT of the semi-continuous phase was gradually reduced from 30 to 

15 days before a process limitation was ascertained (Figure 5.13). The reduction of HRT 

denotes an increase in the amount of daily fed DS. The biogas production at HRT 30 days 

was between 166 and 386 NL/kg oDM_fed. This large variation within a constant HRT is 

due to variation in the oDM of input DS (Appendix L.2).  
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The biogas production during HRT 25 was initially similar to that of HRT 30 days until the 

latter period, where it declined to about 70 NL/kg oDM_fed. This occurred in the 33rd week 

of operation. A further declination in biogas production was observed for HRT 20 days. 

The biodegradation of DS at HRT 20 days computed using Eq B.13 of Appendix B.9 was 

30% oDM.  

 

 
Figure 5.13 Biogas production and other operation parameters obtained from semi-continuous 
AD of DS using bioreactor R1A  
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The biogas production worsened with HRT 15 days, and in the week 39 of the operation 

time, the system was taken as being process limited due to observed continuous 

declination in biogas production. The pH value during HRT 30 and 25 days was between 

7.4 and 7.9. The pH dropped continuously during HRT 20 and 15 days to a value of 7.2. 

The declination in biogas production during HRT 20 and 15 days can further be explained 

by the VOA/TIC values observed. Beginning with a value of 0.10 at HRT 30 days, 

VOA/TIC increased and then dropped to 0.04 during HRT 25 days at week 18. Thereafter 

it continued to increase until a final value of about 0.20, which remained fairly constant 

during the HRT 20 and 25 days. This VOA/TIC value of 0.20 denotes a condition of too low 

biomass input according to Lili et al. (2011) (Appendix L.3). The biomethane content of 

biogas during the HRT 30 and 25 days was between 50 and 59% Vol. Biomethane content 

dropped during the HRT 20 days and returned to an average of 53% Vol. during the HRT 

15 days.  

b.) Reactivation phase  
Due to the continuous decrease in biogas production measures were taken to reactivate 

the process. Measures taken were first an increase in HRT and secondly, a stopping of 

feeding operations. From week 39, the system was operated at HRT 20 days which 

implies a reduction of daily DS feed in comparison to HRT 15 days. The biogas production 

however further declined to zero during the HRT 20 days. During this period pH dropped to 

6.4. Also, the VOA/TIC increased to about 0.6 which indicates a highly acidic condition that 

is not buffered by the total alkalinity of the system.  Lili et al. (2011) suggested stopping 

substrate feeding with VOA/TIC at about this value. The feeding was stopped from week 

40 to 42 and biogas production remained at zero. An HRT of 30 days was initiated in week 

42. Biogas production started again in week 44 and reached a maximum value of 148 

NL/kg oDM_fed in week 49.  

During the period of reactivation the pH value was at an average of 7.2 and VOA/TIC 

declined to an average of 0.2. The biomethane content observed during the reactivation 

phase was between 45% and 55%. When the bioreactor R1A was opened at the end of 

the AD process, a substantial mass accumulation was found within the bioreactor 

(Appendix. L.4). This was possible because of a mild mixing pattern that was adopted. The 

result obtained suggest that HRT 30 and 25 days may be suitable for AD of DS in a semi-

continuous system. It also showed a poor biogas production during the HRT 20 and 15 

days which suggests an excessive organic loading. This is however not conclusive due to 

the occurrence of substantial sedimentation during the process.  
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The main impact was ab H2S concentration in biogas observed above 1000 ppm from 

week 7 of the AD process. It remained above this value all through the process limitation 

and the reactivation phase. The very high H2S concentration observed in biogas may be 

connected to the ineffective mixing in the bioreactor R1A. A common source of sulphate in 

DS is magnesium sulphate (Singh et al.,2019; Sridhar et al.,1998), which is used as a 

stabiliser in the bleaching of recycled fibre with hydrogen peroxide. The sulphate content 

of DS in this study is not influenced by magnesium sulphate as it is not used by the partner 

company. The sulphate source is rather from the aluminium sulphate used as flocculant 

during the solid-liquid separation of DS streams in the plant. The low concentration of 

sulphur measured in DS (0.5 g/kg FM, Appendix I.2) does not suggest a substantially high 

H2S production during biogas. The high concentration of H2S in biogas is thought to be 

due to the sedimentation process in the reactor which might have led to an accumulation 

of sulphate in the reactor. The accumulated sulphate in the AD system can induce a 

competitive condition for methanogenic organisms. Their presence increases the growth of 

sulphate reducing bacteria (SRB) which compete for acetates with the methanogens and 

also produce toxic H2S which eventually leads to reduced biogas production. The inhibitory 

effect of SRB can be removed as discussed in section 3.3.3.2.(6)(a).  

The 100-L bioreactor experiment R1A was therefore tagged as a worst-case scenario. 

Upgraded and improved systems with more efficient mixing were further investigated in 

sections 5.2.2.2 and 5.2.2.3. 

5.2.2.2 Bioreactor with recirculation pump and highly inclined bottom 
The bioreactor with a recirculation pump and highly inclined bottom (R1B) as shown in 

section 4.5.2.1 is similar to the bioreactor R1A but differs in pump capacity and nature of 

the reactor bottom. As an upgraded system, the higher flow rate and the 45o inclined 

bottom were designed to help improve mixing. The operation of the system began also 

with a batch phase and then a semi-continuous phase with a daily feeding pattern 

followed.  

1.) Initiation phase  
The batch phase was monitored for 12 days before the start of the semi-continuous phase. 

The inoculum used was monitored using a 1-L batch test system. This was necessary to 

estimate the biogas contribution of inoculum from the DS–inoculum mixture in the 

bioreactor R1B test system. Appendix J.2 shows the cumulative specific biogas yield 

observed during the period. The slightly lag phase of about 1 day is not typical of DS. It 

could be due to the inoculum used.  
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The biogas builds in a rapid phase until day 4 and continued with a stationary phase. At 

the end of day 12, a cumulative biogas yield of 250 NL/kg oDM was observed. This is 

however not the maximum as the curve shows that the biogas formation is yet to 

culminate. The values observed were consistent with the 1-L batch system (section 5.2.1). 

This test confirms that an anaerobic condition was attained in the 100-L bioreactor R1B 

system due to airtightness and that no inhibitory component in the system hinders the AD 

process.  

2.) Semi-continuous phase  
The system was operated in a semi-continuous feeding mode with an HRT of 19 days. 

The entire feeding of HRT 19 days was kept constant but input DS varied in oDM 

(Appendix L.5). The HRT 19 days is equivalent to an average of 1.4 kg oDM/ (m3·d) The 

process was stopped for a period due to a technical problem. In this phase, the biogas 

production values were not used. Instead, biodegradability was used to describe the AD 

process. The biodegradations were computed as in Eq B.13 (Appendix B.9). Figure 5.14 

shows a biodegradation in the range of 46 and 64% oDM in the first feeding phase. The 

high biodegradability can be explained due to the influence of the inoculum. After the no 

feeding mode, the AD system was restarted and in the second feeding phase,  a lower 

biodegradation between 31% and 47% was observed. The pH of bioreactor R1B was in 

the range of 7.1 to 7.7, which is about the optimal range during the entire period of 

operation.  

The NH3/NH4
+-N or ammoniacal N content reduced from 476 to 224 mg/L. A relationship 

can be observed between biodegradation and the ammoniacal N concentration. The 

biomethane contents of biogas for the entire period were between 54 and 60% Vol. In both 

feeding periods, H2S was significantly lower compared to bioreactor R1A (maximum first 

phase, 36 ppm; in the second phase, 105 ppm).  

The mass balance of bioreactor R1B shows that there is an appropriate mixing of the 

content of bioreactor R1B (Appendix D.1). The biodegradation in the first and second 

feeding phase was in the range of 46 - 64% oDM and 30 - 46% oDM respectively. The 

biomethane content obtained confirmed a well anaerobic process with the production of 

biogas. The result suggests that HRT 19 (1.38 ± 0.65 kg oDM/m3 d) is suitable for the 

semi-continuous AD process of DS.  
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Figure 5.14 Biodegradation and other operation parameters obtained from semi-continuous AD 
of DS using bioreactor R1B 

 
5.2.2.3 Bioreactor with stirrer 
Bioreactor R2 differs from R1A and R1B in pump capacity and adopts the use of a stirrer 

for mixing the bioreactor’s content (section 4.5.2.1). The operation of the system began 

with a batch phase followed by a semi-continuous phase with a daily feeding pattern.  

1.) Initiation phase  
The initiation phase of 12 days was monitored in a batch mode similar to bioreactor 1B. 

Appendix J.3 shows the cumulative specific biogas yield observed during the period with a 

result similar to R1B.  
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2.) Semi-continuous phase  
Bioreactor R2 (section 4.5.2.1) was operated in a semi-continuous feeding mode with HRT 

19 days for the whole period. The entire feeding of HRT 19 days was kept constant, 

however, input DS varied in oDM (Appendix L.5) leading to variation in biogas yield. The 

result is presented in Figure 5.15. Due to a similar technical problem, as in bioreactor R1B, 

feeding was interrupted for a few days. 

 

 
Figure 5.15 Biodegradation and other parameters obtained from semi-continuous AD of DS 
using R2 

 
The biodegradation was computed the same wayas in bioreactor R1B (Eq B.13 - Appendix 

B.9). The biodegradation was between  28 and  52% oDM during the first feeding phase. 

In the second feeding phase, a continuous decline in biogas production was observed 

resulting in biodegradation of 11% oDM.  
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The pH values in the entire process were in a basic range with a maximum of 8.1. The 

ammoniacal N also showed a relationship with biodegradation. The biomethane contents 

of biogas were between 47 and 57% Vol. in the first feeding phase. A decline was 

observed during the second feeding phase which also shows a direct relationship to 

biodegradation. This sharp decline was thought to be due to a technical issue of leakage 

which might have disturbed the anaerobic process towards the end of the operation. H2S 

values were all-time below 37 ppm except on day 37 when the value of 1000 ppm was 

measured. It returned to zero at the next reading.  

5.2.2.4 Comparison of AD processes in the 100-L bioreactors   
The section compares the AD processes of the three 100-L bioreactors beginning with 

mass balance followed by other process parameters. A summary of the comparison is 

shown in Table 5.5. 

1.) Mass balance  
Mass balances were computed for calcium carbonate flow in the bioreactors as it is 

assumed that it is not significantly used up in the AD process. It was computed using Eq 

B.16 and B.17 (Appendix B.9). The summary of the calcium carbonate mass balances are 

available in Appendix D.1 The results obtained showed 61.9%, 91.5% and 99.0% 

balances for bioreactor R1A, R1B and R2 respectively. The low balance of R1A explains 

the reason for the poor performance after the operation with HRT 25 days. Also, the 

sedimentation layers observed at the opening of the bioreactor revealed that its operating 

size gradually reduced with time during operation (Appendix L.4). On the other hand with 

the installation of efficient mixing devices such as the combination of a 45o inclined bottom 

and a higher capacity pump the mixing efficiency of bioreactor R1B improved sufficiently. 

Also during the opening phase of bioreactor R1B, no substantial sedimentation was 

observed. The bioreactor R2 with a stirrer has the best mixing efficiency and also did not 

show any substantial sedimentation during the opening phase of the bioreactor.  

2.) Biogas production and biodegradability  
The biogas production as computed for R1A had median and maximum values of 136 and 

399 NL/kg oDM_fed in the entire period of operation. During its operation with an HRT of 

20 days which is similar to the HRT of R1B and R2, it showed lower values. The poor 

performance at HRT 20 days operation was caused by the poor mixing of R1A (section 

5.2.2.4.(1)). The biodegradabilities of R1B and R2 which were operated at HRT 19 days 

further confirmed this.  
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Also, the median biodegradabilities of 46.0% oDM and 30.6% oDM for R1B and R2 

respectively suggest a better biogas production in favour of R1B.   

 
Table 5.5 Comparison of AD process between the 100-L bioreactors 

Parameters 
(Units) 

      Bioreactors 
 
 

Range 

R1A 
 

R1Aa 
 

R1B 
 

R2 
 

Mixing 
(-) - Recirculation 

pump 
Recirculation 

pump 

Recirculation 
pump and bottom 

inclined at 45o 
Stirrer 

HRT 
(days) 

- 
30, 25, 20, 15,  

20b and 30 
20 19 19 

Duration of semi-
continuous operation 

(weeks) 
- 47 7 8 8 

Biogas production 
(NL/kg oDM_fed) 

minimum 5c 46 ND ND 

median 136 121 ND ND 

maximum 399 149 ND ND 

Biodegradation 
(% oDM) 

minimum ND ND 30.6 15.7 

median ND ND 46.0 30.6 

maximum ND ND 64.2 52.3 

pH 
(-) 

minimum 6.4 7.1 7.2 7.1 

median 7.3 7.2 7.3 7.3 

maximum 7.9 7.4 7.7 8.1 

NH4
+/NH3-N 

(mg/L) 

minimum ND ND 70 28 

median ND ND 224 147 

maximum ND ND 476 490 

Biomethane content 
(% Vol.) 

minimum 32.0 32.0 44.9 11.1 

median 53.3 43.8 57.5 52.5 

maximum 59.2 53.4 59.2 57.6 

H2S content 
(ppm) 

Minimum > 1000 ND 7 0 

median ND ND 21 52 

maximum ND ND 106 1000 

CaCO3 mass 
balance 

(% CaCO3) 
- 61.9 ND 91.5 99.0 

aHRT 20 days phase of R1A which began after operating at  HRT 30 and 25 days for a period of 14  and 12 weeks 
respectively 
b a second operating phase with HRT 20 days 
c the non-zero minimum value 
ND Not determined 
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3.) pH  
The pH observed during operation with R1A declined from a basic pH until it was acidic 

with a minimum of 6.4. This was not the case with R1B and R2 which had pHs in the range 

of 7.1 to 8.1 all through the period of operation.  

4.) Ammoniacal nitrogen 
Ammoniacal N declined gradually for both R1B and R2 during operation. Both bioreactors, 

therefore, confirm the utilization of N in the biogas production process. The reduction of 

ammoniacal N in bioreactors during the entire period of operation was 85% for R1A and 

94% for R2. This establishes that conditions of significant N depletion occur in the AD of 

DS when operated semi-continuously. A proper measure for N supplementation is 

therefore required as explained in section 5.2.1.(6). 

5.) Biomethane content 
The maximum biomethane content for all three bioreactors was in the range of 57 to 59% 

Vol. This establishes that all the three bioreactors did operate at the anaerobic condition 

with the availability of organics, in this case from DS that is converted to biogas. The R1B 

showed the highest median value of 57.5% Vol., while the lowest value of 11.1% Vol. was 

observed for R2.   

5.) H2S content  
The H2S content of above 1000 ppm was observed althrough the operation with R1A. The 

R1B and R2 on the other hand showed very low H2S production during operation, except 

for R2 which had a value of 1000 ppm on day 37 of operation. The H2S production is 

connected to their mixing efficiency. This explains that a semi-continuous AD process of 

DS requires proper mixing to prevent high H2S production.   

Special attention should be given to the mixing efficiency of a semi-continuously operated 

AD of DS due to the fast sedimentation of the solids present in DS. The result obtained 

suggests that bioreactors R1B and R2 were well mixed and could be taken as improved 

operation when compared to that of R1A. HRT of 19 days was suitable for the AD of DS 

due to a higher daily input of substrate and higher biodegradation observed. It informs that 

slurry circulation (R1B) and mechanical mixing (R2) are both efficient for the mixing in 

semi-continuously or continuously operated AD of DS. This is also consistent with the 

report of  Wu, (2010). 

5.2.3   Comparison of biogas production between 1 and 100-L bioreactors   
The 1-L and 100-L bioreactors used for the AD of DS were compared based on biogas 

yields and biodegradation.  
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1.) Biogas yield  
The specific biogas yields of DS (Stream 2-W70) using the 1-L bioreactors in a batch 

process were between 232 - 286 NL/kg oDM. During the semi-continuous AD process with 

the 100-L bioreactors, a median and maximum specific biogas production of 136 and 399 

NL/kg oDM_fed were observed for the same DS type (R1A).  

A semi-continuous process tends to a steady-state condition during operation while a 

batch process does not (Morin et al., 2021; Vásquez-Bahena et al., 2004). This may be the 

reason for the higher maximum biogas production observed for the semi-continuous AD of 

DS in comparison to the batch process. Also, at steady-state conditions, intermediate 

products resulting from AD phases which come after the slowest among the AD phases 

are sufficiently reduced (Sötemann et al., 2006), and results in an efficient biogas yields. It 

therefore suggests that a semi-continuous operated AD of DS may show a higher 

maximum biogas yields compared to the batch process. 

2.) Biodegradation  
The biodegradation of the batch AD process with the 1-L bioreactors were computed using 

Eq B.11 and B.12 (Appendix B.9). The outcomes of these equations are referred to as the 

biodegradability of the substrates, as the biodegradation results from a fixed amount of 

substrate until the end of the AD process. Those of the semi-continuous process (100-L 

bioreactors) were computed using a different equation (Eq B.13, Appendix B.9), since the 

biodegradations were estimated from the daily substrates fed into the bioreactor. 

Biodegradability in the range of 16 - 26% oDM for DS (Stream 2-W70) from the 1-L 

bioreactors can be interpreted as the percentage of the organic fraction in the DS fed that 

is converted into biogas. The biodegradation in the range of 16 - 64% oDM for the 100-L 

bioreactors informs on the amount of organic in DS (Stream 2-W70) converted into biogas 

by a comparison between the inflow and outflow organics of the bioreactors. Both methods 

of biodegradation computation confirm that a significant amount of organic in DS is 

converted anaerobically into biogas. 

The result showed that batch and semi-continuous processes are both suitable for the 

application of AD of DS. The batch process may show a lower biogas yield compared to 

the semi-continuous process due to steady-state conditions. Both systems also differ in 

other operating parameters such as of pumping and energy input requirements as 

explained in section 3.3.3.4.(1).   
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5.2.4   Key findings on biogas production from deinking sludges  
The following are the key findings of the investigation of AD of DS.  

1.) DS can be used as feedstock to produce biogas. Biogas yield in the range of 4.1 - 12 

NL/kg oDM and 227 - 417 NL//kg FM with biomethane content in the range of 55 - 70% 

Vol. is possible with DS. 

2.) AD of DS can be initiated by common inocula such as those from digesters utilizing 

maize silage or sewage sludge as feedstock. Also, the high calcium carbonate content of 

DS does not pose any inhibitory concern to the AD process.  

3.) Due to the low lignin content in the organic fraction of DS that are generated from high 

wastepaper grades, they have a higher biogas yield than those from low grades of waste 

paper. 

4.) A pre-dewatered DS has a lower specific biogas yield compared to the raw DS which 

suggests that some readily degradable organics in the raw DS are lost during the pre-

dewatering process.  

5.) Adjusting the C/N ratio to 29 - 34 during semi-continuous AD can overcome the low 

nitrogen content in DS and improve biogas efficiency in the rapid production phase. 

6.) Using DS as biogas feedstock in a semi-continuous process requires optimal mixing 

due to the fast settling characteristics of DS. This can help prevent the building of H2S.  

7.) The HRT 19 days which amounts to OLR in the range of 1 - 4 kg oDM/(m3 d) is suitable 

for DS.   
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5.3 Kinetic modelling of biogas yields of deinking sludges 
This section discusses the fittings of five different kinetic models to experimental data of 

the AD of DS (batch test) and the selection of the most suitable model among them.  

5.3.1  Fitting of different kinetic models to experimental data  
The five different kinetic models as described in section 4.8.2.1 were given names of 

Models 1 to 5, for ease of identification. They were fitted separately to the experimental 

data of the AD of DS in the 1-L batch test.  

• Model 1: One step first order kinetics  

• Model 2: Two steps first order kinetics  

• Model 3: Modified Gompertz  

• Model 4: Transfer function 

• Model 5: Logistic function 

The fittings were carried out in two groups for the AD of raw DS and of pre-dewatered DS. 

The fittings for the two groups were further divided into three categories, corresponding to 

the wastepaper grades (W70, W80 and W90/100) of DS (section 4.3). This was done due 

to possible differences in organic types or concentrations that may exist in DS types 

considered.  

5.3.1.1 Fittings for raw deinking sludges  
Figure 5.16 shows the fittings of the five different models (section 4.8.2.1) to the 

experimental data of raw DS (W70). Models 3 and 5 did not predict a similar start as 

suggested by experimental data. The other three models are very much consistent with 

the zero-lag phase as shown by experimental data. Models 1, 2 and 4 fit considerably with 

the rapid phase except models 3 and 5. During the stationary phase, a relatively poor 

fitting was observed for models 3 and 5. The three models that fit considerably for both the 

rapid and stationary phases of the AD of raw DS (W70), were models 1, 2 and 4. Amongst 

these, model 2 shows the best fittings for the AD of DS (W70) by visual observation of 

Figure 5.16.  
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Figure 5.16 Fitting of five different models to the experiment data from AD of Stream 1-W70  in 
a batch test 

 
As shown in Table 5.6, model 1 predicted a single hydrolysis constant (k), while model 2 

predicted two different hydrolysis constants for readily (k1) and less readily (k2) 

biodegradable organics respectively. The coefficient of determination (R2) of model 2 is the 

highest among the models. Model 2 has the lowest RMSE13 as well as the lowest AIC14  

and BIC15. Model 1 has the second-lowest AIC and BIC. The comparison of model 1 

(candidate model) with the best model yielded a ΔAIC16 and ΔBIC17 of 38 respectively.  

According to Fabozzi et al. (2014), as a general rule of thumb, a ΔAIC greater than 10 

indicates that there is essentially no support for the candidate model to be the best model. 

Also, a ΔBIC greater than 10 shows very strong evidence against the candidate model as 

the best model. This suggests that model 2 is the most suitable model for the AD of raw 

DS (W70).   

 

 

 

 
13 RMSE- Root Mean Square Error 
14 AIC - Akaike Information Criterion: a criterion for selecting model from a finite set of models 
15 BIC - Bayesian Information Criterion: a criterion for selecting model from a finite set of models 
16 ΔAIC - The difference in AIC value between the best model and the candidate model being 

compared 
17 ΔBIC - The difference in BIC value between the best model and the candidate model being 

compared 
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Table 5.6 AD model fitting parameters and indicators of raw DS of type W70 

Model Parameters Indicators 

 
hydrolysis 
constant 

Biogas yield  R2 

 

RMSE 

 

AIC 

 

BIC 

 

ΔAIC 

 

ΔBIC 

 

 [day-1] [NL/kgoDM] [-] [-] [-] [-] [-] [-] 

Model 1 0.301a - 0.934 21.0 136 137 38 38 

Model 2 0.667b,  0.117c 217.5d, 125.3e 0.988 8.8 98 99 - - 

Model 3 - - 0.821 34.4 158 159 60 60 

Model 4 - - 0.931 21.3 137 138 39 39 

Model 5 - - 0.338 66.2 187 188 89 89 

a-single hydrolysis constant of one step first order kinetics (k) 
b-hydrolysis constant associated to fast biodragadble organics (k1);  
c-hydrolysis constant associated to slow biodragadble organics (k2) 
d-biogas yield associated to fast biodragadble (Y2); e-biogas yield associated to fast biodragadble (Y2) 

 

A similar result for model 2 has been reported by other authors using other substrates. 

model 1 was reported more suitable than model 2 for the modelling of corn stover (Li et al., 

2016). Also, Yang et al. (2018)  reported an improved fitting by model 2 for the AD of 

elephant grass. The structure of model 2 assumes a heterogeneous mixture of organic 

components with fast and slow hydrolysis fractions. The good fitting of model 2 with 

experimental data informs on a disparity in the characteristics of possible different organic 

types present in raw DS (W70). The organic types include fibres, fines, inks, soaps and 

fatty acids as discussed in section 5.2.1.1. The result of model 2 further establishes that 

the organics in raw DS (W70) can be grouped into two different types which resulted into 

two different hydrolysis constants. Model 1 on the other hand has computed these two 

organic types together. The observation is consistent with that explained in section 5.2.1.4, 

where it was shown that the raw DS contains more readily biodegradable organics than 

the pre-dewatered DS. It therefore further establishes that the fraction of organic matter 

that flows into the liquid phase during pre-dewatering operation is different in properties 

from the fraction that are collected in the solid phase (pre-dewatered DS).  

5.3.1.2 Fittings for pre-dewatered deinking sludges 
The fittings of the five different kinetic models to the experimental AD data from the batch 

test were done separately for the pre-dewatered DS from wastepaper grades W70, W80 

and W90/100.  

 

 



  
 

129 
 

1.) Model fitting for pre-dewatered DS of W70 wastepaper grade  
The fitting was done with three sets [1], [2], [3] of experimental data for pre-dewatered DS 

(W70) varying in terms of sample dates, oDM concentration and S/I18 ratios (Table 5.7).  

From the data used to draw Figure 5.17, the specific biogas yields of models 3 and 5 did 

not begin from zero which is similar to what was observed with the model fitting of the AD 

of pre-dewatered DS (W70). 

Table 5.7 oDM of different pre-dewatered DS and the S/I ratio used for AD mixtures 

Experiment 
data 

Date of collection oDM 
(g/L) 

oDM of DS to inoculum  
in the mixture (S/I) 

[1] 05.11.2013 37.8 0.52 

[2] 02.12.2013 33.8 0.46 

[3] 24.04.2014 41.9 1.70 

 

 
Figure 5.17 Fitting of five different models to three experimental data sets [1], [2], [3] from batch 
AD tests of pre-dewatered DS (W70). Samples differ in terms of date of collection, oDM and the S/I 
ratios used (left:[1]; middle: [2]; right: [3])  

 
18 S/I ratio- ratio of oDM of DS to inoculum 
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Among the five models only the models 1 and 2 show consistently good fittings during the 

rapid and stationary AD phases and have the highest R2 (Appendix K.1). Considering the 

RMSE, BIC and AIC values obtained for sample [1], [2] and [3] in Table 5.8, model 2 can 

be taken as the best model. For sample [3], models 1 and 2 showed similar parameters 

and statistical indicators. It appears that samples [1] and [2] contain more readily 

biodegradable fractions of oDM as compared to sample [3]. 

Table 5.8 AD model fitting parameters and indicators of pre-dewatered DS of type W70 

Model 

Parameters Indicators 

hydrolysis 
constant 

Biogas yield  R2 

 

RMSE 

 

AIC 

 

BIC 

 

ΔAIC 

 

ΔBIC 

 

 [day-1] [NL/kgoDM] [-] [-] [-] [-] [-] [-] 

Stream 2-W70_[1] 

Model 1 0.242a - 0.971 12.6 115 114 4 4 

Model 2 0.295b,  0.086c 230.8d, 37.4e 0.975 11.7 111 110 - - 

Model 3 - - 0.728 38.3 164 163 53 53 

Model 4 - - 0.932 19.2 133 132 22 22 

Model 5 - - 0.178 66.7 188 187 77 77 

Stream 2-W70_[2] 

Model 1  0.321a - 0.978 9.0 100 99 6 6 

Model 2 0.372b,  0.070c 213.6d, 18.3e 0.983 7.9 94 93 - - 

Model 3 - - 0.916 17.6 129 128 35 35 

Model 4 - - 0.768 29.1 151 151 57 58 

Model 5 - - 0.395 47.1 173 172 79 79 

Stream 2-W70_[3] 

Model 1 0.263a - 0.946 20.3 136 135 - - 

Model 2 0.263b,  0.263c 142.3d, 142.3e 0.946 20.3 136 135 - - 

Model 3 - - 0.815 37.5 163 162 27 27 

Model 4 - - 0.926 23.7 142 142 6 7 

Model 5 - - 0.244 75.7 193 193 57 58 

a-single hydrolysis constant of one step first order kinetics (k) 
b-hydrolysis constant associated to fast biodragadble organics (k1);  
c-hydrolysis constant associated to slow biodragadble organics (k2) 
d-biogas yield associated to fast biodragadble organics (Y2); e-biogas yield associated to slow biodragadble 
organics (Y2) 
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This can be inferred from the hydrolysis constants shown by model 2 for the three different 

samples (Table 5.8). Steffen et al. (2017) also reported model 1 to be suitable for pre-

dewatered DS (W70) but did not compare to other kinetic models.  

With the result obtained from the different pre-dewatered DS (W70), it can be concluded 

that models 1 and 2 are well suitable for the modelling of its AD. Considering only model 2, 

the hydrolysis constants (k1, k2) of ([1]: 0.295, 0.086 day-1), ([2]: 0.372, 0.070 day-1) and 

([3]: 0.263, 0.263 day-1) depends on oDM concentration of 3.8 g/L, 33.8 g/L and 41.9 g/L 

respectively (Table 5.8). A relationship between their oDM concentration and their 

respective experimental biogas yield is available in Appendix K.3.  

2.) Model fitting for pre-dewatered DS of W80 and W90/100 wastepaper grades 
The experimental data of the AD of pre-dewatered DS (W80 and W90/100) were also fitted 

with the five different models (section 4.8.2.1). Similar to the previous fittings, models 3 

and 5 did not begin from zero specific biogas yield based on modelling data. Figure 5.18 

shows a considerable deviation of model 5, especially in the rapid phase. The other four 

models show considerably good fittings for both the rapid and stationary phases. Model 2 

has a single hydrolysis constant for the pre-dewatered DS (W80 and W90/100) which is 

equal to that of model 1. This suggests that the organic types in these DS sample types 

are similarly distributed. 

 
Figure 5.18 Fitting of five different models to the experimental data of the AD of pre-dewatered 
DS in a batch test (left: W80  and right: W90/100) 
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As shown in Table 5.9, the model with the lowest AIC and BIC for pre-dewatered DS W80 

and W90/100 is model 3. Model 1 and 2 have the same AIC and BIC values for both DS 

samples. They have the second-lowest AIC and BIC among the models (Table 5.9). 

According to Fabozzi et al. (2014), a ΔAIC of 4  is a less support for the candidate models 

while a ΔAIC of 12 implies there is essentially no support for both candidate models. Also, 

a ΔBIC of implies positive evidence against both candidate models while a ΔBIC of 12 

indicate a very strong evidence against them. This suggests model 3 as the best model for 

the AD of pre-dewatered DS of type W80 and W90/100. 

 

Table 5.9 AD model fitting parameters and indicators of pre-dewatered DS of type W80 and 
W90/100 

Model 

Parameters  Indicators 

hydrolysis 
constant 

Biogas yield  R2 

 

RMSE 

 

AIC 

 

BIC 

 

ΔAIC 

 

ΔBIC 

 

 [day-1] [NL/kgoDM] [-] [-] [-] [-] [-] [-] 

Stream 2-W80 

Model 1 0.394a - 0.978 10.7 108 107 4 4 

Model 2 0.394b,  0.394c 137.4d, 137.4e 0.978 10.7 108 107 4 4 

Model 3 - - 0.981 9.9 104 103 - - 

Model 4 - - 0.916 21.0 137 136 33 33 

Model 5 - - 0.512 50.5 176 175 72 72 

Stream 2-W90/100 

Model 1  0.386a - 0.973 18.6 132 131 12 12 

Model 2 0.386b,  0.386c 208.5d, 208.5e 0.973 18.6 132 131 12 12 

Model 3 - - 0.985 14.1 120 119 - - 

Model 4 - - 0.906 34.9 159 159 39 40 

Model 5 - - 0.498 80.7 196 195 76 76 

a-single hydrolysis constant of one step first order kinetics (k) 
b-hydrolysis constant associated to fast biodragadble organics (k1);  
c-hydrolysis constant associated to slow biodragadble organics (k2) 
d-biogas yield associated to fast biodragadbel (Y2); e-biogas yield associated to fast biodragadbel (Y2) 

 

The suitability of model 3 for kinetic modelling of AD substrates has also been reported for 

other AD substrates among which include, food waste (Pramanik et al., 2019) and food 

waste co-digested with poultry manure (Deepanraj et al., 2016). The result here, therefore, 

suggests that pre-dewatered DS of W80 and W90/100 types may behave similarly to food 

waste during the AD process. 
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It is however notable that the drawback in model 3 although it is statistically the best model 

has a poor prediction of the starting phase of the AD process.  

5.3.2 Further discussions on kinetic models fitted  
Five different kinetic models have been fitted to the experimental data of the AD of 

different DS types. The result obtained shows that model 1(one step first order kinetics), 

model 2 (two steps first order kinetics) and model 3 (modified the Gompertz) are the 

relevant models for the AD of DS. Model 2 has the best fit for raw DS (Stream 1-W70) 

while both models 1 and 2 are suitable for the pre-dewatered DS of type W70. Raw and 

pre-dewatered DS varied in the nature of organic matter. Several authors have reported 

that first order kinetics models are most suitable for AD when hydrolysis is the rate-limiting 

step (Pramanik et al., 2019; Sanders, 2001; Vavilin et al., 2008). Therefore the result 

obtained here for the AD of DS from W70 establishes that the rate-limiting step is 

hydrolysis. The high lignin content of DS from W70 may be the reason for its hydrolysis 

limitation.  Bekiaris et al. (2015) have reported that the hydrolysis of celluloses and 

hemicelluloses are inhibited by lignin. Mussatto et al. (2008) also showed that cellulose 

hydrolysis was optimal when hemicelluloses and lignin were removed. This suggests that 

the bioavailability of the cellulose fraction of DS from W70 wastepaper grades is probably 

limited leading to a slower degradation rate during the AD process. 

The model 3 showed the best fit for the AD of the pre-dewatered DS of the W80 and 

W90/100. These DS are generated from higher grade wastepapers and contains less 

lignin when compared to that of W70 (section 5.2.1.3). The result obtained from model 

fitting suggests that the variation of the microbial cells over time in the AD process as 

described by the Gompertz model is the most appropriate for the pre-dewatered DS of 

W80 and W90/100 types. 

5.3.3 Suitable models for anaerobic digestion of deinking sludges  
In summary, the suitable models for the modelling of DS are model 2 (Two steps first order 

kinetics) and model 3 (Modified Gompertz). The application of the two previously selected 

models for DS is explained in this section.  

1.) Two steps first order kinetics  
The first order kinetics in two steps is the most suitable model for the AD of raw and pre-

dewatered DS of type W70. The mathematical representation of the model as shown in Eq 

4.2 of section 4.8.2.1 is again shown below,   
 
                      Yt =Y1 × [1- exp(-k1t)]   + Y2 × [1 - exp(-k2t) ]                                                     Eq 4.2 
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Where;  

Yt is biogas yield (NL/kg oDM) with respect to time (day) 

Y1 is biogas yield (L/kg oDM) associated with bioconversion of readily biodegradable organics 

Y2 is biogas yield (L/kg oDM) associated with bioconversion of less readily biodegradable organics 

k1 is the hydrolysis rate constant of Y1 (1/day) 

k2 is the hydrolysis rate constant of Y2 (1/day) 

t is time (days) 

 
This model does not require information on the maximum biogas yield of a substrate (Ym). 

The required parameter for the application are shown in Table 5.10.  

 

Table 5.10 Parameters for the kinetic modelling of the AD of pre-dewatered DS (W70) using 
the two steps first order kinetics model 

 

DS type 

Parameters 

Biogas yield associated 
to organic type 

[NL/kg oDM] 

Hydrolysis rate constant 
 

(1/day) 

Readily 
degradable 

organics 

Less readily 
degradable 

organics 

Rate constant 
associated with Y1 

Rate constant 
associated with Y2 

[Y1] [Y2] [k1] [k2] 

Raw DS_W70* 217.5 125.3 0.667 0.117 

Pre-dewatered 
DS_W70 142.3 - 230.8 18.3 - 142.3 0.263 - 0.372 0.070 - 0.263 

Parameters generated from oDM of pre-dewatered DS in the range 38 - 42 g/L 
S/I (oDM of sludge to inoculum) ratios were in the range of 0.46 -1.70  
* applicable for oDM of raw DS_W70 of about 12 g oDM /L  

 
2.) Modified Gompertz 
The modified Gompertz model is suitable for the modelling of the biogas yield of DS. It has 
its best performance with pre-dewatered DS of W80 and W90/100 types. Eq 4.3 as shown 

in section 4.8.2.1 is again presented below,   
 

Yt = Ym × exp �- exp �
Rm× e

Ym
(λ-t)+1��                                        Eq 4.3 
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Where, 

 

The three main parameters needed for modelling DS using the Eq. 4.3 are Ym, Rm and λ. 
The lag phase (λ) can be set to zero as established by AD of DS experimentally. The 
parameters Ym and Rm used for the application of the Gompertz model in section 5.3.1.1 

were obtained from experimental data in this study. However, for the modelling of DS 

without any prior data, the parameters such as Ym and Rm have to be mathematically 

computed using laboratory data and parameters available. The required laboratory data 

are organic dry mater of DS (mg/L) and the elemental anaylsis (carbon, hydrogen, nitogen 

and oxygen). A seven steps process of computing for Ym and Rm of pre-dewatered DS of 

W80 and W90/100 is described in Appendix K.2. 

5.3.4 Key findings on the application of kinetic models of deinking sludges 
The following are the key findings on the modelling of the AD of DS  

1.) Study on the modelling of AD of DS revealed that its biodegradation process can be 

grouped into two steps: The readily and less readily biodegrading steps.  

2.) The two steps first order kinetics (Model 1) and the modified Gompertz (Model 3) were 

the most suitable model for the AD of DS. While the first fit best for the raw and pre-

dewatered DS from ordinary wastepaper grades (W70), the second fits best for pre-

dewatered DS from medium and high wastepaper grades (W80 and W90/100). 

3.) The model fitting results suggests that hydrolysis is rate-limiting for the AD of DS 

generated from ordinary wastepaper grades (W70) while the variation of the microbial cells 

over time describes best the AD process of DS from high wastepaper grades (W80 and 

W90/100).  

 

 

 

 

 

Yt is biogas yield (NL/kg oDM) with respect to time (day) 
Ym is the maximum biogas yield of a substrate (NL/kg oDM) 
Rm is the maximum biogas production rate (NL/kg oDM.day) 
λ is the lag phase time (days) 
e is Euler’s number; 2.7183 
T is time (days) 
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5.4 Solid-Liquid separation of deinking sludges and their digestates 
In this section, comparisons between DS and DS-digestate characteristics were carried 

out. They were compared in terms of dry matter, organic dry matter and calcium carbonate 

content. The differences in their particle size distributions as well as their sedimentation 

and centrifugation charateristics were discussed.  

5.4.1 Characteristics of deinking sludges and their digestates 
The investigated effluents of AD termed “digestate” were received from the three 100-L 

bioreactors (R1A, R1B and R2) (section 4.5.2.1). The DS used as input was the pre-

dewatered DS of the type W70 and the outputs were denoted as DS-digestates. Their 

characteristics are shown in Figure 5.19 and 5.20. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 5.19 DM content of samples collected during the semi-continuous running of the three 
different 100-L bioreactors.  

R1A : bioreactor with a recirculating pump of capacity 170 -1000 L/h 
R1B : bioreactor with a recirculating pump of capacity 100 -3000 L/h with 45o inclined bottom 
R2   : bioreactor with stirrer 
 

          Pre-dewatered DS fed (W70) 
          DS-digestate 
          Layers of R1A's content at the end of operation (S1-S5)   
          Unpumpable R1B's content observed when emptying bioreactor (T1) 
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The different DS-digestates of R1A correspond to the HRTs in the range 15 to 30 days 

used. The R1B and R2 samples have a single DS-digestate resulting from an HRT of 19 

days. The layers S1-S5 observed in R1A (Appendix L.4) resulted due to poor mixing. Such 

layers were not observed in R1B and R2 due to improved mixing. At the end of the AD 

process all content of the R2 could be emptied by pumping. For the R1B, a thick mass of 

3.5 kg which is about 6% of bioreactor’s content was observed at the bottom which was 

not pumpable due to it high dry matter content. The emptying of R1B and R2 was done at 

164 days after the end of AD process. The delay was due to the covid-19 pandemic. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.20 DM composition of the DS and DS-digitates samples collected during the running of 
the three different 100-L bioreactors. 

R1A : bioreactor with a recirculating pump of capacity 170 - 1000 L/h 
R1B : bioreactor with a recirculating pump of capacity 100 - 3000 L/h with 45o inclined bottom 
R2   : bioreactor with stirrer 
 
The characteristics of the different input DS, DS-digestates and layers of R1A’s content 

are available in Appendix L.2. The Appendix L.5 contains the characteristics of the input 

DS and the DS-digestes of R1B and R2 as well as the unpumpable fraction of R1B’s 

content during the emptying phase.  
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1.) Dry matter contents: 100-L bioreactor R1A 
The DM of different DS fed, DS-digestates as well as of the samples S1- S5 at the end of 

the AD process are shown in Figure 5.19. The average DM of DS fed into bioreactor was 

14.8 ± 3.7% FM. It results into DS-digestates having reduced DM in a similar range of 5% 

FM for the first two HRTs (30 and 25 days). The average DM during the subsequent HRT 

investigated before stopping the AD process was in the range of 7 - 8% FM.  

The DM of DS-digestate for the first two HRTs (30 and 25 days) were significantly lower 

than the average DM of input DS. For the subsequent HRTs, the DS-digestate resulted in 

a less DM reduction of DM. It can be explained by settling of solids within the bioreactor 

due to insufficient mixing. This resulted in different digestates (S1 - S5) by sedimentation 

of solids in R1A collected after opening of the bioreactor at the end of the experiment. The 

five different settled layers (S1 - S5) had varying DM content between 2 - 29% FM. S4 was 

the main layer with the largest quantity. A sketch of the layers S1 to S5 can be seen in 

Appendix L.4.  

2.) Dry matter contents:  100-L bioreactors R1B and R2 
These bioreactors resulted in DS-digestates with an average DM of 6% FM and 7% FM 

respectively. The input DS had an average DM of 11.1 ± 1.4% FM in both cases (Figure 

5.19). The substantial reduction of DM can be assigned to the dilution caused by inoculum 

(4.7 ± 2.8% FM) and the DM consumption for the production of biogas. Bioreactors were 

operated for a shorter period (68 days) when compared to experiment with R1A (384 

days). However, their improved mixing condition resulted in DS-digestate with DM which is 

expected to be consistent even for a longer run of the bioreactors. While the R1A resulted 

in the settling of solids due to poor mixing, the R1B and R2 reactors produced consistently 

low DM with less variation when compared to that of R1A. 

The DS T1 which was about 6% of R1B’s content was not pumpable and had a DM of 

35% FM. During the long period of waiting before emptying of bioreactors, mixing was 

done irregularly. It appears that during this period some solids could have settled and stick 

to the bottom of the bioreactors. One can infer that the mixing capacity of R1B was not 

sufficient for the mixing of the high DM solid sticked to the bottom of bioreactor. On the 

other hand the stirrer of R2 had efficient mixing capacity which resulted into an improved 

mixing in the aforementioned condition.  
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3.) Organic dry matter contents: 100-L bioreactors R1A, R1B and R2  
The organic dry matter content (oDM) of input DS and DS-digestates of the three 100-L 

bioreactors as well as that of settled samples (S1 - S5: R1A only) and unpumpable sample 

(T1: R1B only) are shown in Figure 5.20. The oDM of the input DS for the three 

bioreactors were in the range of 29 - 37% DM (Appendix L.2 and L.5). The DS-digestates 

for the different HRT had average values below the range of 26 to 30% DM. The samples 

S1 - S5 are in the range of 25 to 35% DM. The floating sample (S1) has the higest oDM 

among them. This informs that a considerable amount of oDM was converted to biogas. 

The result further informs that input inoculum does not strongly impact the characteristics 

of DS-digestate.  

4.) Ash and calcium carbonate content: 100-L bioreactors R1A, R1B and R2 
The CaCO3 content of DS used as input substrate during the period of investigation 

ranged from 44 to 52% DM. As seen in Figure 5.20, a substantial amount of ash and 

CaCO3 content is present in the different digestates of DS. Considering all HRT phases of 

the three different 100-L bioreactors, the ash contents in the range of 70 to 74% DM were 

observed. The CaCO3 contents were in the range of 46 - 53% DM. The ash and the 

CaCO3 content are not affected by AD. This implies that the majority flowed into the 

digestate and probably just a few fractions settled at the bottom of the bioreactor. 

5.) pH- values: 100-L bioreactors R1A, R1B and R2 
The pH values of the DS-digestates from the three 100-L bioreactors were in the alkaline 

range between 7.0 and 7.7 except during the process limitation phase in R1A where a 

range of 6.2 - 6.8 was observed (Figure 5.13). The average pH values of the DS-

digestates from R1B were 7.3 and for R2 7.4 (Figures 5.14 to 5.15).  

The pH of a DS could influence its solid-liquid separation as it contains a high amount of 

calcium carbonate whose precipitation is pH-dependent (Hart et al., 2012; Koutsoukos & 

Kontoyannis, 1984). Hart et al. (2012) showed that calcium carbonate solubility increases 

substantially when the pH drops from 8.5 to 7.5 for cooling water used in pulp mills. 

Therefore adjustment of the pH of DS-digestate to a pH of about 8.5 may improve its 

settling characteristics.   

The comparison of the characteristics of DS-digestates with their input DS showed that the 

DM in DS is be reduced by bioconversion into biogas. Both the input DS and the DS-

digestate contain high amount of calcium carbonate. The characteristics of the input DS 

and DS-digestate obtained are key data that can be used for the planning of treatment 

systems for DS.  
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5.4.2 Particle size analysis of deinking sludges and digestate 
This section discusses and compares the result obtained for the particle size distribution of 

raw and pre-dewatered DS as well as from the DS-digestate generated from pre-

dewatered DS. 

1.) Particle size of deinking sludges: W70 and W90/100 wastepaper grades 
The particle size analysis of two different DS types (wastepaper grades, W70 and 

W90/100) and their respective raw and pre-dewatered streams have been investigated 

according to the method described in section 4.6.2. The different samples used are shown 

in Appendix E.1. Figure 5.21 shows the particle size distribution using selected mesh sizes 

for the sieve analysis.  

 

 

 

 

 

 

 

 

 

 

Figure 5.21 Particle size analysis of different DS samples differentiated by wastepaper grade 
and by dewatering stage 

For both the raw and pre-dewatered DS, the cumulative mass of particles below 100 µm 

were the highest, but varied between the DS types. The raw DS had more particles <100 

µm in comparison with the pre-dewatered DS for both the W70 and the W90/100 

wastepaper grades. The pre-dewatering step reduced smaller particles in raw DS probably 

due to their flow into the liquid phase. 

The particle sizes of the two different raw DS types had differences. The pre-dewatered 

DS, W90/100 showed fewer particles ≥ 1mm and more particles in the range of 100 and 

300 µm when compared with W70.  

 

0
10
20
30
40
50
60
70
80
90

100

W70 W90/100 W70 W90/100

C
um

m
ul

at
iv

e 
m

as
s 

[%
]

Deinking sludge types

D < 100µm
100µm ≤ D < 300µm
D ≥ 1mm

Pre-dewatered DS 
 

Raw DS  
 

D= Particle size 
 



  
 

141 
 

This could result either from smaller fibre fines or the higher calcium carbonate content of 

W90/100 when compared to W70 (section 5.1.2). By optical observation (eye) the particles 

≥ 1mm appeared fibrous. These fibrous materials especially the light and larger ones are 

reported to have low settling velocities (Feist et al., 2007) and may impact the 

sedimentation characteristics of DS. Smaller organic particles are easily biodegradable 

compared to bigger ones due to their larger surface area to volume ratio. This informs that,  

provided that the smaller particles contained in the pre-watered DS of W90/100 type are 

organic, it has the tendency of a faster bioconversion into biogas when compared to the 

pre-dewatered DS of W70 type. This is consistent with the result of the biogas production 

as reported in section 5.2.1.3. Also, the higher fibrous particles present in the pre-

dewatered DS W70 type imply a poor settling for the sludge during sedimentation.  

2.) Comparison of particle sizes between a deinking sludge and its digestate 
The AD of DS involves the breaking down of organic particles, hence a comparison of the 

particle size distribution between pre-dewatered DS and the resulting digestate was 

carried out. The digestate was collected from a 10-L bioreactor which was operated semi-

continously with pre-dewatered DS from the W70 type as input (Appendix C.6).  

Figure 5.22 shows the particle sie distribution for a wider range of mesh sizes. According 

to the Figure 5.22, the majority (93%) of the particles in pre-dewatered DS < 63 µm. The 

four groups of larger particles in pre-dewatered DS reduced differently in the range of 52 - 

96% due to AD treatment. The particle sizes between 63 and 100 µm showed the highest 

reduction of 96%. The particles size > 100 µm had a lower degradation. This informs that 

during the AD process, the breakdown of smaller organic particles is faster when 

compared to the bigger ones.  

The majority of the particles in DS-digestate were smaller than those in pre-dewatered DS 

and this may impact the settling property positively. It is because fibrous particles which 

belong to the category of larger particles and are known to impair settling have been 

reduced significantly. The calcium carbonate may possiblly belong to the categories of 

particle size < 63 µm.  

 

 

 

 

 

 

 



  
 

142 
 

     
 
 
 
 
 
 
 
 
 
 
    
 
Figure 5.22 Comparison of the particle size distribution of pre-dewatered DS (Stream 2-W70) 
and digestate (see samples in Appendix E.1) 

 
 
5.4.3 Sedimentation of deinking sludges and its digestates 
The sedimentation characteristics of different DS types were investigated as described in 

section 4.6.3 using imhoff cones. The DS samples investigated are characterised in 

Appendix E.1. Figure 5.23 shows the distinct layers observed during the settling status of 

untreated pre-dewatered DS and DS-digestate upto 48 h. The three distinct layers 

observed for the pre-dewatered DS from top to bottom were a layer stained with dark foam 

and floating solids, a clear layer without foam and a settled sludge layer. For the DS-

digestate only a clear layer and settled sludge layer was observed.  
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Figure 5.23 Settling of untreated pre-dewatered deinking sludge and digestate of deinking 
sludge by sedimentation (W70) 

 
1.) Raw DS  
The raw DS types of W70, W80 and W90/100 are characterized in Figure 5.24. It can be 

observed that all DS types showed a considerable amount of the settled fraction after a 

period of 24 h. The W70 and W80 samples had settled sludge in the range of 250 - 310 

mL, which was lower than that of W90/100. This might be caused by different particle sizes 

in the DS types (Figure 5.23). Sludges with denser particles or non-fibrous materials may 

tend to settle better than less dense and fibrous ones. However, the particle size 

distribution of raw DS (section 5.4.2) does not suggest a huge difference between the 

types.  

2.) Pre-dewatered DS   
In Figure 5.24 it can be observed that pre-dewatered DS settled poorer than the raw DS. 

This can be explained to be due to the higher amount of small and denser denser particles 

probably in the raw DS which were probably removed during pre-dewatering compared to 

the larger and less dense particles in the pre-dewatered DS. Pre-dewatered DS from W70 

and W80 showed a poor settling property compared to the W90/100 DS.  
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The better settling of pre-dewatered W90/100 may be due to the type of chemicals used 

during deinking or its higher calcium carbonate as compared to the Stream 2-W70 and 

Stream 2-W80 (section 5.1.4). Calcium carbonate has low solubility in water (Caciagli & 

Manning, 2003; Coto et al., 2012) and may result in good settling characteristics. The 

volume of raw DS can be substantially reduced by sedimentation. It is however still 

important to further reduce sludge volume by the use of a mechanical treatment option. 

 

Figure 5.24 Sedimentation behaviour after 24 h in Imhoff cones of different DS samples 
differentiated by wastepaper grade and by dewatering stage (see samples in Appendix E.1) 

 
3.) Deinking sludge and its digestate 
The determination of settling characteristics with time were investigated for a pre-

dewatered DS (W70) and DS-digestate as described in section 4.6.3. The results are 

shown in Figure 5.25. To exclude differences in the settling behaviour of DS resulting from 

varying DM, the DM of pre-dewatered DS (Stream 2-W70) was adjusted by the addition of 

water (Appendix E.2). The settling characteristics is shown in Figure 5.25. A faster settling 

rate can be observed for the digestates within the first 6 h. The widest difference in settling 

between pre-dewatered DS and DS-digestate occurred at 2 h. This difference in settling 

may be due to the reduction of poor settling fibrous materials during the AD process by 

biodegradation.  
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Figure 5.25 Comparison of the settling of pre-dewatered DS and DS-digestate by 
sedimentation. The DM content of DS was adjusted to attain the same DM content as the DS-
digestate 

 
4.) Properties of phases of digestate after sedimentation 
The characteristics of pre-dewaterd DS poured into the Imhoff cone and the suspended 

and settled phases after sedimentation were analysed and the result is presented in Table 

5.11. The characteristics presented are pH, DM, oDM, total organic carbon (TOC) and 

total nitrogen (TN).  

The two phases had the same pH value in the basic range unlike the pre-dewatered DS 

having an average value of 7.8. The DM is concentrated in the settled phase, thereby 

having a 30-fold higher DM content than the suspended phase.The difference in oDM is 

not huge and informs that the suspended phase contains a substantial amount of poor 

settling. Interesting are the TOC and the TN contents of the suspended phase. According 

to the German ordinance on requirements for the discharge of wastewater into water 

bodies, a certain condition must be met. For institutions generating wastewater, where the 

TOC in raw samples is not up to 16000 mg/L, an annual average discharge of up to 100 

mg/L of TOC is allowed provided the average elimination rate of TOC is at least 90% 

(AbwV, 2020).  

The pre-dewatered DS has a total carbon (TC) between 4668 and 13321 mg/L, resulting in 

a TOC below 16000 mg/L. However, the suspended phase after centrifugation has a TOC 

of over 100 mg/L, indicating non-compliance with discharge standards. Further TOC 

reduction is therefore required by treatments such as centrifugation or aerobic treatment. 
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Also, the annual average discharge of TN of up to 40 mg/L is allowed provided the annual 

average elimination rate is at least 70% (AbwV, 2020). The TN of the suspended phase is 

above this value informing that it also does not meet the discharge requirement. 

Table 5.11 The characteristics of the suspended and settled phases of the digestate after 
sedimentation test in the Imhoff cone 

Parameter Unit Input DS DS-digestate 

Suspended phase 

(after Sedimentation) 

Settled phase 

(after Sedimentation) 

pH - 7.8 8 ± 0.1 8 ± 0.1 

DM % FM 14 0.5 ± 0.08 15 ± 1.3 

oDM % DM 28.9 20 ± 1.2 25 ± 1.4 

TOC mg/L ND 277 ± 82.7 ND 

TN mg/L ND 65 ± 22.0 ND 

Results from 3 samples of DS-digestate taken from a 10-L  semi-continuously operated bioreactor with pre-
dewatered DS of type W70 as feed (sampling date:  11.03.2015 ) 

ND: Not determined 

 

It can be concluded that after AD of DS followed by sedimentation of the digestate, the 

resulting suspended phase does not meet the discharge requirement into water bodies. It 

requires further treatment steps for TOC and TN removal before discharge. 

 

5.4.4 Centrifugation of deinking sludge and its digestate 
The centrifugation characteristics of pre-dewatered DS of type W70 (Stream2-W70) and 

DS-digestates from one of the 100-L bioreactors (R1A) were investigated as described in 

section 4.6.4. Figure 5.26 shows the fresh masses as well as the DM contents of three 

different samples before and after centrifugation. The DM of the DS sample (Stream2-

W70)  was 13.0% FM which is similar in DM to the DS-digestate 1 that was sampled from 

the first period of the second feeding phase of the bioreactor R1A (Appendix L.2). The DS-

digestate 2 is a settled phase of DS-digestate with an original DM of 18.2% FM which was 

diluted to a DM of 13.1% FM with water. To ensure centrifugation results were unaffected 

by differences in DM, all three samples were diluted to achieve similar DM. Figure 5.26 

illustrates that the resulting cakes from centrifugation of DS digestates 1 and 2 exhibited 

slightly higher DM than Stream 2-W70. 
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Figure 5.26 Mass separation and DM of centrifuge cake obtained by subjecting a pre-
dewatered DS (Stream 2-W70) and three different digestate samples from 100-L to centrifugation  

The result informs that AD of DS such as the Stream 2-W70 can result in a mild 

improvement in the dewatering characteristics during centrifugation. When the DM of the 

cake from DS-digestate 2 is compared with that of DS (Stream 2-W70), an improvement of 

up to 3% increase in DM is observable due to treatment by AD.  

Table 5.12 shows relevant parameters of the centrate from three different DS-digestates 

after centrifugation. A low DM of the different centrates between 0.4 - 0.5% FM was 

obtained. A considerable amount of oDM is still present in the centrate. The oDM is in the 

digestate range of 22.8 - 31.6% DM. The oDM content in the centrate was still high and 

may pose a disposal challenge. The CaCO3 contents between 52.2 - 66.4% DM were 

large and have a potential for further utilization. Since the centrate is free from fibrous 

material, the CaCO3 can be precipitated to produce calcium carbonate (Krigstin & Sain, 

2006). 
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Table 5.12 The characteristics of the centrate of the digestate after centrifugation W70 

Parameter Unit Centrate after centrifugation 

Digestate 1 Digestate 2 Digestate 3 

DM % FM 0.5 0.4 0.5 

oDM % DM 22.8 36.7 31.6 

CaCO3 % DM 66.4 67.0 52.2 

 

5.4.5 Key findings on importance of solid-liquid separation on valorization 
The following are the key findings in the investigation of the solid-liquid separation of DS 

and DS-digestate as it influences their valorization. 

1.)  DS-digestates from DS Stream 2-W70 has an average DM in the range of 5.2 - 7.5% 

FM and contains average residual organics in the range of 25 - 30% DM. The largest 

fraction is calcium carbonate in averages in the range of 46 - 51% DM. 

2.) Particle sizes in DS Stream 2-W70 were reduced significantly due to AD treatment.  

93% of particles in DS-digestate are less than 63 µm. The poor settling fibrous particles in 

DS are thought to be reduced in the AD process thereby improving the dewaterability of 

DS-digestate.  

3.) Due to reduced fibrous particles in DS-digestate from DS Stream 2-W70 it settled about 

30% faster than pre-dewatered DS for a 2 h settling time.  

4.) Particles in the DS-digestate from DS Stream 2-W70 can be separated by 

sedimentation and centrifugation. The suspended phase after sedimentation and the 

centrate after centrifugation still contain pollutants. They therefore require further treatment 

before discharge into the water bodies.   
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5.5 Deinking sludges and digestate ashes as supplementary building 
material  
The suitability of ashes from DS and DS-digestate as supplementary building material was 

investigated by analysing their characteristics and their influence on wet mortar and motar 

prisms. The ashes from a pre-dewatered DS of type W70 and a DS-digestate from 100-L 

bioreactor (R1A) were prepared as described in section 4.7.1. 

5.5.1 Characteristics of ashes from deinking sludges and its digestates  
The particle size distribution, chemical composition and phases were the characteristics of 

DS and DS-digestate ash determined and discussed.  

5.5.1.1 Particle size distribution 
The particle size distributions of DS and DS-digestate ashes were determined using a 

laser diffraction technique (section 4.7.4). Table 5.13 shows their particle size distributions 

and the curve can be found in Appendix M.1. The D10, D50 and D90 are the sizes for 

which the percentage by mass of ash particles in ash with sizes less than them are equal 

to 10, 50 and 90% respectively. Differences in particle size distribution can be observed for 

the two ashes. The D10, D50 and D90 of DS-digestate ash were less than that of DS ash. 

It suggests that the DS-digestate ash has smaller particles when compared to DS ash. A 

large standard deviation can be observed for the D90 of the DS ash which might be due to 

sampling.  

Table 5.13 Particle size distribution of DS ash and DS-digestate ash19 

Ash Number of 
Samples 

Particle size distribution [µm] 

D10 D50 D90 

DS ash 5 1.33 ± 0.07 25.10 ± 3.12 295 ± 68.30 

DS-digestate ash 3 0.92 ± 0.01 10.43 ± 0.21 222 ± 4.60 

 

Conversely, since anaerobic bioactivity is not likely to affect the particle size of calcium 

carbonate, the main component of both ashes, variations in particle size distribution might 

come from distinct characteristics of the DS input substrate. The result however shows 

that both the DS and DS-digestate ashes have significant amount of fine particles. In 

comparison with the particle size distribution of portland cement is as follows: D10: 2.00 

µm; D50: 7.90 µm; D90: 19.90 µm (section 3.4.3). D10 of DS and DS-digestate ash are 

finer but their D50 and D90 are not. Compared to fly ash from coal combustion (D10: 4.62 

µm; D50: 27.96 µm; D90: 75.39 µm), already used in cement clinker (section 3.4.3), the 

D10 and D50 of DS and DS-digestate ash consist of finer particles. 

 
19 Analysis by Institute of Advanced Ceramics at TUHH 
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The result suggests that the particle sizes of DS and DS-digestate ash can be grouped as 

fine with reference to portand cement and fly ash. Bizley (2022) reported that a large 

portion of a cement plant's electrical demand is accounted for by the grinding process.  

Genç (2016) also reported that the typical specific energy consumed for grinding cement is 

30 kWh/Mg. Since the DS and DS-digestate ashes are relatively fine based on cement and 

fly ash particles, they may not require the energy intensive grinding steps if proven to be 

suitable as a supplementary building material. However, their particle size can further be 

milled to achieve more finer particle size thereby improving their property for application.  

5.5.1.2 Chemical composition  
The chemical composition of DS and DS-digestate ashes which comprises calcium and 

other elements were investigated according to Schmidt-Döhl (2013) as shown in section 

4.7.4. X-ray fluorescence analyses were carried out. On Table 5.14, the results were 

presented alongside with that of portland cement and fly ash. The first was taken as 

reference since it is a common cement type globally applied (Helmuth et al., 2000; Hotza & 

Maia, 2015). Due to the high CO2 release during the production of portland cement clinker 

(Prakasan et al., 2020), it is notable that the proportion of portland cement has been 

declining for a long time. Also presented on Table 5.14 for discussion is the chemical 

composition of coal fly ash. Fly ashes from coal combustion plants are pozzolanic20 

materials containing siliceous or calcareous components and are already being used as 

supplementary building materials (Favier et al., 2018; Thomas, 2007). The images of the 

spectra which denote the elements present in the DS and DS-digestate ashes are 

available in Appendix M.2 and M.3.  

In DS and DS-digestate ashes, Ca can be identified as the main element. Si and Al are 

also present. The difference between the DS ash and DS-digestate may be due to 

different sampling days in the treatment facility. An important non-heavy metal present is 

inorganic carbon since calcium is available in the form of CaCO3 in DS and DS- digestate 

ash samples. They also showed high Na content which may result from the sodium 

hydroxide and other Na related chemicals used as deinking chemicals during deinking 

operation (section 2.3.3.1).  

However, the Na content of 8.1% DM in DS-digestate ash appears too high and 

questionable. Other non-heavy metals such as Mg, P, S, K and Sr can be identified in DS 

and DS-digestate ashes in smaller proportions.  

 

 
20 Pozzolanic material are materials without cementitious property but they react with calcium hydroxide and 
water at room temperature  
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Heavy metals such as Ti, Cr, Mn, Fe, Ni, Cu and Zn can also be identified. Cr, Ni and Cu 

are heavy metals of health concern. Cr can cause contact allergies and occupational 

disease in construction (Hansen et al., 2003; Hedberg et al., 2014). Ni is reported 

carcinogenic and high copper exposure has been connected to Wilson disease in human 

causing cellular damage (Tchounwou et al., 2012). The elements in own DS and DS-

digestate ash samples can be compared with that of other authors who investigated DS 

ash samples (Frias et al.; Pera & Amrouz, 1998). Their results are available in Appendix 

M.4. Ca in own sample is about 2-folds of the highest reported. The Si and Al content can 

be regarded to be in a similar range. Inorganic carbon content was not reported by the 

authors. Na content in own sample is sufficiently higher than theirs. In converse to own 

sample Cr, Mn, Ni, Cu and Zn were not reported to be present in their samples.  

Table 5.14 Composition of elements (% mass) present in DS ash, DS-digestate ash, portland 
cement and coal fly ash 

Element DS ash DS-digestate ash Portland cementa  Coal fly ashb  

 [% DM] [% DM] [% DM] [% DM] 
Main elements 

Ca 33.14 30.10 45.46 – 47.34 1.87 – 3.43 

O 47.14 45.58 35.55 – 37.01 49.70 – 53.56 

Si 3.19 3.69 8.34 – 10.00 23.51 – 25.24 

Al 2.20 1.07 2.00 – 2.84 12.28 – 13.81 

Other elements (non- heavy metals) 

C 9.92 9.01 0.00 0.00 

Na 2.89 8.12* 0.08 – 0.55 0.02 – 0.40 

Mg 0.69 1.18 0.55 – 1.10 0.38 – 1.09 

P 0.00 0.01 0.05 – 0.07 0,08 - 0,37 

S 0.09 0.21 0.80 – 1.54 0.20 – 1.91 

K 0.14 0.21 0.12 – 0,37 0.00 – 0.66 

Sr 0.07 0.06 0.00 – 0.13 0.00 

Other elements (heavy metals) 

Ti 0.13 0.14 0.14 – 0.34 0.53 – 0.78 

Cr 0.01 0.04 0.00 – 0.01 0.00 – 0.02 

Mn 0.02 0.02 0.03 – 0.10 0.00 – 0.03 

Fe 0.31 0.49 2.10 – 3.08 3.15 – 7.41 

Ni 0.02 0.01 0.00 – 0.01 0.00  

Cu 0.04 0.04 0.00 – 0.01 0.00 

Zn 0.02 0.02 0.00 – 0.04 0.00 

Total 100 100   
a- Computed from Ahmed et al., 2018; Serpell & Zunino, 2017 and Elakneswaran et al., 2019 
b- Computed from Song et al., 2015; Nordin et al., 2016 and Gilbert et al., 2019 
*too high content  that is unexplainable  
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In comparism with portland cement and coal fly ash as shown in Table 5.14, the Ca 

content of DS and DS-digestate ashes are less than that in portland cement but higher 

than that in coal fly ash. The Ca content in coal fly ash is not the main element when 

compared with DS and DS-digestate ashes and portland cement. Si and Al in coal fly ash 

are significantly higher than that in portland cement and in DS and DS-digestate ashes. 

Inorganic carbon was not reported for portland cement and coal fly ash as obtainable in 

own DS and DS-digestate samples. A higher sodium content in comparism to portland 

cement and coal fly ash is observable for DS and DS-digestate samples. It is notable that 

the heavy metal concentrations in DS and DS-digestate ash are not in concentration of 

concern when compared to those in portland cement and coal fly ash.  

The chemical composition in DS and DS-digestate ash showed substantial similarities in 

element content with portland cement. Also, they do not contain heavy metals in the 

health-concerning concentration. It therefore concludes that based on their chemical 

composition, they may be used as a component for the raw material of a cement work.  

5.5.1.3 Phases 
Analysis were carried out to determine the phases present in DS ash and DS-digestate 

ash as described in section 4.7.4.2. The two tests methods applied on phases 

determination are Fourier Transform Infrared (FT-IR) spectroscopy and X-ray diffraction 

(XRD) analysis. The FT-IR spectra are shown in Appendix M.5 and M.6 while the XRD 

results are shown in Appendix M.7 and M.8. The different peaks identified in the FT-IR 

spectra show that carbonate is present in DS and DS-digestate ashes, which is most likely 

CaCO3. The analysis results of the spectra based on peaks at different wavenumbers are 

shown in Table 5.15. Six peaks in the ashes correspond to calcite while four correspond to 

silicate. 

The XRD results further confirm the identifiable components in the main phase of the 

ashes. The diffractogram establishes that calcite can be identified as the main phase of 

both ashes. A certain amount of quartz can be identified with uncertainites. Also included 

is a phase responsible for the peak at about 9.2 degrees (Appendix M.7 and M.8), which 

could be ettringite, thaumasite or a calcium silicate hydrate phase (riversideite). The result 

showing calcite as the main phase in the ashes suggests that the ashes can play a 

supplementary role to improve cement hydration as explained in section 3.4.3.  
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Table 5.15 FT-IR analysis results of DS and DS-digestate ash 

Peaks (cm-1) Assigned 
stretching/ bond Mineral type Reference 

DS-ash DS-digestate ash 

2515 2514 v1 + v3 Calcite 1 

1796 1796 v1 + v4 Calcite 1 

1416 1412 v3 Calcite 1 

1011 1015 Si-O Silicate 2 

874 873 v2 Calcite 1 

848 848 v2 Calcite 1 

700 700 - Calcite & Silicate - 

669 669 Si-O-Si Silicate 2 

465 465 O-Si-O Silicate 2 

v1, v2, v3, and v4 are the four intramolecular vibration peaks of CO3
2-. v1 = symmetrical stretching, v2= bending 

beyond the plane, v3 = symmetrical stretching and v4= bending in the plane (Stanienda-Pilecki, 2019; Zhuravlev & 
Atuchin, 2021) 

Si-O, Si-O-Si & O-Si-O are typical bonds found in silicates minerals such as Talc, Lizardite, Sarponite and 
Montmorillonite (Hofmeister & Bowey, 2006) 
1 - Stanienda-Pilecki, 2019, 2 - Hofmeister & Bowey, 2006 

 

Conclusively, the DS and DS-digestate ashes contain chemicals and minerals which can 

make them suitable as a supplementary building material, especially their high calcite 

concent.  

5.5.2 Influences of ashes on mortar  
The influence of ashes from DS and DS-digestate on mortar was investigated through 

mechanical properties such as flow value, density, flexural and compressive strength. Flow 

values were tested using fresh mortars while densities, flexural and compressive strengths 

were tested using cured mortar prism. The steps as recommended by DIN EN 196-1 for 

determining cement strength were adhered to for the flexural and compressive strength 

test.  

5.5.2.1 Flow value   
The flow values of prepared mortars (cement, sand and water mixure without and with 

ash) were determined. Information on the preparation of mortars is available in section 

4.7.2 and Appendix F.2. The flow value gives information on the fluidity of a building 

material regarding its consistency and the cohesiveness of particles.  
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The method of flow value determination can be seen in 4.7.4.3. The different mortars 

prepared were put into three groups. They are mortars with no addition of ash (reference 

mortars), mortars with different fractions of cement substituted by DS ash (mortars with DS 

ash) and mortars with different fractions of cement substituted by DS-digestate ash 

(mortars with DS-digestate ash). The reference mortars of 0, 5, 15, 25 and 35% reduction 

of cement in mortar as shown in Figure 5.27 correspond to water to cement ratio (w/c 

ratio) of 0.6, 0.63, 0.70, 0.80 and 0.92 respectively. The w/c ratios in the reference mortars 

were made to correspond to that of their respective mortars in which cement fractions 

were substituted by either DS or DS-digestate ash (Appendix F.2). The mass of sand was 

kept constant. 

As shown in Figure 5.27(a), the flow values of the reference mortars have only slight 

changes for mortars in the range of 0 to 35% reduction of cement fraction. On the other 

hand, the flow values of mortars with the substitution of cement by DS or DS-digestate ash 

in the range of 0 to 35% showed a distinct continuous reduction trend Figure 5.27(b).  

 

Figure 5.27 Flow value of different mortar mixtures at different cement reduction and 
substitution. The reference mortar did not contain ash  

 
This informed that DS and DS-digestate ash have properties that could impair flow value 

when applied for building construction such as masonry. According to the SEM 

observation carried out by García et al. (2008) and Segui et al. (2012), they reported a 

distinct high porosity of wastepaper sludge ash caused by the fibre content of the sludge. 

The wastepaper sludge though is different in property than DS.  
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They share a similarity in the sense that they both contain paper fibres and similar CaCO3 

types used as fillers for paper making. The reported porosity observed for wastepaper 

sludge ash may also be the case for DS and DS-digestate ashes which led to the 

observed reduction of flow value when used in mortar. The ability of a mortar to spread or 

flow during construction work is often essential for construction work. For this reason, 

when applying DS and DS-digestate ash as a building material, it should be expected that 

they impair flow. If proven that they contribute to strength in construction then a 

compromise must be reached between the negative influence on the flow value of their 

mortar and possible increase with respect to the contribution of mechanical strength.  

5.5.2.2 Density 
The densities of mortar prisms after a curing period of 28 days were determined as 

described in section 4.7.4.4. The mortar prisms were also grouped in similar categories as 

described for mortars in section 5.5.2.1. The results of the densities obtained for the 

different mortar prisms are shown in Figure 5.28. The average density of reference mortar 

prisms ranged from 2256 to 2295 kg/m3. With a 5% substitution of cement by DS and DS-

digestate ash, the density of mortar prisms reduced by 0.4 and 1.0% respectively.  

 

 

Figure 5.28 Densities of different mortar prisms at different cement substitutions. The reference 
mortar prism did not contain ash and the cement substitution fraction was removed. 
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A continuous decreasing trend in the density of mortar prisms can be observed until the 

35% cement substitution, which showed 1.8 and 2.2% density reduction due to DS ash 

and DS-digestate ash respectively. The result obtained shows that DS ash or DS-digestate 

ash are less dense than portland cement.  

 
5.5.2.3 Flexural strength 
The flexural strengths of the different mortar prisms were analysed as described in section 

4.7.4.5. The mortar prisms are in the same three groups as in section 5.5.2.1. Figure 5.29 

show the results obtained for the reference mortar prism and the other prisms with the 

addition of either DS or DS-digestate ash. The flexural strength of reference samples 

dropped continuously from an average value of 7.0 to 3.8 N/mm2 due to cement reduction 

(Figure 5.29a).  

  
Figure 5.29 Flexural strength of different mortar prisms at different cement substitution. The 
reference mortar prism did not contain ash but the cement substitution fraction was removed. 

 
With a 5% substitution of cement mass fraction, the flexural strength of the mortar prism 

was reduced by 10% for both DS and DS-digestate ash respectively. The flexural strength 

of the mortar prism was further reduced by a 15% substitution of cement mass fraction 

(Figure 5.29b).  
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This amounts to a flexural strength reduction of 15.3% for DS ash and 5.3% for DS-

digestate ash. The trend of flexural strength changed when 25 and 35% of ash were used 

to substitute cement. . An increase in regard to mortar without ash in flexural strength of 

7.1 and 21.9% for DS ash and 13.5 and 38.7% for DS-digestate were observed 

respectively. 

This result obtained suggests that DS and DS-digestate ash must exceed a minimum 

fraction in mortar mixture before their effect regarding flexural strength can be seen in 

mortar prism. It establishes that DS and DS-digestate ash can contribute to flexural 

strength. The positve effect  increases with an increase in the quantity used in the mixture.  

5.5.2.4 Compressive strength 
The compressive strengths of the different mortar prisms were analysed as described in 

section 4.7.4.5. The mortar prisms are in the same three groups as in section 5.5.2.1. 

Figure 5.30 shows the result obtained for the reference mortar prism and the other prisms 

with the addition of either DS or DS-digestate ash. All the mortar prisms analysed fall in 

the mortar class of M15 (minimum compressive strength of 15 N/mm2) according to the 

DIN EN 998-2. The initial compressive strength of the reference mortar prism with 0% 

cement reduction (w/c ratio of 0.6) is 40.9 N/mm2.  

The reduction of cement fraction from 5 to 35% resulted in a compressive strength drop in 

the reference mortar prisms (Figure 5.30a). They reduced sharply in the order 4.8, 26.8, 

47.3 and 61.8% respectively when compared to the prism with no reduction. A reduction in 

compressive strength can also be observed for the mortar prisms with cement fraction 

substituted either with DS ash or DS-digestate ash at a moderate rate (Figure 5.30b). With 

cement substituted by DS ash the reduction in compressive strength are 4.4, 17.9, 27.7 

and 38.3% for cement substitution of 5, 15, 25 and 35% respectively. Also with DS-

digestate ash mortar prisms resulted in a compressive strength reduction of 3.0, 14.7, 22.0 

and 27.8% respectively. A reduction in compressive strength in reference mortar prism 

due to cement reduction can be observed. This reduction due to cement fraction reduction 

(increase in w/c ratio) is consistent with other authors (Chan et al., 2018; Salem & Pandey, 

2017). 
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Figure 5.30 Compressive strength of different mortar prisms at different cement substitution. 
The reference mortar prism did not contain ash but the cement substitution fraction was removed 

 

Samples with DS and DS-digestate ashes also lost some amount of compressive strength 

when compared with the sample A. It is observable that they contributed to compressive 

strength when compared to their respective samples of cement reduction. Figure 5.31 

shows the different contribution of DS and DS-digestate ashes to compressive strength 

when used to substitute cement fraction in mortars. The computation is available in 

Appendix M.9 and M.10. 

Figure 5.31 shows that as cement mass fraction substitution with ashes increases, the 

contribution to compressive strength of mortar prisms also increases. At 35% of cement 

mass fraction substitution, a decline in contribution can be observed. It indicates that the 

optimal substitution by DS and DS-digestate ashes are at about 25% cement mass 

fraction which yielded 38 and 55% contribution respectively to the compressive strength 

lost due to substitution. For real application, the amount of DS and DS-digestate ash to be 

added must not impair the required compressive strength of the construction or building 

product.  
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Figure 5.31  Contribution of DS ash and DS-digestate ash to compressive strength lost when 
used to substitute cement in mortar  

 
The result obtained shows that DS ash and DS-digestate ash can add strength to mortar in 

building construction work. Their synergistic interaction with portland cement in the 

presence of water and fine aggregate (sand) to contribute to flexural and compressive 

strength is notable.  

 

5.5.3  Key findings of ash supplementation on mortar  
The following are the key findings of the investigation of ashes from DS and DS-digestate 

as supplementary building material in mortar and mortar prism. 

1.) The particles in DS and DS-digestate ash are sufficiently small with D10 (0.92 - 1.33 

µm), D50 (19.40 - 25.10 µm) and D90 (222 - 295 µm). They can be considered also as 

small particles when compared to portland cement and coal fly ash. However, milling can 

further improve their application as a supplementary building material. 

2.) The main elements in portland cement such as calcium, oxygen, silicon and aluminium 

are also present in DS and DS-digestate ash in substantial quantities. They do not contain 

heavy metals in a concentration of toxicity concern. 

3.) The ashes are rich in calcite and also contain some amount of silicate.  

4.) They show a negative impact on the flow property of mortar.  
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5.) They can contribute to the flexural and compressive strength of mortar.  

6.) The optimal contribution of DS and DS-digestate ashes to compressive strength lost 

due to cement substitution were 38 and 55% respectively. This occured at substitution of 

about 25% mass fraction of cement in mortar. For real application, an appropriate mortar 

mixture with proportion of the ash which do not impair with the required compressive 

strength must be determined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

161 
 

5.6 Concept for energy and material valorization of deinking sludge 
This section brings together the findings from the previous chapters. The mass flow of dry 

matter, organic dry matter and CaCO3 of the partner’s DS treatment plant is discussed. 

This is followed by a discussion on three different treatment scenarios for the application of 

combined energy valorization by anaerobic digestion and material valorization by CaCO3 

recovery. Finally, the biogas energy and CaCO3 potential of DS in Germany is discussed.  

5.6.1  Mass flows in a conventional deinking sludge treatment  
The flow of material in the partner’s treatment plant for DS (Figure 4.1) which is a 

conventional method for the treatment of DS was used as basis for anaylsis of mass flows. 

Analysed parameters are DM, oDM and CaCO3 flows. Computation of mass flow was done 

using the experimental data obtained in the study. Assumptions and simplifications for the 

models are as follows;  

1.) No mass was lost during flow in the entire system and all material flow is 

homogenous. 

2.) Mass flows that do not contain a substantial amount of DS were regarded as 

negligible.  

3.) The DS stream which enters as input into the wastewater treatment plant recycles 

50% of its dry matter, 40% of its organic matter (corresponding to 40% aerobic 

biodegradability) and 50% of calcium carbonate into the into the sludge buffer.  

The visualization of the mass flow models was done using the STAN software (Cencic & 

Rechberger, 2008). The models are explained in the following:  

5.6.1.1 Dry matter flow  
Figure 5.32 is the mass flow of dry matter of DS in a conventional treatment plant for DS. 

The computation is shown in Appendix N.1. The analyses began with the discharge of DS 

from the deinking operation. The dry matter content of raw DS as discharged was taken as 

100%. This represents the basis for the analysis of further streams and flows. The raw DS 

was fed into the pre-dewatering unit and was distributed into 20% for stream 5 and 80% 

for stream 2 flows. The Stream 2 continues into the sludge buffer, while the Stream 5 is 

treated in the microflotation plant belonging to the water recycling scheme of the plant. The 

output (Stream 5i) is reused as process water in the plant.  
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Figure 5.32 Flow of dry matter content in the conventional treatment of DS 
 
The Stream 5 has different characteristics compared to the raw DS, due to treatment 

chemicals used for the microflotation unit. The flow of mass from the sludge buffer (Stream 

3) is 105% which is higher than the mass of flow of the raw DS discharge due to 

biosludge. The outflow of DM from the main-dewatering unit results in a dry matter flow of 

95% for Stream 4 and 10% for Stream 6. The increase in the flow of Stream 3 was due to 

the recycling of extra DM in the wastewater treatment plant. The flow of the DM in the 

treatment of DS informs that the DS treatment aims at solid-liquid separation. The raw DS 

passes through different treatment steps to concentrate the DM fraction. It is observable 

from the mass flow that that the Streams 1, 2, 3 & 4 and combined a substantial amount of 

initial dry matter and are therefore options to locate an anaerobic digester.   

 
5.6.1.2 Organic dry matter flow  
The organic dry matter flows of DS in a conventional treatment plant is shown in Figure 

5.33. The computation of the mass flow of the organic matter is available in Appendix N.2. 

Beginning with 100% as the oDM in raw DS. The pre-dewatering unit results in the 

distribution of organic matter of 26% for Stream 5 and 74% for Stream 2. Stream 3 

entering with an organic dry matter flow of 105% into the main-dewatering unit is 

distributed into 9% and 96% for Stream 6 and Stream 4 respectively. The increase in the 

output of organic dry matter flow of the sludge buffer above 100% can be ascribed to the 

recycling of organics from the installed wastewater treatment plant as shown in Figure 

5.33.   

Input (I) Output (E) Unit of mass flow  (%DM of Stream 1) 

              (main dry matter flow )                (other dry matter flow )  
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Figure 5.33 Flow of organic matter content in the conventional treatment of DS  

 
The organic mass flow of Stream 1 and Stream 3 are similar in magnitude and implies a 

higher biogas yield compared to the other  streams. It followed by Stream 4 and lastly by 

Stream 2. Although the organic mass flow play a very important role in the suitability of a 

stream for its utilization as a biogas feedstock other factors also affects the selection.  In 

section 5.6.2 some factors that may influence the selection of a DS stream for the 

application for combine biogas production and calcium carbonate recovery is discussed.   

 

5.6.1.3 Calcium carbonate flow  
Calcium carbonate is the DM fraction of DS which can be used as a supplementary 

building material (section 5.6). The computation of the mass flow of CaCO3 in the 

conventional DS treatment plant is available in Appendix N.3. Since it is a major 

constituent of the DS, it also flows along the treatment line. As seen in Figure 5.34, a 

100% mass flow of calcium carbonate from raw DS leaves the deinking plant into the pre-

dewatering unit. They are distributed along the DS treatment streams until Stream 4 as 

output. The order of CaCO3 potential based on the flow of CaCO3 is similar to that of 

organic dry matter mass flow with Stream 1 and Stream 3 in a similar group followed by 

Stream 4 and then Stream 2. It is observable that all the four streams considered have 

substantial amount of CaCO3 that can be recovered. The magnitude of CaCO3 may not not 

have so much advantage in selection as the novel treatment approach require that biogas 

is first generated from DS before reciovering the CaCO3 . 

 

 

Input (I) Output (E) Unit of mass flow  (% oDM of Stream 1) 

              (main organic flow )                (other organic flow )  
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Figure 5.34 Flow of CaCO3 content in the conventional treatment of DS 

 
5.6.2 Novel treatment scenarios for deinking sludges 
AD treatment coupled with CaCO3 recovery of DS is a novel treatment approach for the 

wastepaper recycling plant. Due to the possible occurrence of different DS streams in a 

conventional plant, it is important to find the most promising candidate for application. In 

this section, factors for consideration and three scenarios for the application of the novel 

treatment approach for DS are discussed. 

5.6.2.1 Scenario with raw deinking sludge for biogas  
The scenario is discussed with considertion of the factors in Table 5.16. This scenario 

utilizes the raw DS as input for the combined AD and calcium carbonate recovery. Figure 

5.35 shows the integration of an AD step combined with a CaCO3 recovery step in the 

treatment of DS. The pre-dewatering step from the original DS treatment plant which is 

combined with a water recycling scheme via a microflotation is removed compared to 

Figure 4.1. Also, a centrifugation unit is used instead of the main-dewatering unit of the 

original DS treatment plant, because the efficiency of centrifugation for DS-Digestion was 

observed in this study to be high (section 5.4.6).  

Based on the DM of Stream 1 (1.1 - 4.7% FM), a wet type AD process can be used for 

treatment. The biogas energy generated can be utilized to dry the cake of the centrifuged 

DS-digestate at 100 oC in other to remove water and then burnt at about 550 oC to remove 

residual fibres. The resulting ash has a substantial economic value as it is can be used as 

a supplementary building material.  

 

Input (I) Output (E) Unit of mass flow  (% oDM of Stream 1) 

              (main CaCO3  flow )                (other  CaCO3 flow )  



  
 

165 
 

Deinking operation Sludge buffer

Stream 1

Anaerobic 
Digestion Centrifugation

Wastewater 
treatment

plant

Supplementary
building material

rich in CaCO3 

Input: 
Wastepaper

Paper 
Production

Further 
Output

Further 
Input

Drying and 
Burning (550°C)

Bioenergy

Digestate

Centrate

Cake

ash

 
Figure 5.35 Combined anaerobic digestion and calcium recovery with raw deinking sludge as 
biogas substrate 

Though this scenario utilizes a DS Stream 1 with a high mass of organic (Figure 5.35), it 

however introduces a water consumption problem when compared with the original DS 

treatment plant. This is due to the elimination of the installed water recycling process. It is 

practicable to install another water recycling step at the discharge of the biogas plant, but 

the contamination from biomass from the AD step might make it more capital intensive.  

The need for a high redesign of an existing DS treatment plant to achieve this scenario is 

another technical challenge to be dealt with.  

It also requires a bigger digester size for targeted biogas energy when compared to 

Stream 2  and 4  in consideration of the organic content present in their respective fresh 

mass. It can be applied either in a batch or semi-continuously feeding mode since it is 

pumpable. It is possible to apply this scenario to treat DS by utilizing the high organic and 

CaCO3 content of Stream 1, but its competition with the initial water recycling step is a big 

challenge. This is because the wastepaper recycling process is a huge water consuming 

process for which compromising a cost-effective water recycling step can lead to 

sustainability problem.  

5.6.2.2 Scenario with pre-dewatered deinking sludge for biogas  
Figure 5.36 is drawn with stream 2 as AD feedstock. An attempt was made to retain the 

water recycling scheme of the original plant (Figure 4.1). Stream 5II from the water 

recycling scheme and biosludge flow into a sludge buffer and mixed with DS-digestate.  

Based on the DM of Stream 2 (5.1 - 16.4% FM), a wet type AD process can as well be 

used for treatment. Similar to the scenario in section 5.6.2.2, the biogas energy produced 

from Stream 2  can be used to dry and burn residual fibres from the cake of the 

centrifuged mixed sludge. The ash obtained can then be applied as a supplementary 

building material. 

.  
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Figure 5.36 Combined anaerobic digestion and calcium recovery with pre-dewatered deinking 
sludge as biogas substrate 

This scenario requires a moderate redesign of the original DS treatment plant in 

comparison to the scenario in section 5.6.3.1 since it does not alter the water recycling 

scheme. One drawback of this scenario is the mixing of DS-digestate with other fibre and 

organic containing streams. Though the added Streams are low in organic, they still 

increase the energy required for removing residual organics in the dried cake of the 

centrifuged mixture. The digester size required for targeted biogas energy will be less than 

that of Stream 1 but bigger than that for Stream 4. It can as well be fed by batch or semi-

continuous mode.  

This scenario is a good approach to applying AD in the original treatment of DS as it does 

not compete with the water recycling goal of the wastepaper recycling industry and also 

requires only a moderate redesign of the original DS treatment plant.  

 

5.6.2.3 Scenario with main-dewatered deinking sludge for biogas  
This scenario retains the water recycling scheme too (Figure 5.37). The scenario does not 

require any redesign as it does not alter any part of the existing DS treatment plant (Figure 

4.1) but adds an AD treatment to the original output (Stream 4). Stream 4 is used as the 

feedstock for AD. Since most wastepaper recycling plant dewaters their DS to a dry matter 

content similar to Stream 4, it makes this scenario relatively easy to apply. Based on the 

DM of Stream 4 (49.5 - 62.5% FM), a dry type AD process is suitable for treatment.  
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Figure 5.37 Combined anaerobic digestion and calcium recovery with main-dewatered deinking 
sludge as biogas substrate 

This scenario is a good approach to applying AD in the original treatment of DS. Aside 

from the fact that it does not compete with the water recycling scheme, it is advantageous 

in the sense that no redesign or reconstruction cost is involved. The digester size required 

for targeted biogas energy is lower when compared to Stream 1 and 2. It can be easily 

operated in a batch feeding mode as pumping is not possible. One drawback of the 

scenario is the dry fermentation process which can impair efficient biogas production due 

to the poor flow of gas or liquid in the AD system. To improve sustainability in the 

wastepaper recycling process it is necessary to consider all options in a holistic view. The 

recycling of water is already established in the industry as a huge step to reduce water 

consumption. This makes the use of raw DS not a very suitable option as it impairs an 

efficient water recycling scheme. Either Stream 2 or Stream 4 are preferable for 

consideration as AD feed stock. Based on the analysis of the influence of water content on 

AD of DS as discussed in section 5.2.1.5, a 65% water content was optimal in terms of 

biodegradability and digester size required for targeted bioenergy. This implies that 

generating an optimal DS based on water content for AD, it may require that Stream 2 be 

further dewatered until about 65% water content.   

5.6.2.4 Comparison of the novel treatment scenarios 
Different factors are identified to influence the choice of DS stream proposed to be used as 

input for the novel treatment approach. Five possible factors are discussed in the 

following: 

1.) Alteration of water recycling scheme: This refers to the need to modify or remove the 

existing water recycling scheme of the conventional DS treatment process such as 

microflotation before the integration of an AD system.  
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2.) Degree of redesign of existing plant: It considers the extent to which general 

modification of the current process have to be carried out in order to integrate an AD 

system. It also include the alteration of the water recycling scheme. 

3.) Suitable AD type: The choice of whether a wet or dry fermentation is applied depends 

on the dry matter content of the potential AD feedstock selected which varies across DS 

streams.   

4.) Digester size: The size of digester to be installed is dependent on the targeted biogas 

energy for a given period of time. This will vary across DS streams due to their different 

biogas yields. 

5.) Feeding mode: The choice of whether a batch or semi-continuous feeding is applied is 

determined by the ease of pumpability which in turn depends of the dry matter content of 

the different DS streams.  

A comparative analysis of different scenarios for application of AD is presented in Table 

5.16, which takes into account the aforementioned factors. 

Table 5.16 Three different scenarios for the application of novel treatment of DS 

Factors Scenario A (Stream 1) Scenario B (Stream 2) Scenario C (Stream 4) 

Biogas potential highest lowest medium 

Calcium carbonate 
potential medium lowest highest 

Alteration of water 
recycling scheme yes no no 

Degree of redesign of 
existing plant high medium none 

Suitable AD type wet fermentation wet fermentation dry fermentation 

Digester size for an equal 
targeted biogas energy bigger big smaller 

Feeding mode semi-continuous semi-continuous batch 

Table 5.16 outlines three distinct scenarios proposed for the application of novel treatment 

methods to DS with a focus on AD as in section 5.6.2.1 to 5.6.2.3. Each scenario, 

represented by Stream (raw DS) in Scenario A, Stream 2 (pre-dewatered DS) in Scenario 

B and Stream 4 (main-dewatered DS) in Scenario C, is evaluated across various 

aforementioned critical factors essential for understanding their potential impact and 

feasibility within the context of DS treatment and resource recovery. 
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• In terms of biogas potential, Scenario A demonstrates the highest capability for 

biogas production among the evaluated Scenarios. Conversely, Scenario B 

exhibits the lowest biogas potential, while Scenario C falls in between, with a 

medium rating for biogas potential, positioning it between the extremes observed in 

Scenarios A and B. 

• Moving to calcium carbonate potential, Scenario A is rated as having a medium 

potential for calcium carbonate recovery. In contrast, Scenario B shows the lowest 

potential for calcium carbonate recovery among the scenarios. Conversely, 

Scenario C presents the highest potential for calcium carbonate recovery. 

• Regarding alterations to the water recycling scheme, Scenario A necessitates 

alterations to the scheme, while Scenarios B and C require no such modifications, 

ensuring a smoother integration into existing DS treatment facility. 

• In terms of plant redesign, Scenario A requires the most extensive redesign, while 

Scenario B necessitates a moderate level of redesign compared to Scenario A. 

Conversely, Scenario C requires no redesign of the existing plant. 

• Considering suitable AD types, both Scenario A and Scenario B utilize wet 

fermentation, while Scenario C opts for dry fermentation. 

• For digester size requirements, Scenario A requires a bigger digester size 

compared to the other scenarios. Scenario B requires a big digester size, and 

Scenario C necessitates a smaller digester size. 

• Finally, in terms of feeding mode, both Scenarios A and B employ a semi-

continuous feeding mode, whereas Scenario C utilizes a batch feeding mode. 

 

This comparative analysis of Table 5.16 offers valuable insights into the potential 

implications and considerations associated with each scenario, aiding decision-making 

processes in the development and implementation of the novel treatment approaches for 

DS with focus on AD. 

 

Overall, the combination of moderate requirements for plant redesign, compatibility with 

existing operational practices and the utilization of wet AD technology makes Scenario B a 

promising option for the novel treatment of DS. Its ability to offer substantial biogas 

production while minimizing disruptions to current processes positions it as a favourable 

choice for further consideration and implementation. 
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5.6.3 Benefits of energy and material valorization of deinking sludges 
Figure 5.38 shows an estimate of the potential biogas yield of the raw DS and pre-

dewatered DS for Germany based on data from literature and own data (Appendix A.3, 

Appendix N.4). It can be seen that biogas energy potential in the range of 247 to 328 

million MJ per year for raw DS, 146 to 204 million per year for pre-dewatered DS and 167 

to 261 million per year for main-dewatered DS can be utilized.  

 

 

Figure 5.38 Estimates of the biogas energy potential of deinking sludges generated in Germany  

Owing to the sustainability structure of pulp and paper mills whereby water recycling is 

carried out to reduce water consumption significantly, it might be meaningful to consider 

both water recycling and biogas energy recovery by valorizing the pre-dewatered DS 

instead of the raw DS. Biogas energy is regarded as CO2 neutral since it is generated from 

non-fossil fuel. Therefore the biogas energy possibly generated from DS is a huge 

contribution to the CO2 saving goal of the pulp and paper industry in Germany and Europe.   

According to the European Biogas Association, renewable energy sources, such as 

biogas, are anticipated to play a pivotal role in attaining carbon neutrality by 2050, thereby 

assisting the EU in reducing its reliance on external energy sources (EBA, 2023). 

Specifically for the wastepaper recycling company, the bioenergy generated can find 

application in energy demanding process or for the drying and burning of DS-digestate to 

produce DS-digestate ash which are rich in CaCO3. 
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The CaCO3 recovery potential from DS was also estimated in a similar way in Figure 5.39. 

Additionally, the monetary value of CaCO3 as a supplementary buidling material was 

estimated. The computation was based on the fact that the optimal contribution of DS and 

DS-ash to compressive strength of test prisms was estimated at 25% of partial substitution 

of portland cement in test prisms (section 5.5.2.4).  

Figure 5.39 shows that all DS types, have a huge amount of CaCO3 present in them. The 

potentials are skewed due to varying amount CaCO3 in the DS sample collected from 

wastepaper recycling plant. Since the CaCO3 is not used in the biogas process it is 

available in the digestate. This implies that after biogas generation from DS the resulting 

digestate can be dried and used or sold out to be applied as a supplementary building 

material.  

 

Figure 5.39 Calcium carbonate recovery potentials from deinking sludges generated in 
Germany  

 
Applying DS generated in the wastepaper recycling process for biogas production is in 

tandem with the improvement opportunities such as resource efficiency and bioeconomy 

as identified in the report of EC, 2021 for the EU pulp and paper industry. Also, biogas 

energy is regarded as CO2 neutral since it is generated from non-fossil fuel (Audrey, 2018; 

EBA, 2020).  
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The EU reported a roadmap with a CO2 emission goal of up to 80% reduction between the 

years 1990 and 2050 (EC, 2011). The biogas production from DS treatment is a bold step 

towards achieving this goal. The utilization of the CaCO3 present in the ash of DS-

digestate is also a resource efficiency approach which can further improve the 

sustainability of the EU wastepaper recycling industry. 

 

5.6.4 Key findings on energy and material valorization of deinking sludges 
The following are the key findings for combined energy and material valorization of DS in 

general and regarding the estimation of the valorization potentials of DS in Germany.  

1.) Raw DS has a high biogas energy generation potential related to oDM, but are 

impaired handling is rather economical to recycle water from it by pre-dewatering.  

2.) Pre- dewatered and main-dewatered DS are suitable streams that can be valorized by 

biogas production without impairing the water recycling scheme in wastepaper recycling 

facilities similar to that studied. The biogas energy potential can further be impoved by the 

adjustment of the dewatering unit.  

3.)  An annual biogas energy generation potential in the range of 146 to 329 million MJ is 

possible by the application of DS as a biogas feedstock in Germany. This can contributes 

to the CO2 saving goals of the German pulp and paper industry or used for the drying and 

burning process for CaCO3 recovery.   

4.)  The CaCO3 potential in the range of 43 to 86 Gg/year is possible for DS generated in 

the wastepaper recycling industry with the amount of 1.4 to 2.8 million euros per year in 

Germany. They can be utilized as supplemetany building material. 

5.) A combined biogas production and recovery of the CaCO3 for DS-digestate is an 

innovative approach to treating DS under consideration of sustainability. It can further 

improve resource management in waste paper recycling companies. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 
 

The results presented in this study showed that DS generated from wastepaper recycling 

processes can be valorized by the application of combined anaerobic digestion and 

calcium carbonate recovery. It was established that DS in a conventional DS treatment 

plant can be grouped based on wastepaper grades and degree of dewatering (streams). 

The different DS types contain organic matter, but the calcium carbonate fraction has the 

highest share of their dry matter content. The AD process of DS can be initiated by simply 

using common inocula such as those from sewage sludge or maize silage.  

It was shown that biogas yield in the range of 227 and 417 NL/kg oDM is possible for DS. 

The different DS types show different biogas yields either due to wastepaper grade or 

degree of dewatering. High wastepaper grade DS such as those generated for example 

from wood free, coated, lightly painted and free from wet-strength papers will show the 

highest biogas yield. The raw DS generated from ordinary wastepaper grades has a higher 

biogas yield (W70: 343 NL /kg oDM) compared to pre-dewatered DS from the same 

wastepaper (W70: 250 NL /kg oDM) due to loss in biodegradable fraction during pre-

dewatering. The main-dewatered DS due to its high dry matter content may be considered 

for dry fermentation. In terms of fresh mass biogas yield, DS falls into the range of 4.1 and 

12 NL/kg FM. The average biomethane content determined for DS was of 53% Vol. The 

water content of about 65% was identified as optimal for the AD of DS. The 

biodegradability of DS and size of the plant were key factors taken into consideration. 

When DS has too high water content, dewatering can be applied to DS to attain a suitable 

WC.  

In a semi-continuous AD process, an HRT of 19 days is recommended and corresponds to 

an average OLR of 1.6 ± 0.42 kg oDM/(m3·d). It must be ensured that proper mixing of the 

plant is achieved to avoid settling of inorganics. Also, in a semi-continuous process, a 

nitrogen limitation may occur in a long run. This can be controlled by adjusting the C/N 

ratio of the system to a range of 29 and 34 by nitrogen supplementation. A proactive 

measure to the aforementioned nitrogen limitation condition can be the use of co-

substrates that are rich in nitrogen such as urine, grass silage, chicken manure or cattle 

manure in liquid form. Using the first order kinetics in two steps and the Gompertz model 

one can effectively model the biogas production of DS.  

The models in converse to the time-consuming biomethane potential test (BMP) can help 

to quickly predict the biogas and biomethane production of different DS types and apply it 

for AD design purposes.  

 



  
 

174 
 

While the first-order kinetics is most suitable for pre-dewatered DS from ordinary 

wastepaper grades, the Gompertz model is most suitable for DS generated from medium 

and high wastepaper grades.  

The ash of DS or DS-digestate which is primarily calcium carbonate can be recovered and 

used as a supplementary building material. It was evident that the calcium carbonate 

present in DS and DS-digestate has properties that interact with sand, cement and water 

to contribute to strength. The application can be achieved by partially substituting a 

fraction of cement in a water-cement-sand mixture with either ash of DS or DS-digestate 

and use for building purposes. Partial substitution of cement in water-cement-sand mixture 

by the ash of DS and DS- digestate in the range of 5 to 35% by mass can contribute to 

strength. 25% cement mass substitution with ash is optimal in terms of contribution to 

compressive strength. Due to DS and DS-digestate ash showing a significant reduction in 

flow property of mortar mixture, the choice of percentage partial substitution of cement 

would depend on the requirement for flow during application. A lower substitution is 

recommended if a high flow is required while a higher value for applications where flow is 

not critical. 

DS can be valorized by combined energy and material recovery approach. It involves first 

executing an AD treatment of DS which leads to biogas production and the generation of 

DS-digestate. This is followed by the recovery of calcium carbonate from DS-digestate by 

converting it to ash. The energy required for the drying and burning of DS-digestate to 

produce DS-digestate ash can be used from the biogas energy generated. Although the 

implementation of this novel concept is feasible, it may be challenging for existing 

wastepaper recycling plants. This is due to the need to redesign and integrate the new 

processes into the existing ones. With investment into the AD treatment of DS, substantial 

energy can be generated that contributes to meeting the high energy demand of the 

industry. Also, the calcium carbonate recovered from the DS-digestate can be sold as a 

supplementary building material. The adoption of combined energy and material recovery 

approaches in the treatment of DS makes a significant contribution to UN sustainability 

goal 7 (Affordable and clean energy) and goal 12 (Responsible consumption and 

production) and as well as toward the realization of a circular and bioeconomy.  

For further research on optimising the AD of DS, important aspects to consider include 

pre-treatment and co-digestion with other common substrates. Investigating the co-

digestion of DS with organic waste, which is common in the pulp and paper industry, may 

significant increase biomethane yields. In addition, investigating the feasibility of semi-

continuous AD of DS with HRT below 19 days is imperative to determine comparative 

biogas yields of DS. 
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Furthermore, it is essential to investigate alternative methods for calcium carbonate 

recovery from DS or DS-digestate other than incineration. Chemical precipitation of 

calcium carbonate within wet DS and DS-digestate is a promising option for further 

investigation. In addition, determining the optimum percentage of cement substitution by 

DS or DS-digestate ash in mortar for different construction applications requires further 

investigation. 

Practically, the combination of biogas production from DS and subsequent utilisation of the 

DS-digestate produced as a supplementary building material is a promising treatment 

method. This may lead to avoidance of high temperature incineration of DS, potentially 

contributing to cost savings and company revenues. In this regard, it is crucial to perform a 

cost-benefit analysis to understand the extent of combined biogas production and calcium 

carbonate utilisation from DS for a wastepaper recycling company. 

Regarding the bioreactor used in this study, it is recommended to improve the air-tightness 

to prevent biogas leakage, which may occur due to agitation caused by recirculation 

pumps and stirrers during mixing. Modification of the groove on which the O-ring seal sits 

could be a viable solution. In addition, it is important to address issues such as rapid 

sedimentation of DS, which leads to rapid settling of the bioreactor contents during the AD 

process. Optimising the design of bioreactors with recirculation pumps, as illustrated in 

Appendices O.1 and O.2, warrants consideration for improved efficiency. 
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CHAPTER 7 SUMMARY 
 
Chapter 1 is the introductory section. The global increase in the consumption of paper and 

board consumption was discussed. The contribution of wastepaper recycling to the UN 

sustainable development goal 12 (responsible consumption and production) was noted. 

The energetic valorization of deinking sludge (DS) was described as possible option to 

promoting UN sustainability goal 7 (Affordable and Clean energy) while the calcium 

carbonate recovery as means to further advances the UN sustainability goal 12 

(responsible consumption and production). The research question of the dissertation was 

stated as „Can deinking sludges from wastepaper recycling be valorized energetically and 

materially ? “.  

Chapter 2 introduces paper as a material used for writing, decoration, sanitary purposes 

and packaging. The timeline of paper from the usage of papyrus to the discovery of the 

printing press was highlighted. The paper chain from utilizing of wood and wood related 

bioresources as input materials for production was discussed. Emphasis was laid on 

wastepaper recycling as a sustainable paper production approach compared to the usage 

of virgin paper due to wood, water and energy savings as well as carbondioxide reduction. 

The wastepaper recycling process was shown to consume a high amount of energy. The 

recycling steps involved in deinking were explained in detail. Importantly was the 

generation of DS from deinking operation identified. DS as a type of sludge has been 

reported as an important waste generated in the European pulp and paper industry.  

In chapter 3 the characteristics of DS as obtainable in literature were discussed. It was 

identified that DS contains a high amount of organic solids and calcium carbonate. The 

common treatments of DS which are land spreading, landfilling and incineration were 

noted. Further discussion was made on the current treatment options for pulp and paper 

residues in Germany which include DS. They include incineration, bricks making and 

cement industry application. Amongst these options, incineration had a share of about 

55%. The concept of anaerobic digestion leading to the production of renewable energy in 

the form of biogas was introduced. It was noted that anaerobic treatment does not have 

any application for DS generated in European pulp and paper mills. 

However, few recent studies exist that test the suitability of DS as a substrate for biogas 

production. This was followed by an introduction to the fundamentals of anaerobic 

digestion which include milieu conditions and operation parameters. Also, a brief overview 

of kinetic models for anaerobic digestion such as one step-first order kinetics, two step-first 

order kinetics, modified Gompertz, transfer function and logistic function were given.  
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Calcium carbonate was introduced as a filler which increases the whiteness of paper. It 

was noted that reducing the cost of paper production is a major factor influencing the 

increased usage of calcium carbonate for paper making. Different options for material 

valorization of DS due to its high calcium carbonate content were identified. Based on the 

findings in chapter 3, the strategy of the dissertation to answer the research question was 

presented. It considers the flow and transformation of DS starting from the deinking 

operation. The integration of the anaerobic treatment to produce biogas and the usage of 

the calcium carbonate was included as well.  

In chapter 4, the experimental methods of study were introduced. DS investigated were 

grouped based on wastepaper grades and dewatering stages. Ashes of DS and DS-

digestate were also investigated. Basic characterisation methods were carried out and 

included dry matter, organic dry matter, calcium carbonate, carbon, nitrogen, pH, 

elemental composition and phases determination. The anaerobic digestion experiments 

using a 1-L batch test systems and three different automatically fed 100-L system were 

explained. Experiments with the 1-L batch system were described. They focused on the 

influences of different inocula, the ash, the wastepaper grades, water content and nitrogen 

supplementation on the biogas yields. Influence of nitrogen supplementation. The 

investigations on optimal organic loading rate and hydraulic retention time were carried out 

with the 100-L test systems.  

The methods for sieve analysis, sedimentation and centrifugation of DS and DS-digestate 

were described. The methods for flow value, density, flexural and compressive strength 

determination of mortars produced with portland cement and partial substitution of DS or 

DS-digestate ashes were explained. The statistical methods used for the analysis of 

results obtained and the method for material flow design was also described. 

Chapter 5 is the results and discussion section. It began with the characteristics of DS and 

derivatives. It was shown that the dry matter content of DS varied largely based on the 

dewatering stage as obtainable in the wastepaper recycling company. Based on dry matter 

contents, four DS types were differentiated: very low (>0.4 - 2% FM), low (>2 - 7% FM), 

medium (>7 - 20% FM) and high (>20% FM). The organic dry matter content of the various 

DS types varied narrowly between 29 and 33% DM. The different DS groups were 

compared with other biogas feedstock such as blackwater from vacuum toilets, sewage 

sludge, greasy water, pig manure, liquid manure and food waste.  
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The result showed that the various DS types based on dry matter content correspond to 

the different aforementioned biogas feedstocks. Also, the organic dry matter contents of 

the various DS types are lower when compared to the biogas feedstocks considered in the 

same dry matter content category. The organic dry matter contents of the various DS 

types are however substantial, therefore DS can be considered a potential AD feedstock. 

Calcium carbonate and ash contents are in the ranges of 47 - 52% DM and 67 - 71% DM 

respectively for DS and its derivatives. Calcium carbonate which is the main component of 

DS’s dry matter can also be utilized as a supplementary building material.  

The results from the 1-L batch tests showed that common inocula such as those from the 

AD of sewage sludge and maize silage were suitable with DS. Its biogas yield was about 

half of that of cellulose under similar anaerobic conditions. This was due to the high 

inorganic fraction of DS. The high calcium carbonate content of DS did not have a 

negative influence. Regarding wastepaper grades, pre-dewatered DS generated from the 

mixture of high and medium wastepaper grades showed the highest specific biogas yield 

(W90/100: 417 NL/kg oDM), followed by DS from medium wastepaper grades (W80: 275 

NL /kg oDM) and those from ordinary wastepaper grades (W70: 250 NL /kg oDM) 

belonging to a similar biogas yield group. Pre-dewatering of DS led to a loss of organic dry 

matter and thereby to the reduction of biogas yield of DS (fresh W70: 343 NL /kg oDM). 

The average biomethane content of DS was 53 Vol.%. The water content of about 65%, 

was optimal for biogas production in terms of absolute and specific yields. An optimal C/N 

ratio of between 29 and 34 was also identified for the AD of DS. Supplementation with 

nitrogen sources is only necessary when biogas yield reduces as a result of the condition 

of significant nitrogen depletion, possibly in a long-term period of a semi-continuously 

operated AD of DS and not in a batch process. The comparison of the biogas yields of 

different DS types with some common biogas feedstocks showed that their biogas yields 

are substantial and can be beneficial for the wastepaper recycling company.  

The results from the automatically fed 100-L systems, comprising the R1A (bioreactor with 

a low-capacity recirculation pump and 5o inclined bottom), R1B (bioreactor with a higher 

recirculation pump and 45o inclined bottom) and R2 (bioreactor with stirrer and 5o inclined 

bottom) were presented. It was shown that DS settles quickly in bioreactors and requires 

an efficient mixing mechanism during the AD process. DS biodegradability at HRT of 20 

days in R1A was 30% oDM, while R1B and R2 which were operated only at HRT of 19 

days were in the range of 16 and 46% oDM in their second feeding phase. The maximum 

biomethane content observed in the 100-L systems was 59 % Vol. The computation of the 

calcium carbonate mass balance across bioreactors showed a balance of 72.4, 91.5 and 

99.0% respectively for the three bioreactors.  
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An HRT of 19 days which corresponds to an organic loading rate of 1.4 kg oDM/ (m3·d) 

was observed as optimal.  

The results from the fitting of five different kinetic models with experimental data of the AD 

of DS obtained in the 1-L AD test system were presented. The two-step first-order kinetics 

was the best model for the AD of raw and pre-dewatered DS of type W70 based on 

comparison. The modified Gompertz model was the best for the pre-dewatered DS of W80 

and W90/100 types. Since oDM in the pre-dewatered DS are similar to the main 

dewatered DS.  

The results from the particle sizes determination and settling behaviour of DS and DS-

digestate were discussed. It was shown that raw DS had finer particles than the pre-

dewatered DS. This is due to the flow of finer particles into the liquid phase during the pre-

dewatering step. Furthermore, the DS-digestate from pre-dewatered DS showed finer 

particles compared to untreated pre-dewatered DS due to the biodegradation of bigger 

particles. The raw DS settled better than the pre-dewatered DS because of its denser 

particles. Also, the settling of DS-digestate was improved due to the breakdown of the 

large fibrous material by AD treatment. The AD process results in a higher share of 

calcium carbonate in DS-digestate when compared to untreated DS.  

The results from the characterisation of DS and DS-digestate ash and the investigation of 

their suitability as supplementary building materials were presented. The particle size 

distribution of DS ash was reported as D10 (1.3 µm), D50 (25.1 µm) and D90 (295.0 µm) 

while that of DS-digestate as D10 (0.92 µm), D50 (10.4 µm) and D90 (222.0 µm). Their 

particle sizes were identified to be bigger than the D50 and D90 of portland cement. DS-

digestate ash had smaller D10 and D50 than fly ash, which is already been used as a 

supplementary building material. Some elements which are present in portland cement 

were also found in DS and DS-digestate ashes. The result of phase determination of the 

ashes showed that calcium carbonate is present in a substantial concentration in the 

ashes. The flow value test showed that ash of DS and DS-digestate negatively impacts the 

flow of mortar. However, they contribute to flexural and compressive strength when a 

fraction of cement in the range of 5 to 35% is substituted.  

The results from the investigation of the concept for combined energy and material 

valorization of DS were presented. The dry matter of flow in a conventional treatment plant 

of DS was analysed using characteristics data of DS and their derivatives. The 

visualisation of the mass flow was done using the STAN software. The mass flow of 

organic and calcium carbonate decreased as it flows through the pre-dewatering unit.  
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At the output of the main-dewatering unit, the flows increased again due to the collection of 

other intermediate streams carrying some amount of organics and calcium carbonate. 

Three scenarios for the application of combined biogas production and calcium carbonate 

recovery of DS were discussed. The AD feedstocks for the scenarios are raw DS, pre-

dewatered DS and main-dewatered DS. The comparison showed that the pre-dewatered 

DS is the most suitable due to moderate need for redesign to integrate a digester and 

does not alter the process of the existing water recycling scheme of the conventional  DS 

treament plant considered. The biogas and calcium carbonate potential of DS in the 

German wastepaper recycling were computed and discussed. The computation of the 

potentials showed that the combined production of biogas from DS and the utilization of 

the calcium carbonate in the DS-digestate as a supplementary building material can 

further improve the sustainability of the wastepaper recycling industry in Europe.  

Chapter 6 is the conclusion which summarizes the main results of this thesis and Chapter 
7 contain recommendations and outlook which states further aspects of the investigation of 

this thesis. 
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APPENDICES 
 

Appendix A Characteristics of wastepaper recycling residues, equations and samples  

 
Appendix A.1 Residues related to input mass of raw material during wastepaper recycling (based 
on Suhr et al., 2015) 

Product Paper types Total loses Rejects Sludge 

   Coarse Fine Deinking Process water Fine 

      clarification  

  [% FM] [% FM] [% FM] [% FM] [% FM] [% FM] 

Graphic 
papers 

Newspaper, 

magazines of 
higher 

qualities 

15  - 20 
 

20 - 35 

1  -  2 
 

< 2 

3 - 5 
 

< 3 

8 - 13 
 

10 - 13 

2 - 5 
 

1 - 5 

~ 1 

Tissues 

Office paper 
for recycling, 
files, ordinary 
and medium 

qualities 

28 - 40 1 - 2 3 - 5 8 - 13 15 - 25 ~ 1 

Market 
deinked 

pulp 

Office paper 
for recycling 32 - 40 < 1 4 - 5 12 - 15 15 - 25 ~ 1 

 
 

 
 
Appendix A.2 Amount of solid residues generated by wastepaper recycling during the production 
of different paper grades  (based on Sannigrahi, 2018) 

Paper types 
Amount of solid residues 

[kg / Mg air dried  pulp] 

Packaging paper 50 - 100 

Newsprint 170 - 190 

Lightweight coated paper/ supercalendar paper 450 - 550 

Tissue and market pulp 500 - 600 
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Appendix A.3 Estimation of the amount of deinking sludge generated in Germany in 2015, 2019 
and 2020 

Year Paper for recyclinga 
 

Estimated 
recycled paperb 

Estimated  
Deinking Sludgec 

[dried] 

Estimated DSd 

[moist] 

Total For deinking Min. Max. Min. Max. Min. Max. 

Mio. Mg Mio. Mg Mio. Mg Mio. Mg Mio. Mg Mio. Mg Mio. Mg Mio. Mg 

2015 16.8 5.9 2.9 4.9 0.29 0.73 2.28 5.75 

2019 17.2 6.6 3.3 5.5 0.33 0.83 2.60 6.54 

2020 16.9 6.0 3.0 5.0 0.30 0.75 2.36 5.91 

a VDP 2021 
b 1200 - 2000 kg PFR /Mg recycled paper is required for deinking process (Suhr et al., 2015) 
c Deinking process generates 100 - 150 kg dried DS /Mg recycled paper (Berger et al., 2021) 
d assumed that moist DS is similar to pre-dewatered DS in own study (median  dry matter – 12.7% FM) 

 
 
 
Appendix A.4 Equations to compute the physico-chemical properties of DS and derivatives 

 

1.) Dry Matter Content [DM] 

 

DM [% FM] = 
m105°C

mFM
*100 %                                             Eq A.1 

 

Where, 

 

mFM    is the fresh mass of the sample [g] 

m105oC  is the dry mass of the sample dried at 105oC [g] 

 

2.) Water Content [WC] 

 

   Water Content [% FM] = 
mFM-m105°C

mFM
*100 %                                     Eq A.2 

 

Water Content [% FM] = 100 %-DM [%]                                                         Eq A.3 
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3.) Organic Dry Matter content [oDM] 

 

 

oDM [% DM] =
m105°C-m550°C

m105°C
* 100 %                                              Eq A.4 

 

 
4.) Ash content [ash] 

 

Ash content [% DM]= 
m550°C

m105°C
* 100 %                                                                        Eq A.5 

 

Ash content [% DM] =100 % - oDM[%]                                                                      Eq A.6 

 

 

5.) Calcium Carbonate content [CaCO3] 

 

 

CaCO3 → CaO+CO2                                                                                  Eq A.7 

 

Calcium carbonate  [% DM] =
m550°C- m900°C

m105°C
*f*100 %                                               Eq A.8 

 
 

 f = 
MCaCO3

MCO2

= 2.273                                                                           Eq A.9 

 

Where,  

      

    m550oC is mass of sample after burning at 550oC [g] 

    m990oC is mass of sample after burning at 990oC [g] 

    MCaCO3 is the molar mass of CaCO3 [100 g/mol] 

    MCaO is the  molar mass of CO2 [44 g/mol] 

f is the molar ratio of CaCO3 to CO2 
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Appendix A.5 Pictures of main samples used in this study   

 

 

 
 

Pre-dewatered deinking sludge of type W70 

(Sludge collected on 27.12.2019) 

 
 

Digestate of  deinking sludge  of type W70 

from 100-L AD system (R1B) 

(Mixed digestate from 18.12.2019 - 09.02.2020) 

 

 
 

Ash of pre-dewatered deinking sludge of 

type W70 (burnt at 550oC) 

(DS collected on 07.02.2017) 

 

 

 
 

Ash of digestate of deinking sludge   

of type W70 (burnt at 550oC) 

(Digestate collected from sedimented 

phases of R1A on 01.06.2017) 
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Appendix A.6 List of samples analysed with periods and number of collections 

 

Sample name Period of collection Number of collections 

Stream 1-W70 01.10.2010 – 12.10.2016 8 

Stream 2-W70 05.11.2013 – 27.12.2019 13 

Stream 3-W70 18.12.2014 – 12.10.2016 2 

Stream 4-W70 18.12.2014 – 12.10.2016 6 

Stream 5-W70 18.12.2014 – 12.10.2016 5 

Stream 6-W70 18.12.2014 – 12.10.2016 6 

Stream 1-W80 25.06.2015 – 15.02.2016 2 

Stream 2-W80 20.05.2015 – 26.01.2016 2 

Stream 3-W80 25.06.2015 1 

Stream 1-W90/100 25.06.2015 – 30.11.2016 3 

Stream 2- W90/100 21.05.2015 – 20.11.2016 3 

Stream 3-W90/100 25.06.2015 – 30.11.2016 2 

Stream 4-W90/100 30.11.2016 1 

Stream 5-W90/100 30.11.2016 1 

Stream 5 I-W90/100 30.11.2016 1 

Stream 5 II-W90/100 30.11.2016 1 

Stream 5 III-W90/100 30.11.2016 1 

Stream 6-W90/100 30.11.2016 1 

Biosludge 01.04.2015 – 12.10.2016 3 
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Appendix B Description of AD systems and equations for calculations of biogas from DS 

 
Appendix B.1 Description of components of the 1-L AD test system 

Item Component Unit Composition/functions Supplier 

1 Rectangular Vessel 1 Water bath TUHH 

2 Metal Frame 1 Stand to carry the water 
bath and the eudiometers 

made from steel 

TUHH 

3 Water 1 Heat exchange medium TUHH 

4 Heater with thermostat 1 For heat exchange 
temperature range [0-120oC] 

. 

LAUDA 
DR.R.WOBSER 
GMBH & CO.KG 

5 Reactor 1 1-L Duran glass bottle  DWK Life 
Sciences 

6 Gas tubing 3 To transport biogas and 
barrier solution 

TUHH 

7 Eudiometer 1 Borosilicateglass 3.3 with 
volume of 1000 mL 

H-W-S 
Labortechnik 

8 Eudiometer Liquid 2 Water saturated with salt 
and coloured with methyl 

orange 

TUHH 

9 Coupler 1 The coupler blocks biogas 
from the passage. During 

sampling, a nipple is 
connected to the coupler to 

release the biogas. The 
coupler and the nipple are 

made from plastic. 

SERTO AG 

10 Barrier solution glass cylinder 1 Container TUHH 
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Appendix B.2 Pictorial view of the 1-L AD test system 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Labelling corresponds to Appendix B.1 

 

 

Appendix B.3 Pictorial view of the 100-L automatically fed bioreactors 

 
 

The description of the labels is available in Appendix B.6. The letters X and Y represent the 

bioreactors R1B and R2 respectively. 

 

5 

6 

1 

4 7 

3 

30 

18 
24 

25 

17 

X 

28 
26 

Y 

10 

16 

24 

33 
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Appendix B.4 Schematics of the 1-L AD test system with eudiometer  

 

h cm 

2 h cm = H cm

P biogas

Reference point 

h cm 

P atm

 
Appendix B.5 Equation to determine the pressure of biogas from eudiometer 

Pbiogas  =  Patm  +    PH                                                                     Eq B.1 
 

PH  =   ρ*g*H                                                                Eq B.2 

H  = 
2 * V * 0.075

10000                                                      Eq B.3 

 

Where,  

h is the distance between the reference point and meniscus of eudiometer liquid [cm] 

H is the total height of eudiometer liquid displaced by biogas pressure [cm] 

Pbiogas is the pressure of biogas [mbar] 

Patm is the pressure of the atmosphere [mbar] 

PH is the guage pressure of biogas [mbar] 

ρ is the density of eudiometer liquid [kg/m3] 

g is the acceleration due to gravity [9.81 m/s2] 

V is the volume of biogas trapped by the eudiometer [mL] 

0.075 and 10000 are conversion factors 
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Appendix B.6 Description of components of the 100-L automatically fed bioreactors (part 1) 

Item Component Composition/functions Supplier 

1 Cross section – double 
jacketed reactor 

A double jacket Reactor. The outer jacket 
contains water and the inner jacket 
contains a reactors mixture for anaerobic 
digestion 

TUHH 

2 Isolation This is to reduce heat loss due to 
conduction  

TUHH 

3 Heater thermostat Heat exchanger for the water jacket TUHH 

4 Temperature sensor 1 Pt100 with temperature range of 0- 50oC  Sensorshop24 

5 Temperature sensor 2 Pt100 with temperature range of 0- 50oC   Sensorshop24 

6 Recirculating water pump To ensure uniform distribution of heat in 
the water jacket 

TUHH 

7 Inclined bottom To support a smooth flow to the discharge 
outlet at the bottom 

TUHH 

8 Paddle stirrer For mixing reactor’s content  TUHH 

9 Electric motor Parallel shaft geared motor SEW-EURODRIVE 
GmbH & Co KG 

10 Clutch To transmit torque from electric motor to 
stirrer 

TUHH 

11 Metal platform To hold bioreactor and weighing balance 
firm to the ground 

TUHH 

12 Stand for electric motor & 
bioreactor To hold the electric motor firmly TUHH 

13 Weighing balance To weigh the bioreactor  and its content 
(maximum sensitivity - 400 kg)   

Hense wägetechnick 
GmbH 

14 Pallet A platform for Reactor three-foot to sear 
firmly on the weighing balance 

KAISER + KRAFT 
GmbH 

15 Cover The cover sits on a ring seal to allow for 
airtightness of the reactor  

Dichtelemente arcus 
GmbH 

16 Bourdon gauge To measure the gas pressure in a 
bioreactor  

WIKA Alexander   
Wiegand SE & Co. KG 

17 Solenoid valve 1 Regulation of biogas flow in and out of the 
nitrogen gasbag  

Conrad Electronic 

18 Nitrogen gasbag 
For equalization of pressure during 
discharge of effluent and feeding of 
substrate 

Linde AG 

19 Solenoid valve 2 Regulation of biogas flow into the biogas 
storage bag 

Conrad Electronic 

20 Biogas scrubber 1 500 mL glass bottle DWK Life Sciences 
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Appendix B.7 Description of components of the 100-L automatically fed bioreactors (part 2) 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Item Component Composition/functions Supplier 

21 Biogas flow meter For measurement of volume of biogas  
Dr.Ing. Ritter   

Apparatebau GmbH & Co. 
KG 

22 Biogas scrubber 2 and 3 500 mL glass bottle  DWK Life Sciences 

23 Biogas storage bag For temporal storage of biogas before 
analysis 

Linde AG 

24 
Biogas quality analyser    
(Biogas 5000) 

For analysing the quantity of CO2, CH4, 
O2,  H2S  

Leopold Siegrist GmbH 

25 
Progressive cavity pump -1 
R1A (170-1000 L/h) ; 

R1B (1000-3000 L/h) 

For mixing, feeding and discharge of 
effluent 

NETZSCH Pumpen & 
Systeme GmbH 

26 Feed tank 60 L container for storage of feed storage BAUHAUS 

27 Feed tank stirrer To mix feedstock before feeding into the 
bioreactor 

Heidolph Instruments 

28 Digestate tank 60 L container for storage of feed storage 
of effluent (Digestate) 

BAUHAUS 

29 Control ball valve  1 3 way valve  bar pneumatische 
Steuerungssysteme GmbH 

30 Control ball valve  2 3 way valve  bar pneumatische 
Steuerungssysteme GmbH 

31 
Progressive cavity pump 2 : 
R2 (5 - 25 L/h) 

For feeding and discharge of digestate NETZSCH Pumpen & 
Systeme GmbH 

32 Data logger Measures atmospheric pressure. humidity 
and room temperature  

EXTECH 

33 Control box 
Serves as a central point that receives all 
digital and analog signals and convert 
them to data 

TUHH 

34 Computer For visualization of process control and 
the input of control and storage of data 

Fujitsu Esprimo 
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Appendix B.8 Complementary AD parameters analysed and equipment used   

Parameter Unit Equipment Supplier 

VOA/TIC - 

 
Photo: Pronova n.d 

 

 

 

Pronova 
Analysentechnik 
GmbH & Co. KG 

Kjeldahl nitrogen mg/L 

 
Photo: Ogun, 2022 

 

 

 

BÜCHI 
Labortechnik 

GmbH 

Biogas volume L 

 
Photo: Ritter, 2017 

 

 

 

Dr.-Ing. RITTER 
Apparatebau 

GmbH & Co. KG 

Biogas 
Characterization 

(CH4, CO2, O2, 
H2S) 

% vol. 
of 

biogas 

 
Source: Leopold Siegrist n.d. 

 

 

 

 

Leopold Siegrist 
GmbH 

 
Appendix B.9 Equations used for the AD investigations 
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Different equations (Eq B.4 to Eq B.17) were used for deriving appropriate substrate mixtures, 

biogas related computations as well as feeding DS into a semi-continuously, operated AD process.  

 

1.) Mixing formula for targeted dry matter content of the mixture 

 
ms4+ms6 = m                                                                                  Eq B.4 

 

 

ms4  =  
[DMtarg- DMs6]*m

DMs4-DMs6
                                                                  Eq B.5 

 

Where, 

ms4 is the mass of Stream 4 required for mixture [kg] 

ms6 is the mass of Stream 6 required for mixture [kg] 

m is the mass of mixture [g] 

DMs4 is the dry matter content of Stream 4  [% FM] 

DMs6 is the dry matter content of Stream 6  [% FM] 

DMtarg is targeted dry matter of mixture  [% FM] 

 

The DMs4 and DMs6 can be determined experimentally. Provided the targeted dry matter content 
[DMtarg] of the mixture and the mass of mixture [m] are known. Eq B.4 and B.5 can be used to solve 
for ms4 and ms6  

 

2.) Biogas volume normalization  

 

 

VNL [NL]= 
V * [Patm-  Pwater]* To

po* T                                                     Eq B.6 

Where,  

VNL is the volume of biogas produced under normalized conditions [NL] 
V is the volume of biogas produced at room temperature [NL] 

Patm is atmospheric pressure  [mbar] 
Pwater is the vapour pressure of water as a function of room temperature [mbar] 

To is normal temperature [273.15 K] 
po is normal pressure [1013 mbar] 
T is room Temperature [K] 
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3.) Pressure of water   

 

Pwater = 10 A - B
C+T                                                                        Eq B.7                     

 

Where,  

Pwater is the vapour pressure of water as a function of room temperature [mbar]          

A is Antoine parameter A [8.07131]          

B is Antoine Parameter B [1730.63]          

C is Antoine Parameter C [233.426]          

T is room temperature [oC] 

 
The parameters A, B and C of Eq B.5 (Antoine equation) are valid only for the temperature range  
1  to 100oC. 
 
4.) Absolute and Specific Biogas yield  

 

Absolute biogas yield [NL/kg FM] = 
Biogascumm
mFeedstock

                                                                Eq B.8 

Where,  

 

Biogascumm is the cumulative normalised biogas produced [NL]          

mfeedstock is the fresh mass of feedstock [kg]          

moDM-feedstock is the mass of organic dry matter in feedstock [kg] 

 

Specific biogas yield [NL/kg oDM ] = 
Biogascumm

moDM-Feedstock
                                                Eq B.9 

 

5.) Biogas quality correction   

 

Biogas quality correction  

 

Dry biomethane concentration [%] =  Cf ∗
Patm

Patm −  Pw
                                            Eq B.10 

        

Where, 

Cf is wet biomethane concentration  [%]         
Patm is the atmospheric pressure [mbar]         
Pw is the pressure of water vapour [mbar]         
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6.) Biodegradability 

 

a.) Biodegradability [% oDM ] =  mBiogas
moDM

 *100%                                                       Eq B.11 

 

Where,  

mBiogas is the mass of biogas produced from oDM fed into reactor [kg]         

moDM is the mass of oDM fed into the reactor [kg]   

 

 

mBiogas [g] =
Patm* [MCH4* VCH4+MCO2* VCO2]

 
R*T                             Eq B.12 

 

Where,  

mBiogas is mass of biogas produced [g]          

Patm is atmospheric pressure [kpa]          

MCH4 is the molar mass of methane [16.04 g/mol]          

MCO2 is the molar mass of carbon dioxide [44.01 g/mol]          

V CH4 is the normalised volume of methane  [L]          

VCO2 is the normalised volume of carbon dioxide [L]          

R is molar gas constant [L·kPa·K-1·mol-1]          

T is the room temperature [K]          

 

 

b.) Biodegradation [% oDM] =
[oDMfed − oDMdigestate]

oDMfed
*100%                            Eq B.13 

 

Where, 

oDMfed is the organic matter fed [kg]          
oDMdigestate is the organic matter in digestate [kg]          
 
 
7.) Hydraulic retention time (HRT) 
 

HRT = 
VR

Q                                                                                  Eq B.14 

 

Where,  

VR  is the active volume of the reactor [L]          
Q  is feeding rate [L/day]          
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8.) Organic loading rate (OLR) 

 

OLR [kg oDM /(m3day)] = 
moDM-daily    

VR
                                                            Eq B.15 

Where,  

 

moDM-daily is the mass of oDM fed per day [kg oDM / day]         

VR is Volume of Reactor [m3]          

 

 
9.) CaCO3 mass balance across automatically fed 100-L automatically fed AD test system 

 

CaCO3balance(%) =
CaCO3-Dig-period +  CaCO3-Reactor-ld

CaCO3-Reactor-bf   +  CaCO3-Fed-period                       Eq B.16 

Where,  

 

CaCO3-Reactor (kg)  = 
V * ρ* FMCaCO3

100                                                            Eq B.17 

Where,  

CaCO3-Reactor is the mass of  CaCO3 in the bioreactor [kg] 
 V is the volume of the bioreactor’s content [L] 
 ρ is the density of the bioreactor’s content [kg/L] 
 FMCaCO3 is the CaCO3 content in the fresh mass of bioreactor’s substrate  [% FM] 
 

 
 
 
 
 
 
 
 

CaCO3-Reactor-bf is the estimated mass of CaCO3 in the bioreactor before feeding in period 

 considered [kg] 

CaCO3-Fed-period is the total mass of CaCO3 fed in the period considered [kg] 

CaCO3-Dig-period is the total mass of CaCO3 in digestate in the period considered [kg] 

CaCO3-Reactor-ld is the estimated mass of CaCO3 in a bioreactor after the last digestate  

in period considered [kg] 
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Appendix C Properties of samples and AD mixtures for different AD batch test 

 
Appendix C.1 Mixtures for experiment to study the AD of Stream 1-W70 and Stream 2-W70 

 Sample Name Sample date Nr. of 
samples 

Average 
mass of DS 

Average mass 
of inoculum 

Average 
mass of 
cellulose 

   [-] [gFM] [gFM] [gFM] 

1 Stream 1- W70 02.12.2013 3 115.6 676.0 0.0 

2 Stream 2 - W70 05.11.2013 2 116.0 676.0 0.0 

3 Stream 2 - W70 02.12.2013 3 115.8 676.0 0.0 

4 Cellulose 23.01.2014 3 0.0 676.0 4.4 

5 Inoculum 23.01.2014 3 0.0 676.0 0.0 

 

 

 

Appendix C.2 Mixtures for  experiment to study the influence of different inocula on AD of DS 

 

 

 

 

 

 

Nr. Sample Name Sample date Inoculum 
used 

Average 
mass of DS 

Average 
mass  of 
inoculum 

Mass of 
cellulose 

   [gFM] [gFM] [gFM] 

1 Stream 2 - W70 24.04.2014 Inoculum1 306.0 516.0 0.0 

2 Stream 2 - W70 24.04.2014 Inoculum2 99.0 495.0 0.0 

3 Stream 2 - W70 24.04.2014 Inoculum3 130.6 490.0 0.0 

4 Cellulose 15.05.2014 Inoculum1 0.0 516.0 3.5 

5 Cellulose 15.05.2014 Inoculum2 0.0 495.0 3.5 

6 Cellulose 15.05.2014 Inoculum3 0.0 490.0 3.5 

7 Inoculum1 24.04.2014 Inoculum1 0.0 516.0 0.0 

8 Inoculum2 24.04.2014 Inoculum2 0.0 495.0 0.0 

9 Inoculum3 24.04.2014 Inoculum3 0.0 490.0 0.0 

The numbers 1, 2, and 3 differentiate the inocula used. 1 is from an AD treatment plant with maize silage as input 
substrate, 2 is from an AD treatment plant with sewage sludge as input substrate while 3 is from another AD treatment 
plant also with sewage sludge as input substrate. 
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Appendix C.3 Mixtures for experiment to study the influence of dewatering degree on AD of DS  

Nr. Average mass of DS Number of 
samples 

DM of DS 
mixture 

Inoculum 
used 

Mass of 
inoculum 

Stream 4- W70 Stream 6-W70 

[gFM] [gFM]  [%] [gFM] [gFM] 

1 62.45 404.25 2 8.99 Inoculum 1 233.3 

2 159.30 374.30 2 18.9 Inoculum 2 266.5 

3 252.43 281.17 2 29.4 Inoculum 2 266.3 

4 274.70 192.00 2 36.4 Inoculum 1 233.3 

5 389.02 144.58 2 44.8 Inoculum 2 266.4 

7 0.00 0.00 2 - Inoculum 1 700.0 

8 0.00 0.00 2 - Inoculum 2 266.5 

Stream 4-W70 and Stream 6-W70 were sampled on 11.03.2015. Inoculum 1 and inoculum 2 were taken on 
11.03.2015 and 26.01.2016 respectively.  

 

 

 

Appendix C.4 Mixtures for  experiment to study the AD of Stream 2-W80 and Stream 2-W90/100 

Nr. Sample Sample 
date 

Nr. of 
samples 

Mass of DS Mass of 
inoculum 

Mass of 
inoculum 

    [gFM] [gFM] [gFM] 

1 Stream 2- W80 26.01.2016 2 266.85 533.15 0.00 

2 Stream 2- W90/100 26.01.2016 1 266.40 533.20 0.00 

3 Cellulose 01.02.2016 1 0.00 533.40 5.48 

4 Inoculum 11.03.2015 3 0.00 266.50 0.00 

 

 

Appendix C.5 Mixtures for  experiment to study the influence of CaCO3 on the AD of DS 

 

Nr. Cellulose CaCO3 Inoculum CaCO3 in feedstock 

 [gFM] [gFM] [gFM] [% DM] 

1 4.65 0.00 533.89 0 

2 4.65 2.09 528.69 12 

3 4.65 4.15 533.03 22 

4 4.63 10.0 533.42 40 

5 0.00 0.00 534.16 0 

The sample date of inoculum is 11.03.2016 
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Appendix C.6 Semi-continuous AD of DS in a 10_L bioreactor to prepare DS-digestate with 
limited concentration of nitrogen  

Period Average HRT Number of days in Operation 

 [days] [days] 

1 24 ± 3.3 17 

2 29 ± 9.4 30 

3 23 ± 8.9 21 

Input DS: Stream 2-W70 of  sample dates  26.09.2019  and  27.12.2019 

Inoculum used:  DS-digestate from R1B (Initiation phase) 

The NH3/NH4
+-N concentration declined in the bioreactor all through  the period  of operation leading to a 

corresponding reduction in the biogas production rate. 

The minimum value of NH3/NH4
+-N observed was 18.4 mg/L. 

The final DS-digestate was used as inoculum to investigate  the influence of the C/N ratio on the AD of DS  as in 
Appendix C.7. 

 

 

Appendix C.7 Mixtures for experiment to study the influence of C/N ratio on the AD of DS 

Nr. DS Inoculum N supplementation C/N ratio 

[gFM] [gFM] [gFM]  

1 0 522.0 0 34 

2 148 521.4 0 37 

3 148 520.0 0.065 34 

4 148 521.5 0.189 30 

5 148 522.5 0.313 24 

N is ammoniacal nitrogen (NH3/NH4
+-N) 

N supplementation by ammonium chloride  (NH4Cl) 

C/N ratio of inoculum = 34 

C/N ratio of pre-dewatered DS = 49 
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Appendix C.8 Feeding pattern of semi-continuously operated AD of DS using automatically fed 
100- AD systems 

 

 

 

Appendix D.1 Computation for CaCO3 mass balance across 100-L bioreactors 

The computations were made using Eq B.16 and Eq B.17 in Appendix B.9  

100-L 
bioreactor 

Period 
considered 

Number of 
days in 
period 

Estimated 
mass of  
CaCO3 in 

bioreactor 
before 

feeding in 
period 

Total 
mass of 
CaCO3 
fed in 
period 

Total 
mass of 
CaCO3 in 
digestate 
in period 

Estimated 
mass of  
CaCO3 in 

bioreactor 
after last 
digestate 
in period 

CaCO3 
balance 

  [days] [kg] [kg] [kg] [kg] [%] 
R1A 15.08.2016 - 

31.10.2016 
78 1.08 4.55 2.88 0.60 61.9 

R1B 18.12.2019 - 
09.02.2020 

54 1.07 4.71 3.34 1.95 91.5 

R2 18.12.2019 - 
09.02.2020 

54 1.40 5.39 4.18 2.54 99.0 

Period considered was chosen to allow  for a similar input mass in bioreactors.  The HRT of R1A in the period considered are  
30 and 25 days. The poor balances of R1 A indicate poor mixing and sampling. The  rest CaCO3 content  not captured in the 
balance of all bioreactors are possibly in the bioreactors,  pipes and pumps. 

 

 

 

 

 

100-L bioreactor Feeding phase  HRT Duration of operation 
 

(weeks) (d-1) 

R1A 

1 30 14 

2  25 12 

3  20 7 

4 15 2 

5 20 2 

stop stop 2 

6 30 9 

R1B 1 19 6 

R2 1 19 6 
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Appendix E Characteristics of samples and preparation for solid-liquid separation tests 

 
Appendix E.1 Samples for the different solid-liquid tests carried out 

Solid-liquid separation Sample 

 

Number of 
samples 

Sieve analysis 
(sieve sizes used: 63 µm,  
100 µm, 200 µm, 300 µm,  

500 µm and 1 mm) 

Stream 1-W70_04.06.2015 2 

Stream 2-W70_04.06.2015 2 

Stream 1- W90/100_25.02.2016 2 

Stream 2- W90/100_26.01.2016 2 

DS-digestate_10L_Bioreactor (HRT: 50 days) 2 

Sedimentation (Imhoff cone- 
size; 1000 mL) 

Stream 1-W70_25.02.2016 2 

Stream 2-W70_02.06.2016 2 

Stream 1-W80_25.02.2016 2 

Stream 2-W80_26.01.2016 2 

Stream 1- W90/100_ 25.02.2016 2 

Stream 2- W90/100_ 26.01.2016 2 

Stream 2-W70_07.02.2017 (diluted) 1 

DS Digestate_R1A_final sampling* 1 

Centrifugation 

Stream 2-W70_07.02.2017 2 

DS Digestate _R1A_final sampling* 2 

DS-digestate_ R1A_ final sampling** (diluted) 2 

DS-digestate_ R1A _ (HRT: 15 days) 2 

*final sampling occured on the 01.06.2017 when the reactor was opened, ** see dilution in Appendix  E.2 

 

 
Appendix E.2 Characteristics of samples used for sedimentation tests 

Sample Dry matter 
content 

Water added 
to 1-L of 
sample 

Dry matter 
content_adjusted 

pH 

[% FM] [g] [% FM] [-] 

Stream 2-W70_07.02.2017 (diluted) 11.7 666.7 7.8 7.0 

DS Digestate_Bioreactor 1A_final 
sampling 

7.8 0.0 7.8 7.0 
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Appendix E.3 Preparation of samples to test for dewaterability by centrifugation tests 

Sample Sample description Beginning 
DM 

Water added to 
1-L of sample 

Final 
DM 

[% FM] [g] [% FM] 

Stream 2-W70 Stream 2- W70_07.02.2017 13.0 0 13.0 

DS-digestate 1 
DS-digestate_ R1A _ 

(HRT: 15 days) 
13.1 0 13.1 

DS-digestate 2 DS-digestate_ R1A_ final 
sampling (diluted with tap water) 18.2 400 13.0 
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Appendix F Standard sand and mortar mixtures for formation of mortar  

 
Appendix F.1 Grain size distribution of standard sand used (DIN EN 196-1) with standard deviation  

Square mesh size [mm] 2.00 1.60 1.00 0.50 0.16 0.08 

Cumulative sieve residue [%] 0 7 ± 5 33 ± 5 67 ± 5 87 ± 5 99 ± 1 

 

 
Appendix F.2  The masses of water, sand, cement and ash for different mortars made 

 
Sample 

 
Mortar 

 
Water 

 
Sand 

 
Cement 

 
Cement 

 
Ash of 

 
Ash of DS- 

 
Cement 

Nr. type    Reduction DS digestate substitution 

  [g] [g] [g] [% cement in 
reference] 

[g] [g] [% cement in 
reference] 

1 Portland 
Cement 

(Reference) 
260 1305 435 0 0 0 0 

2 

3 

Portland 
cement 
(Other 

Reference) 

 
260 

 
1305 

413 5 

0 0 0 

4 

5 
370 15 

4 

6 
326 25 

7 

8 
283 35 

9 

10 

Partial 
substitution 

by 
ash of DS 

260 1305 

413 5 22 

0 

5 
11 

12 
370 15 65 15 

13 

14 
326 25 109 25 

15 

16 
283 35 152 35 

17 

18 

Partial 
substitution 

by 
ash of DS-
digestate 

260 1305 

413 5 

0 

22 5 
19 

20 
370 15 65 15 

21 

22 
326 25 109 25 

23 

24 
283 35 152 35 

25 
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Appendix F.3 Pictorial view of mortar mixture components, form device and formed mortar prisms 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  
 
 
 

Form device for mortar prisms  Mortar prisms  

Sand  Cement Ash of DS-digestate 
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Appendix G Computation of the characteristics of mortar prisms 

 
Appendix G.1 Equations to compute characteristics of mortar prisms produced 

 

To compute the density, flexural and compressive strength of the mortar prisms made from DS and 
digestate ashes the below equations were used.  

 

 

1.) Density  

 

ρ =
m
V                                                                                            Eq G.1 

 

where,  

 
2.) Flexural strength 

 

For a rectangular sample under a load in a three-point bending setup 

 

Rf = 
1.5 * Ff * l

b3                                                                          Eq G.2 

 

Where, 

 
Rf is the flexural strength of mortar prism [N/mm2]          
b is the width of mortar prism [mm]          
Ff Is the load (force) at the point of fracture on mortar prism  [N]          
l is the length of the support span of the test device [mm]          
 
3.) Compressive strength 

Rc= 
Fc

A                                                                       Eq G.3 

 

Where, 

ρ    is the density of mortar prism after curing [kg/mm3] 
m   is the mass of mortar prism after curing [kg]          

V    is the volume of mortar prism after curing [m3]          

Rc is the compressive strength of mortar prism [N/mm2]          

Fc is the load applied on mortar prism [N]          

1600 is the cross sectional area of mortar prism [40mm x 40mm] [mm2]          
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Appendix H Statistical evaluation of physico-chemical properties of DS and derivatives  

 

Appendix H.1 Statistical evaluation of dry matter (DM) contents of the DS and DS derivatives 

    KS - Kolmogorow-Smirnow-Test with Lilliefors-Correction; SW - Shapiro-Wilk-Test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Processing stage Stream 
1 

Stream 
2 

Stream 
3 

Stream 
4 

Stream 
5 

Stream 
6 

Bio-
sludge 

Mean value (% FM) 3.37 11.69 5.12 56.18 0.96 0.59 1.52 

Median value (% FM) 3.48 12.68 5.00 56.70 0.88 0.52 1.45 

Standard deviation (% FM) 0.84 3.39 0.85 4.24 0.34 0.16 0.23 

0.25 - Quantile (% FM) 3.10 8.98 4.91 53.38 0.70 0.50 1.36 

0.75 - Quantile (% FM) 3.96 14.27 5.04 58.93 1.05 0.61 1.64 

Minimum (% FM) 1.07 5.08 4.01 49.48 0.61 0.46 1.28 

Maximum (% FM) 4.69 16.40 6.64 62.46 1.63 0.94 1.83 

Number of samples           
(samples from various dates) 

13 16 5 7 6 7 3 

Number of samples                 
(including multiple detections) 30 34 12 15 12 18 5 

Normal distribution KS yes yes yes yes yes no - 

Normal distribution SW yes yes yes no yes no - 
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Appendix H.2 Statistical evaluation of oDM, ash and CaCO3 contents of DS and DS derivatives 

KS - Kolmogorow-Smirnow-Test with Lilliefors-Correction; SW - Shapiro-Wilk-Test 

 

 

 

 

Processing stage Stream 
1 

Stream 
2 

Stream 
3 

Stream 
4 

Stream 
5 

Stream 
6 

Bio-
sludge 

oDM content 
Mean value (% DM) 33.4 30.5 32.8 30.9 39.0 31.3 51.3 
Median value (% DM) 33.4 31.0 29.5 31.2 39.1 29.2 53.4 
Standard deviation (% DM) 2.6 2.4 5.8 4.2 8.5 6.7 5.2 
0.25  - Quantile (% DM) 31.8 28.9 28.7 28.9 31.7 25.8 48.8 
0.75  - Quantile (% DM) 33.9 32.1 33.3 33.3 42.8 36.1 54.9 
Minimum (% DM) 29.6 24.6 28.4 23.6 28.6 23.3 44.2 
Maximum (% DM) 39.4 34.3 43.9 37.0 53.7 42.6 56.5 

  Number of samples           
(samples from various dates) 13 16 5 7 6 7 3 

Number of samples                 
(including multiple detections) 25 34 12 14 14 16 5 

Normal distribution KS no yes yes yes yes yes - 
Normal distribution SW yes Yes no yes yes yes - 

Ash content 
Mean value (% DM) 66.6 70.3 67.2 69.1 61.0 68.7 48.7 
Median value (% DM) 66.6 71.4 70.5 68.8 60.9 70.8 46.6 
Standard deviation (% DM) 2.6 7.6 5.8 4.2 8.5 6.7 5.2 
0.25  - Quantile (% DM) 66.1 70.3 66.7 66.7 57.2 63.9 45.1 
0.75  - Quantile (% DM) 68.2 72.1 71.3 71.1 68.3 74.2 51.2 
Minimum (% DM) 60.6 43.0 56.1 63.0 46.3 57.4 43.5 
Maximum (% DM) 70.4 80.7 71.6 76.4 71.4 76.7 55.8 

Number of samples           
(samples from various dates) 13 16 5 7 6 7 3 

Number of samples                 
(including multiple detections) 26 34 12 14 14 16 5 

Normal distribution KS no yes yes yes yes yes - 
Normal distribution SW yes yes no yes yes yes - 

CaCO3 content 
Mean value (% DM) 48.2 53.7 47.6 57.7 46.6 62.8 42.5 
Median value (% DM) 46.2 49.3 50.8 52.2 46.3 73.1 42.5 
Standard deviation (% DM) 9.0 8.1 11.0 11.5 15.4 18.1 17.5 
0.25  - Quantile (% DM) 42.1 47.1 41.8 50.3 40.5 53.2 33.7 
0.75  - Quantile (% DM) 55.3 59.1 56.5 70.3 61.0 77.7 51.2 
Minimum (% DM) 34.3 45.3 30.4 43.6 21.4 31.6 25.0 
Maximum (% DM) 62.7 68.8 58.5 72.3 63.9 78.3 60.0 
Number of samples 
(samples from various dates) 10 7 4 5 5 5 2 

Number of samples                 
(including multiple detections) 20 22 8 10 10 9 4 

Normal distribution KS yes yes - yes yes yes - 
Normal distribution SW yes yes yes yes yes yes - 
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Appendix H.3 Results of two-sided t-test for the comparison of the mean values of different DS 
and DS derivative types (Streams 1-6) 

DS Degree of 
freedom t-statistic Critical t-value Result 

Organic dry matter (oDM) 

Stream 1 & 2 27 2.992 2.052 Stream 1 > Stream 2 

Stream 1 & 5 17 -2.039 2.110 Not different 

Stream 2 & 3 19 -1.198 2.093 Not different 

Stream 3 & 4 10 0.600 2.228 Not different 

Stream 4 & 6 10 -0.126 2.228 Not different 

Calcium carbonate (CaCO3) 

Stream 1 & 2 15 -1.215 2.131 Not different 

Stream 1 & 5 5 0.192 2.571 Not different 

Stream 2 & 3 5 0.853 2.571 Not different 

Stream 3 & 4 7 -1.183 2.364 Not different 

Stream 4 & 6 7 -0.474 2.364 Not different 
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Appendix H.4 Statistical evaluation of DS main streams based on influence of wastepaper grades  

KS - Kolmogorow-Smirnow-Test with Lilliefors-Correction; SW - Shapiro-Wilk-Test 

Processing stage Stream 1 Stream 2 Stream 4 
Wastepaper grade W70 W80 W90/100 W70 W80 W90/100 W70 W90/100 

DM content 

Mean value (% FM) 3.3 3.1 3.9 11.5 14.5 9.9 54.6 56.8 

Median value (% FM) 3.5 3.1 4.1 12.2 14.6 9.0 54.3 58.0 

Standard deviation (% FM) 0.9 0.4 0.8 3.0 0.2 3.4 4.0 5.1 

0.25 - Quantile (% FM) 3.2 2.7 3.3 9.5 14.4 7.4 52.0 55.5 

0.75 - Quantile (% FM) 3.8 3.5 4.6 13.7 14.7 9.3 55.9 59.3 

Minimum (% FM) 1.1 2.7 2.7 5.0 14.2 7.3 49.3 48.5 

Maximum (% FM) 4.0 3.5 4.7 14.9 14.8 16.4 62.5 62.4 

Number of samples           
(samples from various dates) 8 2 3 11 2 3 6 1 

Number of samples                 
(including multiple detections) 17 4 6 26 3 5 11 4 

Normal distribution KS no yes yes no - no yes yes 

Normal distribution SW no no yes no - no yes - 

oDM content 

Mean value (% DM) 33.7 33.7 31.3 30.4 25.6 25.4 33.6 23.6 

Median value (% DM) 33.3 33.8 31.1 29.8 24.7 25.7 31.3 23.4 

Standard deviation (% DM) 2.7 0.5 1.4 1.6 1.4 3.4 5.1 0.4 

0.25 - Quantile (% DM) 32.8 33.6 30.3 28.9 24.6 25.1 30.6 23.3 

0.75 - Quantile (% DM) 34.5 34.0 32.5 31.7 26.1 28.1 37.1 23.7 

Minimum (% DM) 28.3 33.0 29.2 28.0 24.5 19.3 27.7 23.3 

Maximum (% DM) 39.4 34.2 33.3 33.7 27.5 28.8 42.6 24.1 

Number of samples           
(samples from various dates) 8 2 3 11 2 3 6 1 

Number of samples                 
(including multiple detections) 15 4 6 25 3 5 11 3 

Normal distribution KS yes yes yes no - yes yes - 

Normal distribution SW yes no yes no - yes no - 

CaCO3 content 

Mean value (% DM) 44.2 43.1 57.4 46.5 58.6 64.2 53.5 70.3 

Median value (% DM) 41.7 43.7 56.1 46.9 58.6 64.4 51.1 65.9 

Standard deviation (% DM) 9.2 2.6 4.2 2.5 0.2 4.6 8.9 8.3 

0.25 - Quantile (% DM) 37.9 41.6 53.7 44.6 58.5 59.9 50.2 65.1 

0.75 - Quantile (% DM) 48.5 45.2 60.9 47.1 58.7 68.7 52.3 71.1 

Minimum (% DM) 33.7 39.1 52.8 42.4 58.4 59.2 43.6 64.8 

Maximum (% DM) 63.4 45.8 63.6 54.1 58.7 69.0 72.3 84.6 
Number of samples           
(samples from various dates) 5 2 3 4 1 2 4 1 

Number of samples                 
(including multiple detections) 10 4 6 16 2 4 6 4 

Normal distribution KS yes yes yes no - yes no no 

Normal distribution SW yes - yes no - - no - 
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Appendix H.5 Results of two-sided t-test for the comparison of the mean values of DM, oDM and 
CaCO3 from Stream 1, 2 and 4 regarding wastepaper grade (W70, W80, W90/100)  

 

DS 
Stream 

Wastepaper 
grades 

Degree of 
freedom 

t-statistic 
value 

Critical                 
t-value Result 

DM content 

Stream 1 

W70 & W80 19 0.420 2.093 Not different 

W70 & W90/100 21 -1.460 2.080 Not different 

W80 & W90/100 8 -1.938 2.306 Not different 

Stream 2 

W70 & W80 27 -4.821 2.052 W80 > W70 

W70 & W90/100 5 0.889 2.571 Not different 

W80 & W90/100 6 2.061 2.447 Not different 

Stream 4 W70 & W90/100 4 -0.663 2.776 Not different 

oDM content 

Stream 1 

W70 & W80 17 -0.009 2.110 Not different 

W70 & W90/100 19 1.963 2.093 Not different 

W80 & W90/100 8 2.906 2.306 W80 > W90/100 

Stream 2 

W70 & W80 2 4.652 4.303 W70 > W80 

W70 & W90/100 28 4.798 2.048 W70 > W90/100 

W80 & W90/100 6 0.075 2.447 Not different 

CaCO3 content 

Stream 1 

W70 & W80 12 0.331 2.179 Not different 

W70 & W90/100 14 -3.066 2.145 W90/100 > W70 

W80 & W90/100 8 -5.926 2.306 W90/100 > W80 

Stream 2 

W70 & W80 16 -6.589 2.120 W80 > W70 

W70 & W90/100 18 -10.064 2.101 W90/100 > W70 

W80 & W90/100 4 -1.429 2.776 Not different 

 

Appendix H.6 Statistical evaluation of C/N ratios of DS and DS derivative samples of W70 type 

        

Processing stage Stream 1 Stream 2 Stream 4 Stream 5 Stream 6 

Mean value (-) 93 82 178 138 96 

Median value (-) 88 96 178 138 96 

Standard deviation (-) 24 51 7 4 2 

0.25 - Quantile (-) 75 62 175 136 95 

0.75 - Quantile (-) 106 119 182 140 97 

Minimum (-) 52 36 171 134 94 

Maximum (-) 115 185 185 142 98 

Number of samples 
(samples from various dates) 

4 8 2 2 2 
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Appendix H.7 Statistical evaluation of pH of DS and DS derivative samples  

       

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Processing stage Stream 1 Stream 2 Stream 5 Stream 6 Biosludge 

Mean value (-) 7.2 7.1 6.5 6.6 6.9 

Median value (-) 7.4 6.9 6.4 6.8 6.9 

Standard deviation (-) 0.5 0.6 0.2 0.3 0.0 

0.25 - Quantile (-) 7.0 6.6 6.3 6.6 6.9 

0.75 - Quantile (-) 7.6 7.7 6.5 6.8 6.9 

Minimum (-) 6.3 6.3 6.3 6.0 6.9 

Maximum (-) 7.7 8.0 6.8 6.9 6.9 

Number of samples 
(samples from various dates) 

12 14 4 5 1 
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Appendix I Some properties of AD mixtures for biogas test and sulphur content of DS 

 

Appendix I.1 TN, C/N ratio, VOA/TIC of different mixtures prepared for AD batch test 

 

 
 
 
Appendix I.2 Sulphur content of deinking sludge  

DS sample 
Sulphur content 

Source 
g/kg DM 

Stream 2-W70 0.50 Own study 

Laboratory DS Sample 3 - 5 Steffen et al.  2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Substrate Inoculum TNliq C/Nliq VOA/TIC Biogas yield Biodegradability 

[mg/L] [-] [-] [NL/kg oDM]   [% oDM] 

Stream 2-W70 Inoculum 1 1437 52.2 0.2 235 16 

Stream 2-W70 Inoculum 2 202 26.7 0.1 286 26 

Stream 2-W70 Inoculum 3 1333 229.0 0.2 243 20 

Cellulose Inoculum 1 2263 - 0.1 585 56.2 

Cellulose Inoculum 2 237 - 0.1 586 52.3 

Cellulose Inoculum 3 1672 - 0.1 588 53.6 

Inoculum 1 Inoculum 1 2278 - 0.1 29 - 

Inoculum 2 Inoculum 2 239 - 0.0 126 - 

Inoculum 3 Inoculum 3 1684 - 0.1 74 - 
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Appendix J Biogas yield at initiation phases with automatically fed 100-L AD bioreactors 

 
Appendix J.1 Specific biogas yield of  DS at the initiation phase (batch) from the automatically fed 
100-L AD bioreactor (R1A)  

 
 

Appendix J.2 Specific biogas yield of DS  at the initiation phase (batch) from the autamatically fed 
100-L AD bioreactor (R1B) 
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Appendix J.3 Specific biogas yield of DS at the initiation phase (batch) from the automatically fed 
100-L AD bioreactor (R2) 
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Appendix K    Parameters obtained from model fitting and steps to apply Gompertz model 

 
Appendix K.1 Data of model fitting to experimental data of the AD of different DS types 

Models Parameters Indicators 
k k1 k2 Y1 Y2 R2 RMSE BIC AIC 

[-] [-] [-] [NL/kgoDM] [NL/kgoDM] [-] [-] [-] [-] 
Stream 1-W70 

Model 1 0.301 - - - - 0.9336 21.0 137 136 

Model 2 - 0.667 0.117 217.5 125.3 0.9883 8.8 99 98 

Model 3 - - - - - 0.8211 34.4 159 158 

Model 4 - - - - - 0.9314 21.3 138 137 

Model 5 - - - - - 0.3382 66.2 188 187 
Stream 2-W70_1 

Model 1 0.242 - - - - 0.9706 12,6 115 114 

Model 2 - 0.295 0.086 230.8 37.4 0.9749 11,7 111 110 

Model 3 - - - - - 0.7284 38,3 164 163 

Model 4 - - - - - 0.9321 19,2 133 132 

Model 5 - - - - - 0.1776 66,7 188 187 
Stream 2-W70_2 

Model 1 0.321 - - - - 0.9777 9.0 100 99 

Model 2 - 0.372 0,070 213.6 18.3 0.9828 7.9 94 93 

Model 3 - - - - - 0.9157 17.6 129 128 

Model 4 - - - - - 0.7684 29.1 151 151 

Model 5 - - - - - 0.3947 47.1 173 172 
Stream 2-W70_3 

Model 1 0,263 - - - - 0.9455 20.3 136 135 

Model 2 - 0.263 0.263 142.3 142.3 0.9455 20.3 136 135 

Model 3 - - - - - 0.8150 37.5 163 162 

Model 4 - - - - - 0.9258 23.7 142 142 

Model 5 - - - - - 0.2443 75.7 193 193 
Stream 2-W80 

Model 1 0.394 - - - - 0.9779 10.7 108 107 

Model 2 - 0.394 0.394 137.4 137.4 0.9779 10.7 108 107 

Model 3 - - - - - 0.9811 9.9 104 103 

Model 4 - - - - - 0.9156 21.0 137 136 

Model 5 - - - - - 0.5121 50.5 176 175 
Stream 2-W90/100 

Model 1 0.386 - - - - 0.9732 18.6 132 131 

Model 2 - 0.386 0.386 208.5 208.5 0.9732 18.6 132 131 

Model 3 - - - - - 0.9846 14.1 120 119 

Model 4 - - - - - 0.9059 34.9 159 159 

Model 5 - - - - - 0.4977 80.7 196 195 
Model1: One step first order kinetics; Model 2: Two steps first order kinetics ; Model 3:Modified Gompertz;  
Model 4: Transfer function;  Model 5: Logistic function 
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Appendix K.2 Application of the Gompertz model for the AD of DS   

 

Step 1:  
Obtain the elemental chemical composition (M) of the substrate (C, H, N, S) each in g/kg DM. Also, 

determine the oDM of the substrate in g/kg DM. You obtain Mc, MH, MN, Ms and  oDMsubstrate. 

Step 2:  
Compute the elemental chemical composition of the substrate (E) in weight percent of oDM. You 
obtain EC, EH, EN and ES.  

 

Step 3: 
To compute the weight percent of oxygen with respect to oDM. Subtract the sum of weight percent 
of chemical components in step 2 (Ec, EH, EN, ES) from 100. You obtain EO. 

 

Step 4:  
Determine the coefficient of C, H, O, N and S in the Bushwell equation (Eq K.1) 

 

           CaHbOcNdSe+ �a-
b
4 -

c
2 +

3.d
4 +

e
2�H2O → 

�
a
2 +

b
8 -

c
4 +

3.d
8 +

e
4�CH4+ �

a
2 -

b
8 +

c
4 +

3.d
8 +

e
4�CO2 +dNH3 +e H2S                                Eq K.1 

Where,  

a= 
EC

MMC
,  b= 

EH

MMH
,    c= 

EO

MMO
,    d= 

EN

MMN
,    e= 

ES

MMc
  

MM is the molar mass of chemical component. 

 

Step 5:  
Compute the theoretical biogas yield of the DS sample using Eq K.2 

 

YTH (NL/kg oDM)=  
Z * 22400 * a2  + b8  - c

4  - 3d
8  - e4

12a + b +16c + 14d + 32e                                                   Eq K.2 

 

Where Z is the factor related to methane fraction in biogas of DS (1.5 - 1.6 as obtained in this study) 

 

Step 6: 

Estimate the experimental biogas yield of the DS sample using Eq K.3. The equation is consistent 

with that reported by Nielfa et al. ( 2014) and Steffen et al. ( 2017). Take YEXP as the Ym in the 

application of the Gompertz equation.   

YEXP = β*YTH                                                                                           Eq K.3                      
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Where β is biodegradability (oDM%). The pre-dewatered DS of W80 and W90/10 types from 

experimental observation are (25 - 28) and (39) respectively.  Take YEXP as the Ym in step 7.  

Step 7: 

Use the Eq K.4 to compute the maximum biogas production rate Rm. The Eq K. 4 was derived by 

running a linear regression for the experimental maximum yield (Ym) and the maximum biogas  

production rate (Rm), which result in a coefficient of determination of 0.9971 as shown in Appendix 

K.3 

 

Rm  = 0.2555*Ym+ 6.0788                                                                         Eq K.4 

 

 
Appendix K.3 Linear regression of maximum biogas production rate and biogas yield of pre-
dewatered DS of type W80 and W90   

 
 

 
 
  Data : 

Pre-dewatered DS type  W80 W80 W90/100 

Biogas yield 
[NL/(kg oDM)] 

260.8 288.8 417.0 

Max. biogas production rate 
[NL/(kg oDM·d)] 

71.7 81.1 112.4 
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Appendix L Characteristics of inputs used and DS-digestate generated in biogas tests 

 
Appendix L.1 Characteristics of input DS, inocula and DS-digestate from 1-L batch tests  

  

Sample date 
 

Number samples 
 

DM 
[% FM] 

oDM 
[% DM] 

oDM 
[% DM] 

Stream 2-W70 input for 1-L batch test 

05.11.2013 2 12.1 31.4 68.6 

02.12.2013 3 12.0 28.2 71.8 

24.04.2014 3 14.3 29.3 70.7 

Inoculum used 

23.01.2014 5 2.0 62.7 37.3 

24.04.2014** 1 7.9 68.7 31.3 

24.04.2014** 1 0.8 61.5 38.5 

24.04.2014** 1 1.9 61.6 38.4 

DS-digestate  

23.01.2014- 

05.06.2014 
8 5.0 ± 2.3 43.3 ± 4.5 56.7 ± 4.5 

Each sample was analysed twice;  **used only for DS sample Stream 2-W70_24.04.2014 
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Appendix L.2 Characteristics of input DS and DS-digestate from semi-continuous AD using R1A 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Date 
Number* 

of 
sample 

Phases 
DM 

[% FM] 

oDM 

[% DM] 

Ash 

[% DM] 

CaCO3 

[% DM] 

Stream 2-W70 input for bioreactor R1A 

26.01.2016 1 Phase 1 
(Batch) 11.4 32.1 67.9 ND 

25.05.2016 & 
18.07.2016 1 Phase 2 13.3 31.2 68.8 ND 

20.07.2016 &  
04.10.2016 1 Phase 2 5.5 37.4 62.6 ND 

12.10.2016 1 Phase 2 5.1 28.7 71.3 46.3 

14.12.2016 1 Phase 2 8.5 28.9 71.1 46.5 

07.02.2017 1 Phase 3 14.8 29.7 70.3 47.9 

DS-digestate of bioreactor R1A 

06.06.2016 – 
13.09.2016 

14 30 5.4 ± 3.5 29.7 ± 2.8 70.3 ± 2.8 46.0 ± 5.0 

13.09.2016 – 
06.12.2016 

12 25 5.2 ± 4.0 29.1 ± 2.3 70.9 ± 2.3 49.5 ± 8.8 

06.12.2016 – 
23.01.2017 

7 20 8.1 ± 4.0 26.5 ± 1.8 73.5 ± 1.8 51.2 ± 3.1 

23.01.2017 – 
15.02.2017 

3 15 7.2 ± 1.7 27.8 ± 1.0 72.2 ± 1.0 48.0 ± 3.0 

15.02.2017 – 
24.02.2017 

2 20 8.0 ± 0.7 28.5 ± 1.4 71.5 ± 1.4 50.1 ± 4.5 

15.03.2017 – 
12.05.2017 

8 30 7.5 ± 1.9 27.2 ± 2.6 72.8 ± 2.6 50.8 ± 4.2 

Layers of  bioreactor R1A (end of AD process) 

01.06.2017 2 S1 8.9 ± 4.0 35.4 ± 0.0 8.9 ± 4.0 38.5 ± 1.0 

01.06.2017 1 S2 2.2 ± 0.0 27.3 ± 0.0 72.7 ± 0.0 52.9 ± 0.0 

01.06.2017 4 S3 16.4 ± 6.1 26.3 ± 1.3 73.7 ± 1.3 53.5 ± 5.5 

01.06.2017 1 S4 18.3 ± 0.0 27.2 ± 0.0 72.8 ± 0.0 47.9 ± 0.0 

01.06.2017 3 S5 25.7 ± 3.3 24.9 ± 1.3 75.1 ± 1.3 49.2 ± 3.2 

Each sample is analysed twice;  ND: not determined,  S1(floating layer), S2 (well mixed low solid substrate), 
the S3 (well mixed thickened substrate), and the S4 (boundary of sedimented layer) and S5 (thickened 
sedimented layer). 
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Appendix L.3 Monitoring of AD system using VOA/TIC values (Lili et al., 2011) 
 

VOA/TIC 
 

Background 
 

Measure 
> 0.6 Highly excessive biomass input Stop adding biomass 

0.5 - 0.6 Excessive biomass input Add less biomass 

0.4 - 0.5 Plant is heavily loaded Monitor the plant more closely 

0.3 - 0.4 Biogas production at a maximum Keep biomass input constant 

0.2 - 0.3 Biomass input is too low Slowly increase the biomass input 

< 0.2 Biomass input is far too low Rapidly increase the biomass input 

 

 
Appendix L.4 Approximate sketch  of sedimentation layers when the 100-L bioreactor was 
opened (R1A) 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

Layers of sedimented sludge Description 

S1 floating layer 

S2 well mixed low solid substrate 

S3 well mixed thickened substrate 

S4 boundary of sedimented layer 

S5 thickened sedimented layer 

Outlet 
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Appendix L.5 Characteristics of input DS and DS-digestate from semicontinuous AD using R1B 
and R2  

Sample date 
Number of 
analysis 

DM 
[% FM] 

oDM 
[% DM] 

CaCO3 
[% DM] 

pH 
[-] 

NH3/NH4+-N  
[mg/L] 

Stream 2-W70 input for bioreactor R1B 

26.09.2019 2 12.4 ± 1.3 31.0 ± 0.3 49.9 ±1.6 6.3 ± 0.3 24.5 ± 2.7 

27.12.2019 2 9.7 ±1.02 28.9 ±1.11 49.2 ± 1.3 7.0 ± 0.4 21.8 ±10.1 

Bioreactor R1B content’s before feeding 

18.12.2019 2 4.4 ± 0.0 30.2 ± 0.0 44.7 ± 0.2 7.20 476.00 

DS-digestate of bioreactor R1B 

19.12.2019 - 
24.02.2020 20 5.6 ± 0.9 26.4 ± 2.1 52.0 ± 3.5 7.3 ± 0.2 ND 

Bioreactor R2 content’s before feeding 

18.12.2019 2 5.6 ± 0.0 30.1 ± 0.0 45.2 ±1.8 7.30 490.0 

DS-digestate of bioreactor R2 

19.12.2019 - 
24.02.2020 20 7.0 ± 1.9 26.7 ± 2.8 52.5 ± 5.6 7.4 ± 0.2 ND 

Unpumpable bioreactor R1B’s when emptying bioreactor (end of AD process)* 

23.07.2022 2 35.1 ± 0.0 21.7 ± 0.08 54.2 ± 0.3 ND ND 

*Labelled sample T1 
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Appendix M Particle size, elements, phases and compressibility of ashes  

 
Appendix M.1  Particle size of ashes of DS and DS-digestate 
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Appendix M.2  X-ray fluorescence analysis of ash of DS 
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Appendix M.3  X-ray fluorescence analysis of ash of DS-digestate 
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Appendix M.4  Elements present in deinking sludge ash as reported by different authors  

 

Elements 
Frias et al.* 

 (DS ash Sample) 
Pera & Amrouz, 1998*  

(DS ash Sample 1) 
Pera & Amrouz, 1998* 

 (DS ash Sample 2) 

 [% DM] [% DM] [% DM] 

Main elements 

Ca 18.17 10.22 4.68 

Si 5.04 10.24 10.19 

Al 3.61 5.93 8.68 

O 71.70 70.00 73.87 

Other elements (non- heavy metals) 

Na 0.10 0.15 0.07 

Mg 0.52 2.47 0.72 

P 0.04 0.03 0.34 

S 0.13 0.00 0.00 

K 0.20 0.17 0.58 

Other elements (heavy metals) 

Ti 0.17 0.24 0.12 

Cr 0.00 0.00 0.00 

Mn 0.00 0.00 0.00 

Fe 0.32 0.56 0.56 

Total 100.0 100.0 99.8 

*All values were computed from the oxides reported by authors 
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Appendix M.5  Fourier Transform – Infra Red (FT- IR) spectra of ash of DS 
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Appendix M.6  Fourier Transform – Infra Red (FT-IR) spectra of ash of DS-digestate 
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Appendix M.7  X-ray diffraction of ash of DS 

 
 

E
ttr

.- 
C

O
3 



  
 

252 
 

Appendix M.8  X-ray diffraction of ash of DS-digestate 
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Appendix M.9  Computation of ash contribution to compressive strength lost by partial 
substitution of cement in mortar prism  

Cement 
mass 

reduced/ 
substituted 

Compressive 
strength of 
reference 

mortar prism 
with cement 

mass reduction 

Compressive 
strength of 

mortar prism 
with cement 

mass substituted 
by ash 

Compressive 
strength lost by 
reference mortar 

prism due to 
cement 

reduction 

Compressive 
strength added 
to mortar prism 

due to 
substitution with 

ash 

Contribution of 
ash to 

compressive 
strength lost 

by substitution 
of cement in 
mortar prism 

[%] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [%] 

DS ash 

0 40.9 - - - - 

5 38.9 39.1 2.0 0.16 8.2 

15 29.9 33.6 10.9 3.63 33.2 

25 21.5 29.5 19.3 8.00 41.4 

35 15.6 25.2 25.3 9.64 38.2 

DS-digestate ash 

0 40.9 - - - - 

5 38.9 39.5 2.0. 0.6 31.1 

15 29.9 34.8 10.9 4.9 45.0 

25 21.5 31.9 19.3 10.3 53.4 

35 15.6 29.5 25.3 13.9 55.0 

 

 
Appendix M.10  Equations to estimate ash contribution to compressive strength lost by 
substitution of cement in mortar prism 

 
Compressive strength (N/mm2) lost by reference 
mortar prism due to cement reduction ( 𝜎𝜎𝑙𝑙ost−ref,   x % ) =          σref, 0% - σref, x%                     Eq M.1 

Compressive strength (N/mm2)  added to mortar prism 
due to substitution with ash ( σadded−test,   x % ) =          σtest,  x% - σref,  x%                   Eq M.2 

Contribution (%) of ash to compressive strength lost by 
substitution of cement in mortar prism =         

σadded-test, x%  

σlost-ref, x%
  x 100              Eq M.3 

 

Where, 

σref, 0% [%] is the compressive strength of reference mortar prism with no cement reduction 

σref, x%   [%] is the compressive strength of reference mortar prism with x % cement reduction 

σtest, x%   [%] 
is the compressive strength of mortar prism with x % cement substitution by ash 
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Appendix N Combined anaerobic treatment and calcium carbonate recovery of DS 

 
Appendix N.1  Computation of the mass balance of the dry matter content of DS across 
dewatering units 

 
DS DM-median  Mass of dry matter   Mass of dry matter  

(addition of recycled stream) 

[% FM] [kg DM] [kg DM] 

Mass balance across pre-dewatering unit 

Stream 1 3.5 100.0* 100.0 

Stream 2 12.7 80.0 80.0 

Stream 5 0.9 20.0 20.0 

Mass balance across main-dewatering unit 

Stream 3 5.0 100.0 105.0 

Stream 4 56.7 90.0 95.0 

Stream 6 0.5 10.0 10.0 

* taken as the basis for computation 
Computed using equations Eq N.1 and N.2 as well as the assumptions in section 5.6.1 

 
 

mDM-input =  mDM-S-output  + mDM-L-output                                                Eq N.1 

 
mDM-input

DMinput
 = 

 mDM-S-output

DMS-output
 +   

mDM-L-output

DML-output
                                             Eq N.2 

 

  Where,  

mDM-input is mass of dry matter in input stream [kg DM]          
mDM-S-output is mass of dry matter in solid phase (Stream 2) of the output stream [kg DM]          
mDM-S-output is mass of dry matter in liquid phase (Stream 5) of the output stream [kg DM]          

DMinput is mass of dry matter content of the input stream [% FM] 
DMS-output is mass of dry matter content of the solid phase (Stream 2)  of the input stream [% FM]        
DML-output is mass of dry matter content of the liquid phase (Stream 5) of the input stream [% FM]        
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Appendix N.2  Computation of the mass balance of the organic dry matter of DS across 
dewatering units 

DS Mass of DM 
of streama  

oDM-median  oDM  oDM_rounded  oDM 
recalculation 

to 100% 

oDM 
(addition of 

recycled 
stream) 

[kg DM] [% DM] [kg oDM] [kg oDM] [kg oDM] [kg oDM] 

Mass balance across pre-dewatering unit 

Stream 1 100 33.3 33.3 32.0b 100c 100 

Stream 2 80 29.5 23.6 24.0 74 74 

Stream 5 20 41.0 8.2 8.0 26 26 

Mass balance across main-dewatering unit 

Stream 3 100 29.5 29.5 31.0d 100e 105 

Stream 4 90 31.2 28.1 28.0 91 96 

Stream 6 10 29.2 2.9 3.0 9 9 

a- Taken from Appendix N.1 
b & d- Adjusted to get a 100% mass balance  
c & e -100 kg DM was taken as the basis for final computation of mass balance  

 
 
Appendix N.3  Computation of the mass balance of the calcium carbonate content of DS 
across dewatering units 

DS Mass of DM of 
streama  

CaCO3-
median  

CaCO3 CaCO3_rounded  CaCO3 

recalculation 
to 100% 

CaCO3 
(addition of 

recycled 
stream) 

 [kg DM] [% DM] [kg oDM] [kg oDM] [kg oDM] [kg oDM] 

Mass balance across pre-dewatering unit 

Stream 1 100 46.2 46.2 49.0b 100c 100 

Stream 2 80 49.3 39.4 39.0 80 80 

Stream 5 20 52.2 10.4 10.0 20 20 

Mass balance across main-dewatering unit 

Stream 3 100 50.8 50.8 54.0b 100e 106 

Stream 4 90 52.2 47.0 47.0 87 93 

Stream 6 10 73.3 7.3 7.0 13 13 

a- Taken from Appendix N.1 
b & d- Adjusted to get a 100% mass balance  
c & e -100 kg DM was taken as the basis for final computation of mass balance 
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Appendix N.4 Estimation of the annual potentials of deinking sludge generated in Germany  by 
combined anaerobic and calcium carbonate recovery treatments 

 

 

 

Potentials           DS types 

  

Raw DS 
(Stream 1) 

Pre-dewatered DS 
(Stream 2) 

Main-dewatered DS 
(Stream 4) 

DM 
(Mg/a) 

126000a 100800b 119700c 

oDM 
(Mg/a) 

Minimum 37296 24797 28249 

Lower quartile 40068 29131 34593 

Median 42084 31248 37346 

Upper quartile 42714 32357 39860 

Maximum 49644 34574 44289 

CaCO3 

(Mg/a) 
Minimum 43218 45662 52189 

Lower quartile 53046 47477 60209 

Median 58212 49694 62483 

Upper quartile 69678 59573 84149 

Maximum 79002 69350 86543 

Biogas energy  
(million MJ/a) 

Minimum 247 146 167d 

Lower quartile 265 172 204 d 

Median 279 184 220 d 

Upper quartile 283 191 235 d 

Maximum 329 204 261 d 

Biogas energy  
(million kWh/a) 

Minimum 68.6 40.7 46.3 d 

Lower quartile 73.7 47.8 56.7 d 

Median 77.4 51.2 61.2 d 

Upper quartile 78.6 53.1 65.4 d 

Maximum 91.3 56.7 72.6 d 

Cost of CaCO3 in 
DS as a 

supplementary 
building material 

(million €/a) 

Minimum 1.40 1.48 1.70 

Lower quartile 1.72 1.54 1.96 

Median 1.89 1.62 2.03 

Upper quartile 2.26 1.94 2.73 

Maximum 2.57 2.25 2.81 

a-Calculation basis, 126000 Mg of oven-dried DS, which is 42% of the lower bound of the estimated range of DS 
generated in 2020 (Appendix A.3). 42% was used for a conservative computation as the DS reported by Jung et al. 
2014 for the year 2013 in Germany was 42% of the lower bound of DS estimated for 2015.  
b-Computed as 80% of Raw DS, c- computed as 95% of Raw DS (Figure 5.35) 
d-computed with assumption of same biogas yield with Stream  2  
The cost of  DS and DS-digestate was set at 0.0325 € /Mg. This was computed from 25% of the cost of cement (CEM I 
42,5 R) from the average of two different companies (CEMEX, n.d.; Dyckerhoff, n.d.) 
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Appendix O Optimised design of DS-digestate collection for 100-L Bioreactor  

 

Appendix O.1 Integration of a separate recirculation pump for mixing in the 100-L bioreactor 
system (similar to comonents of 100-L bioreactors system in Figure 4.4 and Appendix  B.6) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Input and Output 
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Recirculation 
of bioreactor‘s 
content 

Gas discharged 

Feedstock  
tank 

Digestate 
tank 
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Appendix O.2 Integration of a separate digestate collection system from two different height of 
bioreactors content in the 100-L bioreactor system (similar to comonents of 100-L bioreactors 
system in Figure 4.4 and Appendix  B.6) 

 

 
 
 
 
 
 

Input of feedstock and 
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