
How to use residual biomass streams in circular food systems to minimise
land use or GHG emissions

Benjamin van Selm a,b,*, Renske Hijbeek b, Corina E. van Middelaar a, Imke J.M. de Boer a,
Martin K. van Ittersum b

a Animal Production Systems group, Wageningen University & Research, P.O. Box 338, 6700, AH, Wageningen, the Netherlands
b Plant Production Systems group, Wageningen University & Research, P.O. Box 430, 6700, AK, Wageningen, the Netherlands

H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Using by-products, food loss and waste
for animal feed, compost or anaerobic
digestion is assessed with a food system
model.

• By-products should be used as animal
feed to minimise agricultural land use
and GHG emissions.

• Food loss and waste should be used as
animal feed to minimise agricultural
land use, composted or digested to
minimise GHG.

• GHG allocation of anaerobic digestion
(to food system or energy sector) de-
termines if food waste is composted or
digested.
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A B S T R A C T

Context: Transitioning to future circular economies and food systems will increase demand for biomass in society.
Residual streams, which include food loss, food waste and by-products (e.g., rapeseed meal) from agriculture and
food production are a valuable source of biomass in more circular food systems. It is currently unclear if and
whether these residual streams should be utilised optimally: as animal feed, composted as organic fertiliser or for
anaerobic digestion to produce biogas (methane) and digestate (fertiliser) to minimise environmental impacts
from food systems.
Objective: Our aim is to understand which residual streams are to be utilised as animal feed, compost or for
anaerobic digestion in circular food systems to achieve minimum agricultural land use and greenhouse gas
(GHG) emissions under scenarios with different dietary preferences.
Methods: Taking the Netherlands as a case study, we employed the FOODSOM model, an iterative linear opti-
misation model of a circular food system in the Netherlands. FOODSOM minimises agricultural land use or GHG
emissions while meeting the dietary requirements of the population. Four scenarios based on two different
human diets and two food system objectives (i.e., minimise land use or GHG emissions) were developed.
Results & conclusions: Our results show by-products should be fed to livestock when aiming to minimise agri-
cultural land use and GHG emissions, food loss and waste is best fed to livestock when minimising land use, but
composted or digested when minimising GHG emissions. The decision to compost or digest food waste depends
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on whether the GHG emissions from anaerobic digestion are assigned to the food system or the biogas (methane)
produced.
Significance: Our results provide guidance on how residual streams, including food loss, food waste and by-
products can be optimally utilised in future circular food systems to achieve minimal agricultural land use
and GHG emissions when meeting dietary requirements.

1. Introduction

Competition for biomass in society is increasing due to limited sup-
ply, and increased demand (Haberl et al., 2014; Krausmann et al., 2013;
Muscat et al., 2020). Demand for biomass will continue to increase as
society shifts towards a more circular economy and food system (PBL,
2020). In circular food systems, biomass is prioritised for basic human
needs (e.g., food production) while non-essential use of biomass and
unnecessary losses (e.g., due to overconsumption) are avoided (Muscat
et al., 2021). Residual streams including food loss (which occur at the
beginning of the supply chain, i.e., post harvest losses and processing
and packaging losses), food waste (which occur at the other end of the
supply chain, i.e., distribution waste and consumption waste), and by-
products (e.g., wheat bran after making wheat flour from wheat grain)
are valuable sources of biomass in circular food systems (De Boer and
Van Ittersum, 2018). Residual streams not suitable for human con-
sumption can be recycled as animal feed, fertiliser or used to produce
energy to close nutrient cycles (Slorach et al., 2019; van Zanten et al.,
2023). While recycling residual streams to close nutrient cycles is a core
objective of circular food systems, it is currently unclear which residual
streams should be used as animal feed, composted to be used as fertil-
iser, or digested through anaerobic digestion to produce biogas, when
reducing environmental impacts such as agricultural land use or
greenhouse gas (GHG) emissions. Reducing agricultural land use can
lead to more land being available for nature conservation and biodi-
versity, while reducing GHG emissions can contribute to minimising the
effects of climate change.

In a more circular food system, livestock can convert different types
of residual streams (e.g., food loss and waste, by-products) into nutrient
dense animal-sourced food and manure that can be returned to the soil
to fertilise crops (Billen et al., 2021). Feeding residual streams to live-
stock reduces the demand for animal feed production, which can
contribute to reducing feed-food competition and thus reduce agricul-
tural land use and potentially GHG emissions (Röös et al., 2016; van
Selm et al., 2022). Based on this rationale, recent research has focused
on feeding residual streams to livestock to maximise the production of
animal-sourced food and avoid feed-food competition (Frehner et al.,
2022; Röös et al., 2016; Van Hal et al., 2019; van Selm et al., 2022).
However, in a circular system other utilisation pathways also exist
(O'Connor et al., 2021; Slorach et al., 2019). Alternatively, residual
streams can be composted, and the compost can be returned to the soil to
fertilise agricultural land and to improve soil quality. Utilising com-
posted residual streams can replace artificial fertilisers and thereby,
reduce GHG emissions from the production of artificial fertilisers (e.g.,
for nitrogen) or prevent mining of scarce resources (e.g., in the case of
phosphorus) (Cortés et al., 2020; De Boer and Van Ittersum, 2018).
Finally, residual streams can be digested through anaerobic digestion to
produce biogas and digestate (Vasco-Correa et al., 2018). Biogas can be
used as a source of renewable energy and replace fossil energy, while
digestate can be returned to the soil to fertilise cropland and grassland
(O'Connor et al., 2022). Similar to compost, digestate can therefore
replace artificial fertilisers.

The demand for animal-sourced food in human diets inherently in-
fluences the utilisation of residual streams. Current diets contain large
quantities of animal-sourced food, which implies high demand for ani-
mal feed (Springmann et al., 2018a; Willett et al., 2019). Alternatively,
circular diets or healthy and sustainable diets would contain consider-
ably less animal-sourced food (Springmann et al., 2018b; van Selm et al.,

2023b; van Zanten et al., 2023; Willett et al., 2019), especially in
affluent countries, which reduces demand for animal feed. Dietary
preferences, therefore, can influence the optimal utilisation of residual
streams in food systems.

While circular food systems have been shown to reduce land use and
GHG emissions in food systems when using residual streams as animal
feed (van Zanten et al., 2023), it is unclear if this is the most optimal
utilisation option. In other words, questions remain on how residual
streams should be utilised to achieve minimum agricultural land use or
GHG emissions, and how the optimal utilisation pathway is affected by
the human diet. The aim of this paper, therefore, is to understand how
residual streams should be utilised (as animal feed, compost, or for
anaerobic digestion) in circular food systems to achieve minimum
agricultural land use and GHG emissions with different dietary
preferences.

2. Material & methods

Taking the Netherlands as a case study, we employed FOODSOM, a
food system optimisation model to quantify the flow of biomass through
the food system. For this study, FOODSOM was extended to include
anaerobic digestion as a utilisation pathway for residual streams. The
options to use residual streams as feed or compost were already included
previously (van Selm et al., 2023b). We took four scenarios from van
Selm et al. (2023b) and added anaerobic digestion as a processing option
to understand how alternative human diets and environmental objec-
tives (minimum agricultural land use or minimum GHG emissions)
impact the optimal flow of biomass in future food systems, with an
emphasis on utilisation as feed, compost, or bio-energy.

2.1. FOODSOM

FOODSOM is food system optimisation model of the Dutch food
system created in GAMS 42 (van Selm et al., 2023a; van Selm et al.,
2023b). FOODSOM minimises agricultural land use or GHG emissions at
the food system level while meeting the dietary requirements of the
Dutch population.

Agricultural land forms the basis of FOODSOM. On arable land and
grassland, or in greenhouses, orchards, and mushroom sheds, 49
representative crops can be grown (one productivity level, based on
current management due to limited data). Conversion of arable land to
grassland was not permitted. Crop yields are based on national statistics
or survey data (CBS, 2019; De Ruijter et al., 2020). Crops are fertilised
with crop residues, animal manure, compost, digestate and artificial
fertiliser to meet nitrogen (N), phosphorus (P), and potassium (K) re-
quirements. Nitrogen fertilisation is calculated based on crop re-
quirements by accounting for harvested N, N losses from volatilisation
(N2O, NH3, NOx, N2), N losses from leaching and N inputs including
atmospheric deposition, net mineralisation in peat soils and biological N
fixation by legume crops. We assume all remaining N is available to the
crop on the long term. Phosphorus and K requirements are based on a
balanced fertilisation approach including an unavoidable loss fraction
(Lun et al., 2018). GHG emissions from the production of artificial fer-
tilisers are also included in FOODSOM.

Five livestock systems (dairy, beef, broiler chickens, laying hens,
pigs; three productivity levels; high, medium low; high represents cur-
rent livestock productivity in the Netherlands) are included in the
model. Livestock can consume feed-food crops (i.e., crops also suitable
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for human consumption), by-products (e.g., wheat bran), food losses and
waste, grassland resources and synthetic amino acids to meet their
nutrient requirements (protein and energy). Feed intake capacity con-
straints are also included. Manure is stored in a manure management
system to be later applied to the soil or anaerobically digested with the
digestate being applied to the soil. GHG emissions from crop and live-
stock systems are calculated using national GHG inventory methodolo-
gies (Lagerwerf et al., 2019; van Bruggen et al., 2021). In addition to
livestock, marine fish can be caught and utilised in the food system.

Crop, livestock and fisheries products are processed into food (e.g.,
wheat into flour) for human consumption which also produces by-
products (e.g., wheat bran, blood and bone meal). The ratios of food
to by-products are based on technical conversion factors (FAO, 1996;
Vellinga et al., 2013). Food is also lost (e.g., during storage or during
processing) and food is wasted (e.g., during consumption or in the su-
permarket) as it moves along the supply chain. The quantity of food lost
and wasted is based on food loss and waste fractions (Caldeira et al.,
2019).

Eventually, food is consumed by humans to satisfy nutritional re-
quirements (27 nutrients). Nutritional requirements are defined by na-
tional nutrient consumption recommendations (Brink et al., 2019).
Further constrains are applied at a food group level to ensure the human
diet remains feasible (see Section Scenarios).

Residual streams, which include by-products from processing raw
materials (e.g., wheat) into food products (excluding crop/field resi-
dues; e.g., straw), food losses (i.e., post-harvest losses and processing
and packaging losses) and food waste (i.e., distribution and household
waste) can be processed into animal feed, composted, or anaerobically
digested. The quantities of residual streams available is a function of the
model and the scenario specification, which determine the area of crop
produced and the human diet. There is no limitation on the share of
residual streams that can be utilised as animal feed, compost or anaer-
obic digestion. For animal feed, food loss is treated as individual feed
product (e.g., wheat or wheat flour), while food waste is grouped with
similar products of the same food group (distribution waste, e.g., grain
waste) or into a single product (consumption or household waste, e.g.,
consumption waste) for logistical reasons. Processing by-products and
food loss and waste into animal feed, compost, or anaerobic digestion
results in additional GHG emissions (Boldrin et al., 2009; Mayer et al.,
2021; Vellinga et al., 2013).

Finally, food items can also be imported and exported. In this study
we assumed up to 25 % of the nutrients consumed in the human diet
could be imported from outside the Netherlands. Importing food items
enables the consumption of products that cannot be produced in the
Netherlands. However, in our model the N, P and K in imports must
equal N, P and K in exports to prevent an accumulation or a depletion of
nutrients at a national scale (van Selm et al., 2023a). We note that these
assumptions about import and export are very different from the current
situation in the Netherlands, as the focus of our analysis is on optimum
use of residual biomass streams when minimising environmental im-
pacts of the food system.

2.2. Animal feed

Feeding residual streams to livestock was already implemented in
FOODSOM (van Selm et al., 2023a). The nutrient content of residual
streams, and other animal feed is based on feed tables (Spek and Van
Wesemael, 2021). We assumed all available residual streams could be
fed to livestock in this study. However, ruminants cannot consume food
loss, food waste, and by-products containing meat, and cannibalism was
prevented (i.e., pigs could not consume meat and bone meal from pigs).
GHG emissions from feeding livestock were based on national GHG in-
ventory methodologies (Lagerwerf et al., 2019; van Bruggen et al.,
2021).

2.3. Compost

Composting was also an existing pathway in FOODSOM. All residual
streams can be composted. GHG emissions (N2O and CH4) resulting from
composting are based on the initial N and carbon (C) content of the
residual stream (i.e., the original compost feedstock) and the final N and
C content (C:N ratio of 15) (Boldrin et al., 2009). It was assumed that
38.5 % of the initial N input was lost during the composting process
through volatilisation and leaching (Boldrin et al., 2009).

2.4. Anaerobic digestion

In this study, anaerobic digestion was added to FOODSOM as a uti-
lisation pathway for food loss and waste, by-products, and manure. It
was assumed that during the anaerobic digestion process of food loss and
waste, and by-products, 9.2 % of N and 6 % of P and K was lost
(Schievano et al., 2011). Remaining N, P, and K could be applied as a
digestate fertiliser with a C:N ratio of 5.5 (Schievano et al., 2011).
Anaerobic digestion also results in GHG emissions, and these were
estimated per kg of waste (Mayer et al., 2021).

Manure from ruminants and pigs can also be anaerobically digested.
Biogas production from manure is based on livestock diets and the
associated volatile solid excretion and methane production potential of
manure. Nitrogen losses and GHG emissions also occurred during the
digestion process (Melse and Groenestein, 2016).

In addition to producing digestate, anaerobic digestion produces
biogas (methane). Therefore, the GHG emissions associated with
anaerobic digestion can be assigned to the digestate (i.e., the food sys-
tem, as digestate is used to fertilise crops) or to the biogas (i.e., the
energy sector, as biogas is assumed to be used as an energy source
outside the food system). The decision to assign GHG emissions associ-
ated with anaerobic digestion to the food system or the energy sector can
influence the optimal utilisation pathway of residual streams and
manure when minimising GHG emissions. Therefore, both allocation
options were explored in this study. However, detailed findings on
livestock diets, fertilisers, and N flows are only shown with GHG emis-
sions from anaerobic digestion assigned to the energy sector. The pri-
mary product of anaerobic digestion is biogas to be used outside the food
system; therefore it is most appropriate to assign emissions from
anaerobic digestion to the energy sector. Additional figures with GHG
emissions from anaerobic digestion assigned to the food system can be
found in the supplementary material.

A sensitivity analysis was performed on GHG emissions and nutrient
losses of composting and anaerobic digestion for all scenarios. GHG
emission factors and nutrient loss coefficients were increased and
decreased by 12.5 % and 25 % respectively to assess the sensitivity of the
utilisation of residual streams to these technical coefficients.

2.5. Scenarios

Four scenarios were developed to understand how residual streams
are utilised optimally, i.e. as animal feed, fertiliser or as a source of
biogas in circular food systems (Table 1). Scenarios were based on two
factors: two human diets and two environmental objectives. The quan-
tity of residual streams and optimal utilisation pathway is dependent on
the human diet and the environmental objective being minimised.

The environmental objective was to either minimise agricultural

Table 1
Overview of scenarios included in this study.

# Scenario Diet Objective

1 Current-Land Current Min. agricultural land
2 Current-GHG Current Min. GHG
3 Circular-Land Circular Min. agricultural Land
4 Circular-GHG Circular Min. GHG
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land use (arable crops, greenhouse, crops, tree crops, permanent grass-
land) or minimise GHG emissions. We hypothesise that optimising the
food system for different environmental objectives would result in
different utilisation pathways for residual streams and provides insight
into the potential trade-offs between the various objectives.

The human diet was either the current diet or a circular diet. The
current diet was based on current consumption patterns at a food group
level in the Netherlands and includes nutrient consumption constraints
(van Rossum et al., 2020). The current diet consists of 110 g of meat,
360 g of dairy products and 16 g of fish, with associated animals and
production of animal manure. The circular diet was a result of model
optimisation with restrictions to meet the nutrient requirements (27 in
total, including macronutrients, vitamins, minerals, fatty acids) of the
population and food group constraints to keep the diet feasible for
consumption and ensure the diet contains a mixture of food groups. The
upper limit of consumption for food groups (e.g., vegetables 344 g per
person per day) which does not increase the risk of non-communicable
diseases was based on the 95th percentile of current consumption in
the Netherlands (van Rossum et al., 2020). The upper limit for con-
sumption of food groups which do increase the risk of non-
communicable diseases was based on the EAT-Lancet diet (Willett
et al., 2019). In addition, a lower limit is placed on each food group if
minimum consumption recommendations were available (Kromhout
et al., 2016). A more detailed overview of the food group constraints can

be found in van Selm et al. (2023b).
As the precise outcomes of the two human diets are important

context to interpret the results of our study, we present these in Fig. 1.
The circular diet resulted in an increase in consumption of the fruit,

vegetable, legume and tuber food groups and a decrease in consumption
of the egg, oil, and meat food groups compared to the current diet
(Fig. 1). The circular diet altered consumption patterns to meet the
nutrient requirements of the population without over consumption. In
the circular diet, dairy consumption decreased when minimising GHG
emissions due to methane emissions from dairy cattle. However, when
minimising land-use oil and legume consumption decreased due to
relatively low crop yields in the Netherlands. Fish was sourced from
marine fisheries, which did not contribute to land use, increasing con-
sumption when minimising land use.

3. Results

3.1. Utilising residual streams

Our analysis shows that the optimal utilisation of by-products and
food loss and waste is dependent on human diets and environmental
objectives (to either minimise agricultural land use or GHG emissions;
Fig. 2). Across all scenarios, by-products were primarily fed to animals.
However, in the Circular-GHG scenario, a notable portion of by-products

Fig. 1. Human diet in grams per capita per day.

Fig. 2. Flows of by-products (from the processing of raw materials into food products), food loss and food waste utilised as animal feed, compost or anaerobic
digestion per scenario. Results are shown as a percentage of available product stream per utilisation pathway. Error bars indicate minimum and maximum values of
the sensitivity analysis. A: GHG emissions from anaerobic digestion are assigned to the energy sector; B: GHG emissions from anaerobic digestion are assigned to the
food system. Along the x-axis the four scenarios are listed (Table 1).
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was also used for anaerobic digestion (Fig. 2A) or compost (Fig. 2B) due
to low animal-sourced food demands in the circular diet. Food loss and
waste was primarily fed to animals when minimising agricultural land
use, except food waste in the Circular-Land scenario, again due to low
animal-sourced food demands. When minimising GHG emissions, food
loss and waste was primarily used for anaerobic digestion (Fig. 2A) or
compost (Fig. 2B), while a small portion of food losses was fed to animals
in the Current-GHG scenarios due to the high animal-sourced food de-
mands of the current diet. GHG emissions from composting are lower
than GHG emissions from anaerobic digestion, but anaerobic digestion
also produces biogas while compost does not.

Processing food loss and waste into animal feed (heating and steri-
lisation) is emission intensive, which limited the opportunity to use food
loss and waste as animal feed when minimising GHG emissions. Utilising
food waste as animal feed, however, reduces demand for feed-food crops
and therefore reduces agricultural land use. Therefore, with the current
diet, food waste was prioritised for feed due to high animal-sourced food
requirements. In the circular diet animal-sourced food consumption was
relatively low (Fig. 1), which resulted in food waste being distributed
amongst all three utilisation pathways when minimising agricultural
land use. The decision to either digest or compost food waste was only
influenced by favourable N:P:K ratios matching crop fertilisation re-
quirements and, the effect of composting or digestion on land use was
therefore limited (as shown by the large error bars in Fig. 2).

3.2. Utilising manure

All pig and dairy cow manure was anaerobically digested when
minimising GHG emissions due to lower N and methane emissions
during the digestion process compared to traditional manure manage-
ment systems (results not shown, as a figure would show 100 % of pig
and dairy manure to anaerobic digestion in all scenarios minimising
GHG emissions). The human diet and the assigning of GHG emissions to
the energy sector or food system had no impact on the utilisation of
manure.

3.3. Land use and GHG emissions

Figure 3 shows a clear trade-off between environmental objectives.
Minimising agricultural land use resulted in higher GHG emissions while
minimising GHG emissions resulted in higher agricultural land use. The
circular diet resulted in the lowest agricultural land use and GHG
emissions.

The choice to assign anaerobic digestion emissions to the digestate
(food system) or to the biogas (energy sector) produced had conse-
quences for GHG emissions. Assigning GHG emissions from anaerobic
digestion to the energy sector increased the amount of residual streams
being digested (Fig. 2 A) and hence the associated GHG emissions from
anaerobic digestion (Fig. 3A, solid fraction). However, assigning GHG
emissions from anaerobic digestion to the food system resulted in no
residual streams being digested when minimising GHG emissions and
only a small portion of residual streams being digested when minimising
agricultural land use (Fig. 2B). Therefore, the associated GHG emissions
from anaerobic digestion were minor (and hence not visible in Fig. 3B)
when assigning GHG emissions from anaerobic digestion to the food
system.

Total GHG emissions (i.e., food system + anaerobic digestion emis-
sions) were highest when assigning emissions from anaerobic digestion
to the energy sector compared to assigning emissions from anaerobic
digestion to the food system due to increased anaerobic digestion
(Fig. 2) (Current-GHG: 318 vs. 329 kg CO2e per capita per year; Circular-
GHG: 149 vs. 173; Fig. 3). GHG emissions from anaerobic digestion were
higher than GHG emission from compost. However, this comparison
does not account for the contribution anaerobic digestion makes to
biogas production, which will also reduce GHG emissions when
replacing energy from fossil fuels. This was overcome by assigning

emissions to the energy sector, which increased anaerobic digestion,
total GHG emissions, and biogas production. Assigning anaerobic
digestion emissions to the food system resulted in the lowest total GHG
emissions, as residual streams were composted.

3.4. Nitrogen flows through the food system

Minimising GHG emissions reduced the flow of N through the food
system compared to minimising land use (sizes of the flows shown on the
left and right in Fig. 4). The overall N use efficiency of the food system (N
output in food consumption and export as a percentage of N inputs, the
latter including deposition, biological fixation and artificial fertiliser)
was slightly higher when minimising GHG emissions (47 % vs. 44 %).
Minimising GHG emissions ensured N was utilised more efficiently to
reduce N losses and associated GHG emissions.

Fig. 3. A: GHG emissions (kg CO2e per capita per year) for the four scenarios
(Table 1) when emissions from anaerobic digestion are assigned to the energy
sector. Shaded colours are emissions from the food system and solid colours are
emissions from anaerobic digestion; B: GHG emissions (kg CO2e per capita per
year) when emissions from anaerobic digestion are assigned to the food system.
Shaded colours are emissions are from the food system and solid colours are
emissions from anaerobic digestion; C: Agricultural land use (million hectares
per year) when GHG emissions from anaerobic digestion are assigned to the
energy sector; D: Agricultural land use (million hectares per year) when GHG
emissions from anaerobic digestion are assigned to the food system.
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The flow of N through the food system was substantially lower in the
circular diet than in the current diet (sizes of the flows shown at the top
and bottom of Fig. 4), primarily due to less demand for animal-sourced
food and therefore less demand for animal feed. Consequently, the N use
efficiency of the food system was higher with a circular diet compared to
the current diet (48 % vs. 43 %) due to lower N losses from livestock. In
the current diet, livestock consumed larger quantities of all feed cate-
gories. Production and availability of by-products was not only driven
by demand for the main food product, but also by demand for animal
feed. As a result, in our model the main product was exported, and the
by-product remained in the Netherlands as animal feed. Due to an in-
crease in the production of animal feed, the quantity of N applied to the
soil also increased (Fig. 4).

3.5. Livestock diets

Livestock diets and consumption of feed-food crops were influenced
by the environmental objective minimised (land use or GHG emissions).
Poultry diets were dominated by feed-food crops when minimising GHG
emissions (broiler: 79 %; laying hen: 86 %), but feed-food crops were
partially or fully replaced with residual streams when minimising land
use. Producing feed-food crops increased land use while processing re-
sidual streams increased GHG emissions. Dairy cow diets contained
more conserved grassland products (e.g., grass silage) when minimising
GHG emissions and more feed-food crops (e.g., maize silage) when
minimising agricultural land use. Pigs were not selected when

minimising GHG emissions with the circular diet while broiler chickens
were not selected when minimising land use in the circular diet. Broiler
chickens had a lower GHG emission intensity, while pigs were more
efficient at utilising residual streams as feed which reduced land use.

The current diet, representing current demand for animal-sourced
food in the human diet, resulted in different livestock diets and animal
numbers than the circular diet (Fig. 5 & Supplementary Material S5).
Livestock diets contained relatively more residual streams in the circular
diets because less animals were kept, this enabled feed-food crops to be
replaced with residual streams. Residual streams were available in
limited quantities, and consuming less animal-sourced food allows re-
sidual streams to make a greater contribution to livestock diets. By-
products and high-quality food losses (e.g., waste from grains) were
suitable substitutes for feed crops. Poultry diets were dominated by food
losses in the Circular-GHG scenario, while laying hen diets were domi-
nated by food waste in the Circular-Land scenario. The food waste
consisted of high-quality distribution waste that had not been diluted
with lower quality food products.

3.6. Fertilisation

The way residual streams are utilised in the food system impacted the
types of fertiliser and organic amendments applied to the soil (Fig. 6).
Minimising GHG emissions increased the percentage of residual streams
being digested (Fig. 1), which in-turn increased the percentage of
digestate applied to the soil (Min GHG: 19 %; Min land: 3 %) (Fig. 6).

Fig. 4. Nitrogen (N) flows through the food system for feed (orange flows) and fertiliser (blue flows). Animal feed (food feed, grassland) is fed to livestock while
residual streams are either fed to livestock, composted, or digested. Livestock produce manure which is digested or used as fertiliser on arable land and grassland.
Arable land and grassland are also fertilised with compost, digestate, artificial fertiliser and crop residues. N deposition and fixation also contribute to fertilisation.
Harvested N includes feed, food and by-products including food losses and waste. Labels refer to vertical grey bars. In this figure GHG emissions from anaerobic
digestion are assigned to the energy sector. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Overall, minimising GHG emissions inadvertently minimises N losses
from livestock and fertilisation by minimising N2O emissions, which also
reduced demand for artificial fertiliser (Min Land: 65 %; Min GHG: 52 %;
Fig. 4). On the other hand, minimising agricultural land use increased
the share of artificial fertiliser, manure, and digestate from anaerobi-
cally digested manure applied to the soil (Fig. 6). Nutrient intake in
livestock diets was higher, which increased nutrient excretion and nu-
trients in manure when minimising land use (Fig. 4). This increased the
quantity of nutrients applied in manure as digestate manure or directly
as manure.

The larger quantity of animal-sourced food in the current diet
resulted in more animals being kept (Fig. 1 & Supplementary Material
S6), which increased the percentage of digested manure (Current diet:
20 %; Circular diet: 9 %) being applied to the soil compared to the cir-
cular diet. In the circular diet, less animal-sourced food was consumed,
and relatively more artificial fertiliser (Current diet: 50 %; Circular diet
37 % of kg N, P and K applied) was applied to compensate for a

reduction in (digested) animal manure. A small amount of compost was
applied, only when minimising land use with a circular diet.

4. Discussion

Our results show that prioritising the use of by-products for animal
feed minimises both agricultural land use and GHG emissions. Our re-
sults also show that prioritising the use of food loss and waste for animal
feed minimises agricultural land use, but that prioritising the use of food
loss and waste for compost or anaerobic digestion minimises GHG
emissions.

Currently in the Netherlands, an estimated 16 % of food loss and
waste is fed to animals, 12 % is digested and 36 % is composted
(Soethoudt and Vollebregt, 2020). The remainder (36 %) is burnt for
electricity generation. Achieving the level of food loss and waste uti-
lisation shown in our study requires an important change in legislation.
Current legislation prescribes food loss and waste can only be fed to

Fig. 5. Feed intake of each feed category per livestock category and scenario. Beef cattle were not selected in any scenario. Results are shown as percentage of total
dry matter intake. In these scenarios GHG emissions from anaerobic digestion are assigned to the energy sector. Results showing emissions assigned to the food
system are available in the supplementary material S1.

Fig. 6. Nutrients applied to the soil per fertiliser category and scenario. Results are shown as percentage of total amount of nutrient applied. In these scenarios
anaerobic digestion emissions are assigned to the energy sector. Results showing emissions assigned to the food system are available in the supplementary mate-
rial S2.
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animals when it can be demonstrated that there is no risk of contami-
nation with animal derived products. However, it has been shown that
pigs, poultry, and fish can upcycle contaminated food loss and waste
without compromising food safety (El Boushy and van der Poel, 2000; zu
Ermgassen et al., 2016).

Separation of food loss and waste increases flexibility and the op-
portunity to feed animals. Food loss (i.e., post-harvest and processing
and packaging losses) occurs at an industrial scale, which allows for the
separation of individual food loss streams. On the other hand, food waste
(i.e., distribution and consumption waste) occurs in the supermarket or
in the household which limits the ability to separate food waste streams.
In this study, we assumed post-harvest, processing and packaging losses
were separated into individual residual streams (e.g., wheat waste or
wheat flour waste), distribution waste was separated at a food group
level (e.g., grain waste), and finally, consumption waste could not be
separated and was treated as a single residual product. Our results
suggest that post-harvest, processing and packaging losses, and distri-
bution losses must be fed to animals when minimising land, while
consumption or household waste better be composted or digested
(especially in circular diets). The higher the level of separation of food
losses, the more flexibility the product has to be utilised as animal feed.
Each animal has a unique biological ability to up-cycle waste streams.
Some animals require high-quality (i.e., nutrient dense) residual streams
(e.g., poultry), while others can consume lower quality residual streams
(e.g., ruminants or pigs) (van Selm et al., 2022). Yet, separating food
waste at a household level can be challenging. Alternatively, drying food
waste could also increase the utilisation of food waste as animal feed,
however this process is energy intensive (Salemdeeb et al., 2017).
Alternative ways to collect and process food waste into animal feed must
be found that are not GHG emission intensive.

Currently, anaerobic digestion in the Netherlands is limited. Since
our study explores future scenarios we did not consider if the current
anaerobic digestion capacity would be sufficient to digest the quantities
suggested in our analysis. Furthermore, we did not consider feeding
rates and the ratio of manure to residual streams in this analysis.
However, our results fit well with the ambition of the Netherlands to
increase anaerobic digestion capacity in the future (Winquist et al.,
2021).

During the composting and digestion processes, nutrients (especially
N) are lost to the atmosphere. Uncertainty exists in the quantity of N lost
and the resulting GHG emissions produced during composting and
anaerobic digestion (Boldrin et al., 2009; Mayer et al., 2021). This un-
certainty primarily impacts the GHG emission estimates. In the present
exercise, the decision to compost was determined by where the emis-
sions from digestate are assigned to i.e., the energy sector or the food
system (Fig. 2). It should also be noted we did not consider the feeding
rates of the digester or the ratios of manure to residual streams in the
feedstock. Suboptimal feeding rates and ratios will reduce the efficiency
of anaerobic digestion but will not influence the choice to compost or
digest residual streams. That choice was determined by the assignment
of emissions from anaerobic digestion and not efficiency gains or losses
from compost or anaerobic digestion. Assigning emissions from anaer-
obic digestion to the food system favours composting food waste (ab-
solute GHG emissions of composting is lower than GHG emissions from
anaerobic digestion), but this fails to acknowledge that energy is pro-
duced from anaerobic digestion, which will contribute to reducing GHG
emissions because of substitution of fossil fuels (Farghali et al., 2022).
Including these avoided emissions in the model optimisation would
result in by-products and food losses being digested while livestock are
fed with feed-food crops. In this case it might be better to anaerobically
digest the feed-food crops directly instead, however more research is
needed to understand the implications for the food system, energy sys-
tems, and agricultural land use. Circularity principles argue that biomass
and agricultural land use should be prioritised for basic human needs
(food, pharmaceuticals, clothing) (Muscat et al., 2021). Based on these
principles energy should be produced from alternative renewable

options (e.g., wind, solar). The primary product of anaerobic digestion is
biogas (latter burned to produce energy); therefore it seems most
appropriate to assign emissions from anaerobic digestion to the energy
sector. Digesting manure rather than applying it as a fertiliser will al-
ways result in the lowest GHG emissions, no matter to where the GHG
emissions are assigned because emissions from anaerobic digestion are
lower than from current manure management systems.

When minimising land use the decision to compost or digest food
waste is less certain than when minimising GHG emissions. If large
quantities of animal-sourced food are required food waste should be fed
to animals, but when lower quantities are required (i.e., with a circular
diet) the decision is less certain (e.g., Fig. 1, Circular-Land: food waste).
The model's preference to digest or compost in the circular diet when
minimising agricultural land use was only determined by favourable N:
P:K ratios better meeting crop fertilisation requirements. The portion of
residual streams to be either composted or digested can therefore be
based on minimising GHG emissions.

In our study fertilisation focused on the application of N, P, and K to
meet crop requirements. However, applying organic amendments (e.g.,
compost, manure, digestate) provides benefits beyond N, P, K, which can
be difficult to quantify (Hijbeek et al., 2017). For example, organic
amendments can potentially increase soil carbon content, provide
micronutrients, improve soil structure, increase soil microbial activity
and water holding capacity (Hoffland et al., 2020). Other organic
amendments could also be used to increase soil carbon, e.g. sewage
sludge to cropland and grassland. Sewage sludge derived from human
excreta was not considered in this study, but could partially replace
artificial fertiliser and result in further closing of nutrient cycles (Van
Kernebeek et al., 2018) and higher nutrient use efficiency of the food
system. However, the potential of human excreta as a fertiliser is
affected mostly by, energy requirements, the risk of contamination, and
legislation issues.

5. Conclusions

In this study we show the optimal use of residual streams of food loss,
food waste, and by-products in circular food systems, depending on the
environmental objective, human diet, and assignment of GHG emissions
to the food system or the energy sector. By-products such as wheat bran
should always be fed to livestock. Food loss and waste is best fed to
livestock when minimising land use, but is best composted to replace
fertilisers or digested to replace fossil energy when minimising GHG
emissions. The decision to compost or digest depends on where the
emissions from anaerobic digestion are assigned to. Assigning to the
biogas (energy sector) rather than to the digestate (food system) fav-
oured anaerobic digestion, which can be considered most appropriate
because energy is the primary product. More optimum use of food loss
and waste can be achieved with higher levels of separation of food loss
and waste in different categories, to tailor the use of different types of
animal feed and to avoid problems with contamination.
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