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Abstract

An innovative process enables the reduction of phosphorus (P) content in rye bran
used as animal fodder. The goal of P extraction is to produce P-reduced feed that
lowers P in animal excretion, thereby decreasing eutrophication risks from runoff or
leaching into water ecosystems. This article assesses the environmental impacts of
both the P extraction process and the use of P-reduced fodder in animal husbandry
through a life cycle approach. The analysis includes two stages: (1) environmental
assessment of P-reduced bran production via different extraction routes, and (2)
assessment of its use as a fodder for pigs. Two extraction routes—thermo-chemical
and enzymatic—are evaluated for the “Global Warming” and “Terrestrial Acidification”
impacts. The results show that the enzymatic route is characterized by lower values
in both impact categories, generating 150 kg CO, eq. and 0.2 kg SO, eq. compared
to 1863 kg CO, eq. and 7.5 kg SO, eq. from the thermo-chemical route. In the use
stage, the effects of co-feeding pigs with P-reduced bran are analysed for “Global
Warming"” and “Eutrophication” impacts. P eq. emissions (“Eutrophication”) are reduced
by 4%. Yet, the energy-intense processing of P-reduced bran increases the overall
greenhouse gas emissions. Feeding untreated bran results in 3 352 kg CO, eq. per

1 000 kg carcass weight, while the co-feeding with the P-reduced bran from the
thermo-chemical and enzymatic routes leads to 5 672 kg CO, eq. and 3 911 kg CO,
eq., respectively.

Keywords P-reduced feed, Life cycle assessment, Feed modelling, Eutrophication
reduction, Circularity

1 Introduction

Phosphorus (P) is one of the essential nutrients for all forms of life and is only available
on Earth in limited amount [1]. Currently, P is being increasingly mined, with an annual
consumption of around 220 000 t phosphate rock (U.S. [2, 3]).

Most mineral P is deployed in the form of fertilizer to foster plant growth, while
smaller amounts are utilized in food additives, cleaning agents, and others products [2].
As P is essential for biological processes, inorganic and—to a lesser extent—organic P
compounds are vital for the survival of both humans and animals [4, 5]. In the context
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of animal farming, an oversupply of P and/or the supply of undigestible P in fodder (i.e.,
mostly fodder components with P bound in organic molecules) may lead to increased
excretion levels of unused P in animal manure [6]. When such manure, containing signif-
icant amount of P, is spread over agricultural fields, the P may be translocated—through
natural processes—into lakes and rivers. There, P has the potential to cause severe eco-
logical damages such as eutrophication [7, 8].

To minimize these environmental impacts, new technologies aim to recover P from
organic waste or side streams. Most commonly, P recovery via chemical or biological
precipitation is realized during wastewater treatment, where P accumulates in sewage
sludge [9]. Although different concepts have been developed and various process tech-
nologies exist, none has yet been universally established [10]—even due the fact that
sewage sludge produced by the entire German wastewater treatment plants could, theo-
retically, cover a significant part of the total German P consumption (e.g., 40% of the
fertilizer P demand in Germany) [2].

For applications requiring a higher P purity, other recyclable or waste-based P sources
could be explored [11]. Promising feedstocks for P recovery include cereals and legumes
with high organic P content being undigestible for certain farm animals due to their
specific metabolism [12]. Recovering P from feed materials before feeding results in a
P-reduced feed and, may lead to reduced P excretion, which is environmentally advan-
tageous as it helps minimize the eutrophication risk. Additionally, this approach could
provide recyclable P of food or feed quality as a substrate for the P-processing industry.

Building on this concept, this paper evaluates environmental impacts of two innova-
tive rye bran processing routes—used as an exemplary P rich feedstock—for P extrac-
tion (and therefore the production of P-reduced bran), as well as the subsequent use
of P-reduced bran as animal fodder. The environmental impact categories are selected
based on their relevance to the respective bran processing routes. Accordingly, the fol-
lowing research questions arise:

+ What are the environmental impacts of the two rye bran processing routes for
producing P-reduced bran with respect to the impact categories “Global Warming”
and “Terrestrial Acidification™?

+ What are the environmental impacts of using P-reduced rye bran as animal fodder
with respect to the impact categories “Global Warming” and “Eutrophication”?

To answer these questions, a life cycle assessment (LCA) is conducted evaluating the
production and use of P-reduced animal feed. Due to the energy demand and chemical
requirements in the processing process (production stage), the impact categories “Global
Warming” and “Terrestrial Acidification” are considered relevant. The impact category
“Eutrophication” is not considered in the production stage because P is not released
into the environment at this point but is instead recovered. Therefore, to address the
second research question, the use of P-reduced bran as animal fodder is evaluated with
respect to the impact categories “Global Warming” and “Eutrophication” The method-
ological approach of the use stage (Sect. 3.2) differs from that in the extraction stage
(Sect. 3.1), as the focus here is placed on animal husbandry processes. For this purpose,
feeding requirements and the digestive capacity of animals (here: pigs) are included as
key parameters to estimate eutrophication risks within an environmental impact assess-

ment for livestock farming.
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The two parts of the environmental assessment are not designed to be compared, but
to enable a holistic environmental assessment of two sequential stages: (1) production
of P-reduced bran via bran processing to extract P and (2) the use of P-reduced bran in
the animal feed industry. While the analysis of P-reduced bran production provides a
detailed insight into emissions generated from P extraction routes, it cannot alone deter-
mine the environmental consequences of the product during its use. In the use stage,
the P-reduced bran as a feed composition is only one of many contributors to the envi-
ronmental emissions from animal husbandry. Therefore, it is relevant to assess whether
the effort and energy invested in extracting P from bran result in environmental ben-
efits when the entire life cycle of P-reduced bran is considered. Existing studies mainly
address either the production of P-reduced feed or its application, whereas this article
aims to bridge the gap by integrating the analysis of both stages in a comprehensive
research approach.

A graphical overview is given in Fig. 1.

2 Theoretical background

2.1 Processing of rye bran for P-reduced fodder

Two processing routes for extracting P from rye bran to produce P-reduced bran are
investigated.

o Thermo-chemical route: This processing route is a three-step process (Fig. 2). The
first step, extraction, is realized by mixing rye bran with hydrochloric acid. After
that, the bran is separated and the liquid phase (extract) is processed thermally and
further cooled down to perform precipitation by adding magnesium chloride and
sodium hydroxide. As a result, potassium magnesium phosphate is obtained.

o Enzymatic route: This route is a two-step process (Fig. 3). First, rye bran is treated
with suitable enzymes (phytases) in water at relatively mild conditions. Thereby,
phytate is dissolved and at the same time cleaved by the enzymes. Second, the
bran is separated and the residual liquid phase (enzymatic hydrolysate) is led to
another vessel together with magnesium chloride, ammonium chloride and sodium
hydroxide to achieve P precipitation in the form of struvite. Both products, the
P-reduced bran and struvite, are dried to ensure storage stability.

Both process routes aim to bring organically bound P occurring naturally in organic
materials (phytate) into solution, release the phosphate groups and, lastly, recover phos-
phate in the form of a salt via precipitation (e.g., [13]). In this way, the processing of rye
bran and subsequent P extraction result in two outputs: the main product, a P-reduced
bran that can be used as animal feed, and the co-product, the recovered phosphorus.

2.2 Use of P-reduced rye bran fodder

The requirements of P in animal fodder are highly dependent on the type of animal and
its growth stage [14]. Thus, to avoid negative effects on the environment (e.g., increased
P content in manure), P in a digestible form should be available in animal fodder accord-
ing to the actual given needs [7, 8]. To reduce the amount of nutrients in manure and as
a consequence reduce the resulting environmental risks, the German Agricultural Soci-
ety (Deutsche Landwirtschafts-Gesellschaft, DLG) issued guidelines for the nutrition of
fattening pigs, including recommendations on P supply. The guide describes two feeding
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strategies, namely a “strong nitrogen and phosphorus reduced feeding” and a “very strong
nitrogen and phosphorus reduced feeding” with a recommended amount of crude pro-
tein or rather N and P for the feeding of sows, piglets and fattening pigs along different
weight categories [15].

In this consideration, feed with a lesser P content—P-reduced rye bran—is evaluated
on fattening pigs in scenario calculations, that serve as a model for general processes in
animal nutrition [16]. Fattening pigs can be fed with bran in any stage of their develop-
ment and especially at the end of the fattening period due to its reduced level of starch
and higher levels of crude fiber [17], Grzeskowiak et al. 2022). The resulting environ-
mental assessment outlined in the Sect. 3.2 focuses on changes in the impact categories
“Global Warming” and “Eutrophication” due to the use of P-reduced rye bran in animal
fodder.

3 Materials and methods

The methodology for the environmental assessment of P extraction from rye bran
to produce P-reduced bran (production stage, Sect. 3.1) and the use of the resulting
P-reduced feed in animal husbandry (use stage, Sect. 3.2) is presented below.

3.1 Environmental assessment of P-reduced bran production

The life cycle assessment (LCA) method is applied to systematically analyze all inputs
and outputs involved in rye bran processing, along with the associated environmental
impacts within the defined boundaries. This assessment method [18, 19] consists of four
main steps: (1) goal and scope definition; (2) inventory analysis; (3) impact assessment
analysis; (4) interpretation of the results (Fig. 4).

This method is selected because it allows for a consideration of case specific data for
the main processes (foreground system) and the use of default data on upstream flows
(background system). Such a procedure provides a precise and comprehensive picture
of the overall emission inventory. Furthermore, the methodology covers the allocation
between different co-products, which is the case in the processing stage of rye bran.

3.2 Frame conditions and data

For the processing stage of rye bran, laboratory data of the thermo-chemical and enzy-
matic processing routes are used [20]. The upstream flows of energy and chemicals
required in the processing stage are assessed with data from public available data sources
(i.e., Ecoinvent database 3.10). A detailed description of the case studies in accordance
with the LCA follows below.

3.2.1 Goal and scope
The goal of the assessment is to conduct an attributional LCA of the thermo-chemical
and the enzymatic route of rye bran processing and P recovery. The system boundar-
ies are defined as cradle-to-gate for both the thermo-chemical and the enzymatic route.
When considering the environmental impacts of P-reduced bran, the functional unit
(FU) for both processes is 1 t of P-reduced rye bran (dried to 10 wt.%) as a main product;
the recovered phosphate salt is considered to be a co-product.

The thermo-chemical route follows the main treatment steps of rye bran: extraction
and washing, hydrolysis and precipitation. Rye bran as the feedstock is considered to be
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Fig. 4 Life cycle assessment (LCA) methodology [27]

a waste product provided during rye processing and, therefore, enters the system bound-

aries with no emission burden. The sourcing of electrical and thermal energy for the

treatment as well as the procurement of chemicals and material for the process is taken

into account (Fig. 5). The use phase of the main product—P-reduced bran -is further

considered in Sect. 3.2.
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Also, the enzymatic route is based on cradle-to-gate system boundaries. It comprises
two main steps of feed processing (i.e., enzymatic treatment, precipitation) with the
respective needs for energy, enzymes, chemicals and other materials (Fig. 6).

3.2.2 Inventory analysis

The substrate streams are quantified according to the optimum ratios determined within
the practical experiments (the process design is described in [20] and [21]) and analyzed
for a production amount of 1 t of P-reduced bran. Both extraction routes follow the same
assumptions during process design,i.e., the results are directly comparable between each
other. The necessary mount of steel is determined for vessel sizes according to the stream
volumes and with a filling ratio of 70%; energy consumption is considered for stirring,
heating, pumping, separation and drying within the processes. Regarding waste treat-
ment, the hydrolysate remaining after P precipitation and a subsequent neutralization
can be disposed within a regular wastewater treatment plant. All solid waste streams are
considered to be biological waste.

For the energy supply, the German energy mix is assumed. The production of chemi-
cals (HCI, MgCl,, NaOH and NH,ClI) is based on EU production data and the materials
needed for the various vessels (e.g., steel, iron-nickel-chromium alloy) are assumed to
come from the global material markets. Energy and material flows are listed in Table 1
for both process routes.

Additionally, in environmental assessment of multifunctional (two or more final prod-
ucts) production process, allocation is used to distribute environmental impacts amount
all final products based on predefined criteria such as mass, economic value or energy
content. The production of P-reduced bran presents multifunctionality as it results in
two valuable products: the P-reduced bran as a main product and the recovered P as a
co-product. For the allocation criterion, an allocation according to the economic value
cannot be applied, since the P-reduced bran is an innovative product for which no mar-
ket price yet exists. Allocation by energy content is not possible because the recovered
P has no energetic value. Allocation by mass through all the process steps is also inap-
propriate as the recovered P achieves a significantly lower mass (compared to P-reduced
bran) but requires additional energy-intense process steps and material input. Therefore,
allocation by mass with a causal approach is applied: the production steps required for
the P-reduced bran and the recovered P are allocated by mass (i.e., the extraction step in
thermo-chemical processing and the enzymatic treatment step in enzymatic processing).
The environmental impacts of other production steps, required for either P-reduced
bran (i.e., the washing step in the thermo-chemical process) or recovered P (i.e., hydro-
lysis and precipitation in the thermo-chemical route and precipitation in the enzymatic
route) are attributed fully to the product in question.

Equation (1) represents the calculation of the allocation factor (AF), where m,, corre-

sponds to the mass of a product and the }_"_. m,, to the total mass of all products.

n=1

Mn
A= =i M @
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3.2.3 Impact assessment

Due to energy and chemical inputs into bran processing, two midpoint categories are
selected: the impact category “Global Warming” and the impact category “Terrestrial
Acidification” [9, 22-25]. Since P is recovered as a co-product and not released into the
environment, the impact category “Eutrophication” is not considered and assumed to be
0 kg P eq. at this stage.

To assess the robustness of the results, the two impact categories are further analysed
in a sensitivity analysis, which examines how variation in key input parameters—in this
case, energy and material flows—affect the environmental outcome of rye bran process-
ing. Therefore, energy und material flows as process inputs are varied by +50% and two
energy supply scenarios—a conventional energy mix and an energy mix based only on
renewable sources—are evaluated.

« Scenario P1 represents the base case involving the use of conventional heat (natural
gas) and the current German electricity mix. The latter includes both renewable
energy sources and fossil fuel energy (data according to [26]).

+ Scenario P2 describes a case where both heat and electricity are derived only from
renewable sources of energy. The electricity mix for Germany is modelled according
to [26] and heat generation is assumed to be provided from biogas (data according to
Ecoinvent database 3.10).

3.3 Environmental assessment of P-reduced bran use as animal feed

To evaluate the environmental impact of the use of P-reduced bran, the complete life
cycle of an animal is assessed [18, 19, 27, 28] (Sect. 2.2). In particular, the assessment is
based on fattening pigs, used as an exemplary case commonly applied in studies on ani-
mal production.

3.3.1 Frame conditions and data

The system boundaries of the complete life cycle of a fattening pig include three feeding
phases (from 28 to 118.3 kg), housing and the slaughtering process. The functional unit
(FU) refers to the slaughtering weight of the pigs: 1 t carcass weight. The environmental
analysis is based on the case study: feeding fattening pigs with fodder, which includes
the share of P-reduced bran compared to feeding fattening pigs with fodder containing
native (unprocessed) rye bran.

For this case study, two components are taken into account:

+ Determination of the feeding phase and the respective feed rations.
+ Use scenarios of P-reduced bran in each respective feeding phase.

In general, the feed composition for fattening pigs contains rye and barley as well as rye
bran. Due to a P-content in the rye bran, its inclusion rate (percentage of rye bran) in
the feeding ration is limited. With a lower P-content of the P-reduced rye bran, a higher
inclusion rate within rations is possible without exceeding the nutritional requirements
of the fattening pigs. In this way, the difference between total P in feed and available P
for the animal after digestion is minimized.

Additionally, the feeding rations depend on the feeding phase of fattening pigs refer-
ring to the weight of animals. Feeding phase 1 includes fattening pigs from 28.0 to 40.4
kg weight, feeding phase 2 refers to fattening pigs until a weight of 70.1 kg, and feeding
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phase 3 until a weight of 118.3 kg. These three feeding phases together build the whole
life cycle of a pig considering its growing in weight. The piglet phase is modelled with
default values and are therefore not varied.

The feeding phases of the fattening pigs and the feeding requirements are modelled
with the software Opteinics™ [29] based on data from the Global Feed LCA institute
[30]. Three feeding composition scenarios are defined to evaluate the environmental
impacts of using P-reduced bran in pigs diet.

« Scenario Ul: Use of native rye bran in feed composition.
+ Scenario U2: Use of P-reduced rye bran from the thermo-chemical process.
+ Scenario U3: Use of P-reduced rye bran from the enzymatic process.

Besides the type of rye bran (native or P-reduced), Scenario Ul differs from Scenario
U2 and Scenario U3 in the feed composition (including the percentage of rye bran in
the feed). All scenarios are designed to meet the imputed nutritional values on “very
strong nitrogen and phosphorus reduced feed” [15] concerning crude protein (CP), N,
P, and metabolizable energy. Furthermore, the rations within a feeding phase are isoni-
trogenous, ensuring comparable levels of metabolizable energy for pigs and the percent-
ages of crude protein, phosphorus, calcium and lysine. The amount of P-reduced bran is
increased in feeding phase 2 and 3 in order to take advantage of its reduced P-content
and its positive effects in the nutrition of pigs. In Scenario U2 and U3, in addition to
P-reduced rye bran, native rye bran is also included in the rations to ensure a sufficient
amount of P without adding phosphates. The assumptions for the feed rations in all sce-
narios are shown in Table 2 (for the complete formulations see supplementary material).

The input data are standard values [29] including 28 piglets per sow and year and a
mortality of 1% in the rearing period as well as 3% in the fattening period. Energy is
needed with 0.0039 kWh/kgg,.q to produce the feed and 14.11 kWh/pig during a com-
plete life cycle on the farm, both powered by electricity from the German grid. Addition-
ally, 0.96 L diesel, 15.62 L oil and 1.1 L gas (LPQ) is consumed per pig. The use of water
is assumed to be 8.67 L per pig (including water for drinking, cleaning and cooling). The
carcass yield of the slaughtering process is assumed to be 72% [31].

Data for the impact category “Global Warming” and “Eutrophication” of feed ingredi-
ents (including rye bran) are taken from [30]. These values are used to assess the contri-
bution of fodder to the overall environmental impacts of husbandry. For the P-reduced
rye bran, the values are adapted in order to include the impact of the previous thermo-
chemical or enzymatic processing stage. For instance, the default value of the CO, eq. of
producing 1 t rye bran amounts to 759.87 kg CO, eq. In order to model the CO, eq. of
feeding pigs with processed P-reduced rye bran, 1 862.87 kg CO, eq. and 149.76 kg CO,
eq. corresponding to thermo-chemical and enzymatic processing route, respectively, are
added to the default value. This results in an adapted value of 2 622.74 kg CO, eq. per kg
of thermo-chemically processed rye bran and 909.63 kg CO, eq. per kg of enzymatically
processed rye bran.

For the impact category “Eutrophication” it is assumed that the P eq. from the thermo-
chemical or enzymatic processing of rye bran is zero because P is not released to the
environment, but recovered. Therefore, no addition is needed to the default value. Fur-
thermore, in the use stage, the P eq. is mainly linked to the P content of the feed. The P
content per kg native rye bran is set to 12.17 g while the lab data shows a 9.2% lower P



Shmyhelska et al. Discover Sustainability (2026) 7:493 Page 12 of 26

Table 1 Energy and material flows for the production of 1 t of P-reduced bran

Input Thermo-chemical process Enzymatic process
Rye bran (in't) 1.59 1.18
Enzymes (Phytase Natuphos E in t) - 470x 107
Electricity, high voltage (in MJ) 116 x 10* 805 x 107
Heat, natural gas (in MJ) 402 % 10° 3.04x%10°
Hydrochloric acid, 30% solution state (HCl in t) 251 374% 1072
Fresh water (in m?) 1.88 x 107 8.20
Ammonium chloride (NH,Cl in t) - 192 x 107
Magnesium chloride (MgCl, in t) 0.11 727 x 1072
Sodium hydroxide (NaOH in t) 1.96 526% 1072
Chromium steel (in t) 240x 107 361 %107
Iron-nickel-chromium alloy (in t) 354x%x 1074 -

Output

Rye bran, modified (in t) 1.00 1.00
Recovered phosphate (in t) 017 0.10
Biowaste (in t) 246 -
Wastewater (in m?) 188.7 7.12

Table 2 Target parameters of the feed (all scenarios); the assumptions made concerning feeding
days and feed conversion ratio and the inclusion rate of P-reduced rye bran in Scenario U2 and U3

Phase 1 Phase 2 Phase 3
Crude protein (in g per kgreeqy) 165 155 140
Phosphorus (in g per kgeeeq) 4.4 4.0 4.0
Feeding days 14 30 51
Feed conversion ratio (in kGseeq PET kggsin) 1.98 234 3.02
Inclusion rate (%) of rye bran in Scenario U2 and U3 5.0/25.0 5.0/35.0 12.5/45.0

(native rye bran/P-reduced rye bran)

content of the processed rye bran (1.12 g P per kg P-reduced rye bran). Based on this,
the P eq. value of the P-reduced rye bran is adjusted in the model: 0.038 kg P eq. for the
P-reduced rye bran instead of 0.42 kg P eq. from the untreated rye bran.

To investigate the sensitivity of the results, a different composition of rations (soybean
meal from the US instead of rapeseed meal; barley from Poland instead of barley from
Germany), the feed conversion ratio (amount of feed needed per kg weight gain + 10%)
and the pig mortality (+ 10%) is varied.

4 Results and discussion

4.1 Environmental impacts of P-reduced bran production

The environmental impact of the P-reduced bran is, according to the allocation
described above, only related to the process steps used for the P removal from bran.
Below the results are discussed in detail.

4.1.1 Impact category “Global Warming”
Figure 7 presents the environmental impact in the category “Global Warming’, which
results from the energy and material flows attributed to the production of 1 t of
P-reduced bran. Absolute values for the thermo-chemical and enzymatic process routes
are represented above the columns of Fig. 7.

The thermo-chemical processing of rye bran release ca. 10 times as much CO, eq. into
the environment compared to the enzymatic route (Fig. 7). Main reasons are the over 50
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times higher amount of hydrochloric acid (HCl) and the 4 times higher overall energy
consumption needed for the thermo-chemical process route.

In terms of the proportional contribution of production components to the impact
category “Global Warming’; HCI causes 77% of all CO, eq. per t of P-reduced bran in
the thermo-chemical route, and only 15% in the enzymatic route. The impact of HCI on
this impact category is attributed to its quantity required for the processing route as well
as to the fact that the entire provision chain of HCI, including the energy-demanding
production of hydrogen (H,) and the production of chlorine (Cl,), is taken into account.

Other relevant contributors to the CO, eq. emissions in the thermo-chemical route
are heat (15%) and electricity provision (7%). Although in absolute terms the use of elec-
trical energy is higher than the use of thermal energy (Table 1), heat consumption in the
thermo-chemical route results in a larger proportional contribution to the GHG emis-
sions because it is produced from natural gas. The use of electrical energy is based on
the German electricity mix, which also includes renewable energy sources and therefore,
produces less CO, eq. emissions.

In the enzymatic route, 72% to all CO, eq. emissions are generated from heat con-
sumption, followed by the use of HCl and electricity, which cause 15% and 8% CO, eq.
emissions, respectively. As in the case of the thermo-chemical route, natural gas for heat
production is assumed. Finally, enzymes’ production and utilization in the enzymatic
processing route cause with less than 3% a relatively small contribution.

As the process routes analyzed here are in a very early stage of development and
no upscaling into an industrial implementation has been realized so far, the energy
demand is a rough estimation and also the HCl demand might vary. Thus, Fig. 8 shows
the range of CO, eq. for the thermo-chemical (left) and the enzymatic (right) process
route for different HCI amounts, various heat and electricity inputs, different wastewa-
ter amounts, various steel masses and different enzyme demands. Again, HCI dominates
the CO, eq. of the thermo-chemical process route; these emissions could be reduced by
ca. 12 kg CO, eq. per percent HCI reduction respectively vice versa. Compared to this,
the influence of the other varied characteristic values is only limited. For the enzymatic
route, the main influencing parameter is the heat input with 1 kg CO, eq. per percent
heat reduction, directly followed by the amount of HCI and electricity input with only
0.2 kg CO, eq. per percent parameter variation each.

Additionally, the source of energy can significantly influence the emissions released
within the various routes. As a comparison to the current German energy mix, a sce-
nario using only renewable sources of energy is analyzed (Table 3).

For both routes, the use of renewable energy sources reduces the CO, eq. However,
the variation is more pronounced within the enzymatic route as energy hereby plays a
more significant role. The CO, eq. of the enzymatic processing route can be reduced by
ca. 67% in Scenario P2. One reasons for that is that in Scenario P1 heat from natural gas
contributes with 79 kg CO, eq. per t of enzymatically processed bran being substituted
by biogas in Scenario P2 causing no direct CO, eq. This reduction would be even more
significant if the indirect emissions from biogas provision (e.g., biowaste sourcing, trans-
portation) would not be considered. In case of the chemical processing, varying energy
sources have a rather moderate impact on the total CO, eq.; these emissions could be
reduced by ca. 19% while using only renewable energy sources (Scenario P2). In absolute
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numbers, the direct contribution of heat is 277 kg CO, eq. in Scenario P1 and drops
down to 19% of that in Scenario P2.

4.1.2 Impact category “Terrestrial Acidification”

Figure 9 presents the environmental impact in the category “Terrestrial Acidification”
In absolute terms, the emissions of SO, eq. within the thermo-chemical process route
are ca. 34 times as high as within the enzymatic process and are mainly attributed to the
significantly greater demand for HCL

Relative, HCI causes 95% of all SO, eq. within the thermo-chemical processing route.
The production of HCl combines the chlor-alkali and the Mannheim production pro-
cesses [32], requiring, among others, input chemicals like sodium chloride (NaCl) and
sulfuric acid (H,SO,). The contribution of HCI to the acidification impact is due to the
chemical input in the HCI production as well as the possibly assumed fugitive HCI emis-
sions during the production process (e.g., the HCI release into the atmosphere and its
further precipitation in form of acid compounds). As for the energy use, its contribution
to the acidification impact in the thermo-chemical route accounts to less than 5%, of
which 2.8% correspond to the electricity and 1.6% to the heat consumption.

In the enzymatic route, the share of emissions with an acidification impact is distrib-
uted between various production components: HCI (51%), heat (20%), enzymes (17%),
and electricity (9%). In case of enzymes, the acidification impact arises from agricultural
feedstock, which is used for the enzymes production (e.g., potato starch). Therefore,
agricultural feedstock implies agricultural production and the use of fertilizers causing
environmental pollution, including acidification.

Regarding the sensitivity analysis in the impact category “Terrestrial Acidification’, the
amount of HCl is varied for both processing routes (Fig. 10). The environmental burden
of HCl is more pronounced in the thermo-chemical route and therefore, a variation of
1% HCl amount in the thermo-chemical route leads to 0.1 kg SO, eq. reduction or eleva-
tion. For the enzymatic route this influence is 50 times smaller but still the major impact
on the SO, eq.

As for the variation of energy sources, the scenario with renewable sources of energy is
considered (Table 4).

The emissions with an acidification impact slightly increase due to the substitution of
natural gas by biogas (Scenario P2). Similar to the results outlined above for the CO, eq.,
the SO, eq. do not increase due to the direct emissions from biogas, but because of the
indirect emissions. Biowaste treatment by anaerobic digestion cause increased SO, eq.
compared to natural gas [32] resulting in more SO, eq. in Scenario P2.

4.2 Environmental impacts of P-reduced bran use as animal feed

4.2.1 Impact category “Global Warming”

The impact category “Global Warming” resulting from the use of the P-reduced bran
as animal fodder for fattening pigs is analyzed and compared to a direct feeding of the
untreated native rye bran. Figure 11 shows the absolute value of CO, eq. per 1 t carcass
weight considering the life cycle of fattening pigs. Compared to Scenario Ul of using
native rye bran, the overall CO, eq. after the inclusion of processed bran in the feed
rations increased by ca. 65% due to the thermo-chemical process route and by 16 to 17%
due to the enzymatic route.
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Table 3 Energy scenarios for the sensitivity analysis of bran processing in the impact category
“Global Warming”

Scenario Energy source “Global Warming”in kg CO, eq
Chemical Enzymatic

P1 Conventional heat and electricity 1863 150

P2 Renewable heat and electricity 1517 51

In Scenario U1 with native rye bran, cereal grains and their products contribute with
35% to the total CO, eq. per t of carcass weight; this is primarily attributable to rye as
the main ingredient of the feeding ration (up to 43%). In comparison, their contribution
rises to 62% in Scenario U2 with thermo-chemically processed rye bran and to 45% in
Scenario U3 with enzymatically processed rye bran. In both scenarios the contribution
to CO, eq. of cereal grains may be primarily attributed to the processed rye bran as it is
the main feed ingredient in the rations of these scenarios (up to 58%).

The impact of oil seeds and their products (soybean meal, rapeseed meal and rapeseed
oil), however, is higher in the scenarios with processed rye bran (165.7 kg CO, eq. per
t carcass weight, 3—4%) than in the rations with native rye bran (26.3 kg CO, eq. per
t carcass weight, 1%) which may be traced back to the higher mean proportion of oil
seeds in the rations with processed rye bran (7% compared to 2%). The impact of tubers,
roots and their products (sugar beet pulp and molasses) is lower in the scenarios with
processed rye bran (29.5 kg CO, eq. per t carcass weight, 1%) than in Scenario Ul with
native rye bran only (184.9 kg CO, eq. per t carcass weight, 6%) due to a lower mean
proportion (6% compared to 16%). Further categories contributing to the CO, eq. are
related to pigs, their housing and manure management being identical for all scenarios.

Several parameters affected the CO, eq., as for example the type and origin of the feed
components, feed conversion ratio and mortality rate of animals.

Regarding the feed components, the primary protein source in Germany are soybean
and rapeseed. The rapeseed is very similar in its mineral content to rye bran as it is par-
ticularly P rich limiting its inclusion in feed rations. This restriction is especially relevant
when combined with unprocessed rye bran, as the total P content must remain within
acceptable limits. A theoretical change from rapeseed meal (Germany) to soybean meal
(US) results in slightly lower CO, eq. per t carcass weight (below 1% compared to the
results discussed above). Additionally, the replacement of rapeseed meal by soybean
meal as well as the replacement of barley from Germany with barley from Poland shows
higher CO, eq. (0.7-1.2%) (Table 5).

As there is a huge variety of options to adapt the rations without influencing its nutri-
tional value, further combinations could be calculated. All ingredients come with their
specific CO, eq. from the cultivation and production processes, yet the grain production
processes are known to differ widely all over the world [33].

The sensitivity analysis (Table 5) shows that the adaptation of the feed conversion ratio
(£ 10%) can decrease the overall CO, eq. by 5.2% and increases it by 7.7%. This indicates
a relatively high effect on the overall CO, eq. Compared to this, the adaptation of the
mortality (£ 10%) results in a decrease/increase of less than 1%. Therefore, the mortality
may be considered as a marginal contributor to the overall CO, eq.

Under consideration of the whole cycle, namely the production of P-reduced bran
and the subsequent feeding, the overall CO, eq. of the fattening pigs increased by 65.2%
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Table 4 Energy scenarios for the sensitivity analysis of bran processing in the impact category
“Terrestrial Acidification”

Scenario Energy source “Terrestrial Acidification” in kg

SO, eq

Chemical Enzymatic
P1 Conventional heat and electricity 7.5 0.2
P2 Renewable heat and electricity 79 04

(thermo-chemically processed rye bran) and 16.5% (enzymatically processed rye bran),
respectively, as the impact of the processing stage must be taken into consideration.

4.2.2 Impact category “Eutrophication”

Figure 12 shows the absolute value of the impact category “Eutrophication” considering
the life cycle of fattening pigs in P eq. per t carcass weight as well as categories con-
tributing to the P eq. Thus, the overall impact on P eq. decreased by 4.2% in scenarios
with thermo-chemically and enzymatically processed rye bran. As the processed bran is
assumed to have the same P-content, the impact on the P eq. is also identical in Scenario
U2 and U3. Additionally, both scenarios assume the same portion of P-reduced bran in
the feeding composition.

The contribution of cereal grains in Scenario Ul with native rye bran amounts to 46%
of the total P eq. per t of carcass weight (0.57 kg PO, eq.), while the cereals contribution
in Scenario U2 (thermo-chemically processed rye bran) and Scenario U3 (enzymatically
processed rye bran) is 35% of the total P eq. (0.41 kg P eq.). Scenario Ul is mainly driven
by the use of rye as a main ingredient (up to 43% per ration) while in Scenario U2 and U3
the main contribution to the P eq. results from barley, even though rye bran is included
with higher percentages than barley. The difference in the order may be related to the
considerably lower P eq. of rye bran compared to the rye and barley. The impact of oil
seeds and their products (soybean meal, rapeseed meal and rapeseed oil), however, is
higher in the scenarios with processed rye bran (0.10 kg P eq. per t carcass weight, 9%)
than in the rations with native rye bran (0.02 kg P eq. per t carcass weight, 2%) which
may be traced back to the higher mean proportion of oil seeds in the rations with pro-
cessed rye bran (7% compared to 2%). The impact of tubers, roots and their products
(sugar beet pulp and molasses) is lower in the scenarios with processed rye bran (0.01
kg P eq. per t carcass weight, below 1%) than in Scenario U1 (native rye bran) only (0.02
kg P eq. per t carcass weight, 2%) because of a lower mean proportion (6% compared
to 16%). Further impact on the impact category “Eutrophication” derives from pigs,
their housing and manure management and are therefore also hereby identical for all
scenarios.

Analogously to the impact category “Global Warming’, also the impact category
“Eutrophication” is influenced by the composition of feed rations. A replacement of
rapeseed meal (Germany) with soybean meal (US) did not affect the P eq. in all three
scenarios (Table 6). However, when replacing barley from Germany with barley from
Poland (assuming the same nutritional value), the P eq. per 1 t carcass weight increases
by 9.8-10.2% compared to the original results.

The adaptation of feed conversion ratio (+ 10%) decreased the overall P eq. by 7.1% and
increased P eq. up to 8.5%; i.e., this adaptation has a lower effect than replacing barley
from Germany with barley from Poland but a higher influence than replacing rapeseed
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Table 5 Sensitivity of the impact category “Global Warming”

Rationsinclud-  Rations including Rations includ-

ing native rye thermo-chemical ing enzymatic

bran processed rye bran processed rye
bran

in kg CO, eq. per t carcass weight

Replacing rapeseed meal (Germany) by soy- 3351 5667 3906
bean meal (US)

Replacing barley (Germany) by barley (Poland) 3393 5713 3951
Decrease in feed conversion ratio (— 10%) 3177 5267 3681
Increase in feed conversion ratio (+ 10%) 3527 6077 4141
Decrease in mortality (—10%) 3341 5654 3898
Increase in mortality (+ 10%) 3364 5691 3924

meal (Germany) with soybean meal (US). The adaptation of the mortality results in a
decrease/increase of less than 1% or even zero; i.e., mortality is a marginal contributor to
the overall P eq. All in all, the sensitivity analysis reveals that the biggest impact on P eq.
is caused by ingredients, followed by the feed conversion ratio. Thus, the biggest poten-
tial to decrease the P eq. of fattening pigs arises from animal nutrition (Table 6).

All over, the use of processed rye bran has the potential to decrease the impact cate-
gory “Eutrophication” of fattening pigs. In order to achieve this goal, an additional effort
in terms of energy and material during processing has to be accepted (i.e., higher CO,
eq.; see above). The lower P content of thermo-chemically and enzymatically processed
rye bran allows for a higher inclusion rate of rye bran in the feed of fattening pigs with-
out exceeding guidelines about the optimal P amount in the rations. Consequently, this
could enhance the proportion of bran used as a feed material resulting in an increase of
the overall rye bran consumption in pig feed or animal feed in general and may therefore
help to overcome the feed-food-competition as the proportion of human edible prod-
ucts in the feed of animals may be further reduced [34, 35]. Additionally, this would also
allow P—recovered from the processed rye bran—to stay within the nutrient circle lead-
ing to an increase of circularity and reduce P mining [36-38].

5 Conclusions and final consideration
The goal of this research is to analyse, using a life cycle approach, environmental impacts
of both the process designed to reduce the phosphorus (P) content in rye bran and the
subsequent feeding of this P-reduced bran to animals (fattening pigs). The underlying
concept of P extraction from rye bran is to decrease P excretion in fattening pigs, thereby
lowering the eutrophication risk caused by P runoff or leaching to water ecosystems.

The environmental assessment of the bran processing and use stage of P-reduced bran
shows that feeding the P-reduced bran to animals increases the impact category “Global
Warming” (more significantly in the thermo-chemical than in the enzymatic processing
route), but, at the same time, reduces the impact category “Eutrophication”. Both pro-
cess routes perform equally related the impact category “Eutrophication” as the same P
reduction within the bran used as a fodder is realized. Also, lower P contents allow for a
higher share of rye bran in feed rations thus raising the amount of usable rye bran.

The following main conclusions were obtained during the environmental assessment

of the rye bran processing stage.
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Table 6 Sensitivity of the impact category “Eutrophication”

Rationsinclud-  Rations including Rations includ-

ing native rye thermo-chemical ing enzymatic

bran processed rye bran processed rye
bran

in kg P eq. per t carcass weight

Replacing rapeseed meal (Germany) by soy- 1.23 1.18 1.18
bean meal (US)

Replacing barley (Germany) by barley (Poland)  1.35 1.30 1.30
Decrease in feed conversion ratio (— 10%) 1.13 1.08 1.08
Increase in feed conversion ratio (+ 10%) 133 1.27 1.27
Decrease in mortality (—10%) 1.23 117 117
Increase in mortality (+ 10%) 1.24 1.18 1.18

+ The environmental impact categories “Global Warming” and “Terrestrial
Acidification” of the thermo-chemical process route are higher compared to the
enzymatic processing of bran to achieve a P-reduced bran fodder and the recovered
P. Emissions from the thermo-chemical process route to provide P-reduced bran are
mainly caused by the input of HCI and for the enzymatic process route the main
contribution is energy for the impact category “Global Warming” and the input of
HCI for the impact category “Terrestrial Acidification”.

« By using only renewable sources of energy, the impact category “Global Warming”
can be reduced by 18% and 67% for the thermo-chemical and enzymatic route,
respectively. The impact category “Terrestrial Acidification” slightly increases with
the use of heat from biogas due to emissions released during anaerobic digestion.

The following main conclusions were obtained during the environmental assessment of

the use of P-reduced bran as animal fodder.

+ Cereal components contribute significantly to the impact category “Global
Warming”; this category of P-reduced bran as a fodder is higher compared to feed
rations with native bran due to the processing beforehand (65% for the thermo-
chemical process and 16% for the enzymatic route).

+ The impact category “Eutrophication” of fattening pigs is slightly reduced by the use
of P-reduced rye bran (by 4%) and can significantly be influenced by the origin of
complementary feed components.

To sum up, the presented processes of P reduction in rye bran have the potential to lower
environmental impact category “Eutrophication” during animal feeding—though this
benefit comes at the cost of increased greenhouse gas (GHG) emissions in the impact
category “Global Warming” The enzymatic extraction route, however, shows compara-
tively low additional GHG emissions, making it more sustainable extraction option.
Through the extraction process, a larger share of rye bran could be used as feed (since P
limits are no longer exceeded), while the recovered phosphate can be potentially reused
in the feed or fertilizer industries.

The study, however, has certain limitations. In the production stage of P-reduced bran,
the data are based on small-scale laboratory trials of P extraction, which may not fully
represent industrial-scale conditions. In the use stage of P-reduced bran, the environ-
mental assessment considers only one animal category—fattening pigs—which could be
limiting for the generalization of the results to other livestock systems.



Shmyhelska et al. Discover Sustainability (2026) 7:493 Page 25 of 26

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1007/543621-025-02355-7.

[ Additional file1 (DOCX 18 KB) ]

Acknowledgements

The authors declare, that the work described has not been published previously, that it is not under consideration

for publication elsewhere, that its publication is approved by all authors and tacitly or explicitly by the responsible
authorities where the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, in
English or in any other language, including electronically without the written consent of the copyright-holder.

Declaration of Generative Al and Al-assisted technologies in the writing process
During the preparation of this work, the authors did not use Al or any Al-assisted technologies in the writing process and
take full responsibility for the content of the publication.

Author contributions

Liliya Shmyhelska: Conceptualization, data curation, formal analysis, methodology, software, validation, visualization,
writing original draft, review and editing. Natalie Mayer: Conceptualization, data curation, formal analysis, methodology,
validation, visualization, writing original draft, review and editing. Julia Gickel: Conceptualization, data curation, formal
analysis, methodology, writing original draft. Christian Visscher: Supervision, validation, writing review and editing. Martin
Kaltschmitt: supervision, validation, writing review and editing.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors. The authors did not receive support from any
organization for the submitted work.

Data availability
The used data is publicly available, the process of P extraction from rye bran is described in Mayer et al. [20] and
Widderich et al. [21].

Declarations

Ethics approval and consent to participate

The paper reflects the authors’own research and analysis in a truthful and complete manner. Furthermore, the paper
does not contain any ethically questionable information, nor were any ethical questionable experiments performed in
order to gain the results. The authors mutually agree that they participated in the preparation of the manuscript.

Consent for publication
The authors declare that the manuscript is their intellectual property and that they want to publish it in the Journal
"Clean Technologies and Environmental Policy”.

Clinical trials
No clinical trials were conducted in this study.

Competing interests
The authors declare no competing interests.

Received: 3 September 2025 / Accepted: 20 November 2025
Published online: 24 March 2026

References

1. Filippelli GM. Balancing the global distribution of phosphorus with a view toward sustainability and equity. Glob Biogeo-
chem Cycles. 2018;32(6):904-8. https://doi.org/10.1029/2018GB005923.

2. Mayer N, Kaltschmitt M. Closing the phosphorus cycle: current P balance and future prospects in Germany. J Clean Prod.
2022;347:131272. https://doi.org/10.1016/}jclepro.2022.131272.

3. US. Geological Survey: Mineral Commodity Summaries. Phosphate Rock. With assistance of Stephen M. Jasinski. 2024.
Available online at https://pubs.usgs.gov/periodicals/mcs2024/mcs2024-phosphate.pdf, checked on 6/27/2024.

. Rodehutscord M. Ansatzpunkte zur Schonung der begrenzten Phosphorressourcen. In: Arch. Tierz. 51 (Sonderheft). 2008.

5. ZhaiH, Adeola O, Liu J. Phosphorus nutrition of growing pigs. Anim Nutr. 2022,9:127-37. https://doi.org/10.1016/j.aninu.2
022.01.010.

6. Henderson AD. Eutrophication. In: Michael ZH, Mark HAJ editors. Life cycle impact assessment. Dordrecht: Springer Neth-
erlands; 2015. pp. 177-196.

7. Ladapo HL, Aminu FO. Agriculture and eutrophication of freshwaters: a review of control measures. J Res For Wildl Environ.
2017;1(9)

8. Withers P, Neal C, Jarvie H, Doody D. Agriculture and eutrophication: Where do we go from here? Sustainability.
2014,6(9):5853-75. https://doi.org/10.3390/5u6095853.

9. Amann A, Zoboli O, Krampe J, Rechberger H, Zessner M, Egle L. Environmental impacts of phosphorus recovery from
municipal wastewater. Resour Conserv Recycl. 2018;130:127-39. https://doi.org/10.1016/j.resconrec.2017.11.002.

10. Jupp AR, Beijer S, Narain GC, Schipper W, Slootweg JC. Phosphorus recovery and recycling - closing the loop. Chem Soc
Rev. 2021;50(1):87-101. https://doi.org/10.1039/d0cs01150a.


https://doi.org/10.1007/s43621-025-02355-7
https://doi.org/10.1029/2018GB005923
https://doi.org/10.1016/j.jclepro.2022.131272
https://pubs.usgs.gov/periodicals/mcs2024/mcs2024-phosphate.pdf
https://doi.org/10.1016/j.aninu.2022.01.010
https://doi.org/10.1016/j.aninu.2022.01.010
https://doi.org/10.3390/su6095853
https://doi.org/10.1016/j.resconrec.2017.11.002
https://doi.org/10.1039/d0cs01150a

Shmyhelska et al. Discover Sustainability (2026) 7:493

Kratz S, Schick J, Shwiekh R, Schnug E. Estimation of the potential of renewable P rich raw materials in Germany for
substitution of P fertilizers (originally written in German: Abschatzung des Potentials erneuerbarer P-haltiger Rohstoffe in
Deutschland zur Substitution rohphosphathaltiger Dingemittel). J Kult. 2014,66(8):261-75. https://doi.org/10.5073/JFK.20
14.0801.

12. Lott JNA, Kolasa J, Batten GD, Campbell LC. The critical role of phosphorus in world production of cereal grains and
legume seeds. Food Secur. 2011;3(4):451-62. https://doi.org/10.1007/512571-011-0144-1.

13. Widderich N, Stotz J, Lohkamp F, Visscher C, Schwaneberg U, Liese A, et al. An up-scaled biotechnological approach for
phosphorus-depleted rye bran as animal feed. Bioresour Bioprocess. 2024;11(1):49. https://doi.org/10.1186/540643-024-00
765-5.

14.  National Research Council. Nutrient Requirements of Swine: Eleventh Revised Edition. Washington, DC: The National
Academies Press. 2012. Available online at https://nap.nationalacademies.org/catalog/13298/nutrient-requirements-of-sw
ine-eleventh-revised-edition.

15.  Deutsche LG. Leitfaden zur nachvollziehbaren Umsetzung stark N-/P-reduzierter Flitterungsverfahren bei Schweinen.
DLG-Merkblatt 418. With assistance of Gerhard Stalljohann, Stephan Schneider, Hubert Spiekers, Detlef Kampf. Edited by
Fachzentrum Landwirtschaft DLG e.V. 2019. Available online at https://www.dlg.org/fileadmin/downloads/Merkblaetter/d
Ig-merkblatt_418.pdf, checked on 10/1/2024.

16.  Sciascia Q, Das G, Metges CC. Review: the pig as a model for humans: effects of nutritional factors on intestinal function
and health. J Anim Sci. 2016. https://doi.org/10.2527/jas.2015-9788.

17. Jeroch H, Drochner W, Rodehutscord M, Simon A, Simon O, Zentek J, editors. Erndhrung landwirtschaftlicher Nutztiere.
Erndhrungsphysiologie - Futtermittelkunde - Fitterung. 3rd ed. Stuttgart: Verlag Eugen Ulmer; 2020.

18. DINENISO 14044: Umweltmanagement-Okobilanz-Anforderungen und Anleitungen.

19, DIN EN SO 14040: Umweltmanagement-Okobilanz-Grundsétze und Rahmenbedingungen.

20.  Mayer N. Nutzbarmachung von Phosphor aus Roggenkleie-Prozessentwicklung und-bewertung. Hamburg University of
Technology, Hamburg. Environmental Technology and Energy Economy. 2024. Available online at https://doi.org/10.1548
0/882.13866, checked on 1/9/2025.

21, Widderich N, Mayer N, Ruff AJ, Reckels B, Lohkamp F, Visscher C, et al. Conditioning of feed material prior to feeding:
approaches for a sustainable phosphorus utilization. Sustainability. 2022;14(7):3998. https://doi.org/10.3390/s5u14073998.

22. Goel S, Kansal A, Pfister S. Sourcing phosphorus for agriculture: life cycle assessment of three options for India. Resour
Conserv Recycl. 2021;174:105750. https://doi.org/10.1016/j.resconrec.2021.105750.

23, Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones F, Viera MDM et al. ReCiPe 2016. A harmonized life cycle
impact assessment method at midpoint and endpoint level. Report I: Characterization. 2016.

24. Issaoui R, Rosch C, Woidasky J, Schmidt M, Viere T. Cradle-to-gate life cycle assessment of beneficiated phosphate rock
production in Tunisia. NachhaltigkeitsManag Forum. 2021;29(2):107-18. https://doi.org/10.1007/500550-021-00522-8.

25, Linderholm K, Tillman A-M, Mattsson JE. Life cycle assessment of phosphorus alternatives for Swedish agriculture. Resour
Conserv Recycl. 2012,66:27-39. https://doi.org/10.1016/j.resconrec.2012.04.006.

26.  Fraunhofer ISE. Public net electricity generation in Germany in 2023. 2024. Available online at https://www.energy-charts.i
nfo/charts/energy/chart.htm?l=en%26c=DE%26interval=year%26year=2023%26source=public.

27. 1SO 14040:2006. Environmental management—Life cycle assessment—Principles and framework. 2006. Available online
at https://www.iso.org/standard/37456.html.

28, 1SO 14044:2006 Environmental management—Life cycle assessment—Requirements and guidelines. 2006. Available
online at https://www.iso.org/standard/38498.html.

29.  BASF. Opteinics. 2023. Available online at https://opteinics.com/, checked on 6/2/2025.

30. GFLI. Global Metrics for Sustainable Feed. The Global Feed LCA Institute. Available online at https://globalfeedlca.org/gfli-d
atabase/, checked on 11/15/2024. 2024.

31, Reckmann K, Traulsen |, Krieter J. Life cycle assessment of pork production: a data inventory for the case of Germany. Livest
Sci. 2013;157(2):586-96. https://doi.org/10.1016/jlivsci.2013.09.001.

32, Ecoinvent. Ecoinvent v3.10. 2024. Available online at https://ecoinvent.org/ecoinvent-v3-10/.

33, Lal R.Reducing carbon footprints of agriculture and food systems. Carbon Footprints. 2022;1(1):3. https://doi.org/10.20517
/cf.2022.05.

34, SandstromV, Chrysafi A, Lamminen M, Troell M, Jalava M, Piipponen J, et al. Food system by-products upcycled in livestock
and aquaculture feeds can increase global food supply. Nat Food. 2022;3(9):729-40. https://doi.org/10.1038/543016-022-0
0589-6.

35, van Hal O, Weijenberg AAA, Boer 1JMde, van Zanten HHE. Accounting for feed-food competition in environmental impact
assessment: towards a resource efficient food-system. J Clean Prod. 2019,240:118241. https://doi.org/10.1016/j.jclepro.201
9.118241.

36. Geissler B, Hermann L, Mew MC, Steiner G. Striving toward a circular economy for phosphorus: the role of phosphate rock
mining. Minerals. 2018. https://doi.org/10.3390/min8090395.

37. van Zanten HHE, van Ittersum MK, de IJM. The role of farm animals in a circular food system. Glob Food Secur. 2019;21:18-
22. https://doi.org/10.1016/j.gfs.2019.06.003.

38.  Zhu F, Cakmak EK, Cetecioglu Z. Phosphorus recovery for circular Economy: application potential of feasible resources and
engineering processes in Europe. Chem Eng J. 2023;454:140153. https://doi.org/10.1016/j.cej.2022.140153.

39.  Grzeskowiakt, Saliu E-M, Martinez-Vallespin B, Aschenbach J R, Brockmann G A, Fulde M, Hartmann S, Kuhla B, Lucius R,
Metges C C, Rothkotter H J, Vahjen W, Wessels A G, Zentek J. Dietary fiber and its role in performance, welfare, and health
of pigs. Anim Health Res Rev. 2022 Dec;23(2):165-193. https://doi.org/10.1017/51466252322000081

Publisher's Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 26 of 26


https://doi.org/10.5073/JFK.2014.08.01
https://doi.org/10.5073/JFK.2014.08.01
https://doi.org/10.1007/s12571-011-0144-1
https://doi.org/10.1186/s40643-024-00765-5
https://doi.org/10.1186/s40643-024-00765-5
https://nap.nationalacademies.org/catalog/13298/nutrient-requirements-of-swine-eleventh-revised-edition
https://nap.nationalacademies.org/catalog/13298/nutrient-requirements-of-swine-eleventh-revised-edition
https://www.dlg.org/fileadmin/downloads/Merkblaetter/dlg-merkblatt_418.pdf
https://www.dlg.org/fileadmin/downloads/Merkblaetter/dlg-merkblatt_418.pdf
https://doi.org/10.2527/jas.2015-9788
https://doi.org/10.15480/882.13866
https://doi.org/10.15480/882.13866
https://doi.org/10.3390/su14073998
https://doi.org/10.1016/j.resconrec.2021.105750
https://doi.org/10.1007/s00550-021-00522-8
https://doi.org/10.1016/j.resconrec.2012.04.006
https://www.energy-charts.info/charts/energy/chart.htm?l=en%26c=DE%26interval=year%26year=2023%26source=public
https://www.energy-charts.info/charts/energy/chart.htm?l=en%26c=DE%26interval=year%26year=2023%26source=public
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://opteinics.com/
https://globalfeedlca.org/gfli-database/
https://globalfeedlca.org/gfli-database/
https://doi.org/10.1016/j.livsci.2013.09.001
https://ecoinvent.org/ecoinvent-v3-10/
https://doi.org/10.20517/cf.2022.05
https://doi.org/10.20517/cf.2022.05
https://doi.org/10.1038/s43016-022-00589-6
https://doi.org/10.1038/s43016-022-00589-6
https://doi.org/10.1016/j.jclepro.2019.118241
https://doi.org/10.1016/j.jclepro.2019.118241
https://doi.org/10.3390/min8090395
https://doi.org/10.1016/j.gfs.2019.06.003
https://doi.org/10.1016/j.cej.2022.140153
https://doi.org/10.1017/S1466252322000081

	﻿Environmental assessment of phosphorus reduction in rye bran fodder from processing to feeding
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Theoretical background
	﻿2.1﻿ ﻿Processing of rye bran for P-reduced fodder
	﻿﻿2.2﻿ ﻿Use of P-reduced rye bran fodder

	﻿3﻿ ﻿Materials and methods
	﻿﻿3.1﻿ ﻿Environmental assessment of P-reduced bran production
	﻿﻿3.2﻿ ﻿Frame conditions and data
	﻿3.2.1﻿ ﻿Goal and scope
	﻿3.2.2﻿ ﻿Inventory analysis
	﻿3.2.3﻿ ﻿Impact assessment


	﻿3.3﻿ ﻿Environmental assessment of P-reduced bran use as animal feed
	﻿3.3.1﻿ ﻿Frame conditions and data

	﻿4﻿ ﻿Results and discussion
	﻿4.1﻿ ﻿Environmental impacts of P-reduced bran production
	﻿4.1.1﻿ ﻿Impact category “Global Warming”
	﻿4.1.2﻿ ﻿Impact category “Terrestrial Acidification”


	﻿4.2﻿ ﻿Environmental impacts of P-reduced bran use as animal feed
	﻿4.2.1﻿ ﻿Impact category “Global Warming”
	﻿4.2.2﻿ ﻿Impact category “Eutrophication”

	﻿5﻿ ﻿Conclusions and final consideration
	﻿References


