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Circularity in Europe strengthens the 
sustainability of the global food system

H. H. E. van Zanten    1,2  , W. Simon    1,3, B. van Selm    3,4, J. Wacker1, 
T. I. Maindl    5, A. Frehner    6, R. Hijbeek3, M. K. van Ittersum    3 & M. Herrero    2

Redesigning the European food system on the basis of circularity principles 
could bring environmental benefits for Europe and the world. Here we 
deploy a biophysical optimization model to explore the effects of adopting 
three circularity scenarios in the European Union (EU)27 + UK. We calculate 
a potential reduction of 71% in agricultural land use and 29% per capita in 
agricultural greenhouse gas emissions, while producing enough healthy 
food within a self-sufficient European food system. Under global food 
shortages, savings in agricultural land could be used to feed an additional 
767 million people outside the EU (+149%), while reducing per capita 
greenhouse gas emissions by 38% but increasing overall emissions by 55% 
due to the increased population served. Transitioning the EU’s food system 
towards circularity implies sequential changes among all its components 
and has great potential to safeguard human and planetary health.

The global food system is under multiple pressures. The coronavi-
rus disease 2019 pandemic, political conflicts, depletion of natural 
resources, biodiversity loss and the threat and consequences of climate 
change challenge food system sustainability, while the global popula-
tion continues to grow. In other words, humanity faces a massive para-
dox: we need food to live, but our way of producing food jeopardizes our 
potential to produce food. In this article, we explore the question ‘how 
to supply healthy diets to all people while at the same time safeguarding 
the planet’s health?’. The answer to this question is complex as today’s 
food system issues are embedded in a highly complex, dynamic and 
inter-related system with no ‘silver bullet’ solution1,2. A transformation 
of the food system—covering production, processing, distribution, 
retailing and consumption—is therefore needed to respect human 
and planetary health3.

One potential game-changing future redesign, which is gaining 
increased attention, is a circular food system. Redesigning today’s 
food system towards circularity is also a key strategy of the European 
Union (EU)4. In circular food systems, waste—for example, food waste, 
human excreta and overconsumption of nutrients—is minimized and, 
if unavoidable, utilized (recycled) in the most sustainable way5,6. For 

example, during food processing, by-products are produced. If these 
by-products are used as a fertilizer, the use of artificial fertilizer will 
potentially decrease, while if by-products are used as feed for farm 
animals, inedible biomass for humans will be transformed into valuable 
food, manure and ecosystem services. While several studies assessed 
the potential of animals as recyclers—showing great environmental ben-
efits7–10—a holistic circular food system assessment is missing. Getting 
a holistic picture is crucial because of the inter-relatedness in the food 
system, for example, a transition towards more healthy diets in which 
whole grains are consumed instead of refined grains directly impacts 
the role of animals as recyclers since less by-products will be available8.

In this study we assessed the potential of redesigning the Euro-
pean (EU27 + UK) food system on the basis of circularity principles to 
secure food availability while minimizing the environmental impact. We 
designed and assessed three exploratory EU27 + UK food system redesign 
scenarios varying in their degree of circularity, ranging from changes in 
supply to more radical transitions towards circular food systems (Fig. 1). 
Our results provide insights into how the EU27 + UK’s food system can be 
redesigned in terms of consumption, crop production, animal production 
and fertilizer patterns, supported by circularity principles.
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of refs. 8,12,13) to assess circularity principles and provide extended 
alternatives to redesign our current food system to higher sustain-
ability levels. CiFoS is an interactive biophysical data-driven optimiza-
tion model that facilitates the selection of food system redesigns by 
minimizing agricultural land use and accounting for greenhouse gas 
(GHG) emissions while meeting dietary choices.

Results
Scenarios
Modelling studies that call for new paradigm shifts for the food system 
are often based on and locked in our current linear food system, and 
thus only provide incremental improvements from the status quo11. We 
applied the Circular Food System (CiFoS) model (builds on the work 

Fig. 1 | Scenario configuration and illustration. The colours of the arrows and icons on the top left represent the different scenarios in the table. The arrows represent 
uses of biomass that differ among scenarios. In the case of the grey arrows, the assumptions related to the use of biomass are the same for all scenarios.
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An agricultural production baseline (AgriBase) and three alter-
native scenarios were built on the basis of circularity principles (for 
a detailed configuration, see Fig. 1). The first scenario—the circular 
self-sufficient agricultural Europe (CirAgri) scenario—solely applies 
supply-side circularity principles while the other two scenarios— 
circular self-sufficient healthy diet (CirHealth) and CirHealth Popula-
tion Plus (CirPop+)— combine both supply and consumption-oriented 
circularity principles. Consumption, in the CirAgri scenario, meets our 
current protein supply. Today’s protein supply, on the basis of the sta-
tistics of the Food and Agriculture Organization of the United Nations 
(FAOSTAT), is met on a food group level (grains, tubers, vegetables, fruit, 
dairy, red meat, poultry, eggs, fish, legumes, nuts/seeds, oil fat, sugar 
and other). CirHealth and CirPop+ transition consumption to healthier 
dietary patterns based on, for example, the recommended intake levels 
per food group derived from the EAT–Lancet guidelines14. In addition, 
CirPop+ aims to use European agricultural land in a way that maximizes 
the number of people nourished with a circular diet, thereby contribut-
ing to global food availability. CirAgri and CirHealth solely focus on the 
European population and aim to meet their dietary constraints while 
minimizing land use, to free up land for nature conservation leading, 
in general, to more biodiversity. All scenarios focus on a hypothetical, 
self-sufficient European food system and account for GHG emissions.

The production values of the three circular scenarios are com-
pared with AgriBase, a baseline production scenario that matches 
empirical data15 related to, for example, current crop production sys-
tems for domestic use and export with associated areas, while minimiz-
ing the difference with the current food supply16 (objective function).

Sustainability potential of circular European food systems
The AgriBase results show an annual total of 644 million tons of CO2 
equivalent (MtCO2e) (1.17 tons CO2e per person per year based on 2020 
population numbers) with a use of 172 Mha of agricultural land (Figs. 2 
and 3 and Extended Data Fig. 1). The agricultural land area, crops cul-
tivated and corresponding yields match FAOSTAT data and therefore 
provide a ‘validated’ baseline (Fig. 3). In comparison, CirAgri reduces 
GHG emissions by 22% and agricultural land use by 71% while meeting 
current protein supply. In CirAgri, annual GHG emissions were 515 
MtCO2e (0.91 tons CO2e per person per year) with an agricultural land 
use of 50 Mha. CirHealth, with changes in supply side and consumption, 
reduced GHG emissions by 29% (annual total 458 Mt; 0.83 tons CO2e 
per person per year) and agricultural land use by 71% (50 Mha). These 
figures show that redesigning the EU27 + UK food system allows the 
EU to be self-sufficient (no import and export), while reducing GHG 
emissions and agricultural land use. People outside the EU currently 
depend, to some degree, on European agricultural exports, and the 
CirPop+ scenario shows that the EU27 + UK can provide a healthy diet 
to another 767 million people (+149% compared with the EU27 + UK 
population). Even here, GHG emissions are reduced by 38% per capita 
(0.72 tons CO2e per person per year) but overall emissions increased by 
55% (annual total of 998 MtCO2e). Total agricultural land use differed 3% 
from the current situation (to 167 Mha). Therefore, the combination of 

avoiding overconsumption and healthy eating while recycling residual 
food system streams has the potential to greatly improve human and 
planetary health.

Agricultural land use changes needed for circularity
Of Europe’s 172 Mha of agricultural land, 105 Mha are croplands used 
for food and feed and the other 67 Mha are grasslands. In the circular 
scenarios, the area of cropland used was reduced by 53% for CirAgri 
(50 Mha), 53% for CirHealth (49 Mha) and by only 3% for CirPop+ 
(102 Mha). The area of grassland was reduced with almost 100% for 
CirAgri and CirHealth and by 2% for CirPop+ (66 Mha).

Cropping systems. European crops require crop rotations, result-
ing in a combination of crops grown over the years. Figure 3 shows 
the selected crops within the crop rotations, illustrating that the 
EU27 + UK’s current cropland is dominated by the production of cere-
als (for food and feed) and oil crops (AgriBase; Fig. 3). About half of 
arable land is used to produce cereals (mainly wheat and barley) and 
about one-fifth to produce oil crops (mainly rapeseed and sunflower) 
for food and feed purposes. In general, CirAgri and CirHealth show a 
trend towards less cereals and less fodder crops. Furthermore, they 
show increased diversity—mainly in the CirHealth scenario—with rela-
tively more land used for pulses (soybean, chickpea, beans and lentils), 
sorghum, green and red vegetables, and tropical fruits.

Fertilizer use. In total, AgriBase estimates 12.3 Mt artificial fertilizer 
application (nitrogen (N) + phosphorus (P) applied)17, supplemented 
with manure, compost and currently used human excreta. N and P use 
are both reduced in CirAgri and CirHealth (Fig. 4). In CirPop+, the total 
use of artificial fertilizer (both N and P) is relatively high compared with 
the other two circular scenarios as insufficient organic fertilizer is avail-
able to fertilize the crops needed to nourish the increased population. 
When animal numbers are decreased (CirHealth and CirPop+), the use 
of food waste as organic fertilizer over feed for animals is prioritized 
(see also Supplementary Data ‘Biomass flows’), while otherwise, food 
waste is largely used as feed and the manure is used as fertilizer (CirAgri).

Livestock systems. Applying circularity principles, that is, feeding 
animals with by-products, food waste and grass, necessitates a radical 
redesign of the livestock sector (Fig. 5). In the CirAgri scenario, which 
meets the current animal protein supply, animal protein yields are rela-
tively stable, with only fish and pig production clearly increasing while 
beef production decreases. CirHealth and CirPop+ show large reduc-
tions in beef cattle (91% and 99%, respectively), pigs (78% and 100%, 
respectively), broilers (79% and 73%, respectively) and layers (33% and 
93%, respectively). Dairy and fish show relatively small changes in the 
CirHealth scenario, while they largely increase in the CirPop+ scenario.

CirPop+
CirHealth

CirAgri
AgriBase

0 0.3 0.6 0.9 1.2
Greenhouse gas emissions in tons CO2e per year per capita

Source: Animal Compost Cropland Transport

Fig. 2 | Source-specific GHG emissions under different degrees of circularity. 
The AgriBase scenario shows the highest emission levels, followed by CirAgri, 
CirHealth and CirPop+. Triangles indicate the safe operating space of the 
planetary boundaries’ framework food production per capita per year  
(511 kg CO2e; ref. 14).
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Scenario: AgriBase CirAgri CirHealth CirPop+
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Fig. 3 | Agricultural land use per crop group for the different scenarios. Dots 
represent current land use. Crops are used for food and feed purposes. Fodder 
crops include clovers, alfalfa, legumes and grass.
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Feed–food competition is reduced in all circular scenarios (Sup-
plementary Fig. 9). Feed consists of food losses and waste, grass, 
by-products and fodder crops. The share of food losses and waste in 
animal feeds largely differs across animal types: from zero in ruminant 
feed to large shares in fish, chicken and pig feeds (Supplementary  
Fig. 9 and Supplementary Data ‘Animal feed’). Although feed-food 
competition decreases, animals are still largely fed with fodder crops 
in all circular scenarios, especially in CirAgri. Without fodder crops 
there is insufficient non-food-competing feedstuff available to feed 
the number of animals needed to meet current supply (in line with  
refs. 18,19) of animal protein (CirAgri) or to meet all nutritional require-
ments (for example, vitamin B12) (CirHealth and CirPop+).

Consumption changes needed for circularity
Food production from AgriBase plus imports reflect current FAOSTAT 
protein supply levels in the EU27 + UK, but not fully as production and 
consumption data of FAOSTAT are not harmonized20. When subtracting 

losses from supply to obtain the actual intake, protein consumption is 
69 g of protein per person per day.

In the CirAgri scenario, sufficient food can be produced to meet 
current protein supply (103 g per person per day15) resulting in a pro-
tein intake of 83 g of protein per person per day in a circular European 
food system without the need for importing food. In the CirHealth 
and CirPop+ scenarios, food intake meets nutrient requirements and 
the recommended food intake levels of the EAT–Lancet guidelines, 
resulting in 64 g of protein per person per day (Fig. 6).

In the CirAgri scenario, the majority of macro- and micronutri-
ents values fall between the minimum and maximum range of recom-
mended intake. Only energy and cholesterol exceed the maximum 
recommended intake (Fig. 6). Compared with the recommended food 
intake levels by the EAT–Lancet guidelines that account for foods 
instead of nutrients (essential to ensure that foods that limit the risk 
for dietary-related diseases are consumed) current consumption pat-
terns show an excessive consumption of sugar, red meat and milk, 

N P
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CirPop+
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CirAgri

AgriBase

Nutrients applied to agricultural land in million tons per year

Source:
Artificial fertilizer

Food waste

Human excreta

Manure grazing

MMS

Fig. 4 | Amounts of N and P applied to agricultural land, classified per source. Compared with AgriBase, the use of N and P is reduced in CirAgri and CirHealth.  
In CirPop+, the total use of artificial fertilizer (both N and P) increases as insufficient organic fertilizers are available to fertilize the crops needed to nourish the 
increased population.
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Fig. 5 | Total animal crude protein yield per year per scenario relative to the 
AgriBase scenario (percentage). The AgriBase scenario reflects the animal 
crude protein yield needed to meet current protein supply. CirAgri meets the 

current protein supply per food group, resulting in relatively small changes in 
crude protein yields, while CirHealth and CirPop+ (representing healthy diets) 
result in large reductions in animal crude protein yields.
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with eggs at the upper limit, while vegetable consumption is too low 
(Supplementary Fig. 11). Our results, therefore, support the literature 
on unhealthy dietary patterns21.

In CirHealth and CirPop+, all macro- and micronutrients supplied 
fall within the bounds of recommended intakes, thus providing a basis 
for nutritionally adequate diets (Fig. 6). In none of the scenarios is pro-
tein the limiting factor, while energy is, for example, limiting, meaning 
that energy is limited when we minimize land use (CirHealth) or optimize 
the number of people to feed (CirPop+). In general, the results show 
that the limiting of macro- and micronutrients largely depends on the 
consumption of animal source foods (ASFs) in our dietary scenarios. A 
transition towards a healthier diet requires a change in the ratio between 
animal proteins and plant proteins: from 60:40 in the current situation 
(CirAgri) to 37:63 in CirHealth and 34:66 in CirPop+. The overall reduc-
tion in animal protein intake per capita is 51% in CirHealth and 55% in 
CirPop+, that is, from 49 g per person per day to 24 and 22 g per person 
per day, respectively. While most animal proteins were reduced, the 
majority was due to reduced red meat and chicken meat consumption.

Discussion
This study shows that redesigning the food system on the basis of circu-
larity principles has great potential to feed a population with sufficient, 
healthy food, while reducing the environmental impact. Agricultural 
land use was largely reduced, just as CO2 emissions, albeit that the latter 
were still above the boundary of 0.5 tons CO2e per person per year rec-
ommended by ref. 14. Additionally, we showed that a transition towards 
circular food systems could improve food provisioning to other parts 
in the world. Our results revealed that the following elements are key 
for an EU27 + UK food systems transition.

Current crop rotations limit the circularity potential in the 
EU27 + UK food system
Crop rotations are essential from an agro-ecological perspective, for 
instance to maintain soil quality and manage soil-borne pests and dis-
eases22,23. In our model simulations, therefore, some food crops were 
assumed to be grown, for example, with a maximum of once every 
6 years (for example, sunflower) or every 3 years (for example, potatoes); 
for the other years, other crops must be selected. Certain food crops 
needed to fulfill human nutritional requirements steer land use—show-
ing the need for food crop diversification. We noted in our study that 
crop rotation acted as a driver of production of fodder crops, such as 
alfalfa and clover, as without fodder production, land would have been 
left uncovered in the remaining years of a crop rotation. This is because 
the potential rotation combinations to produce more foods for direct 
human consumption in the CiFoS model were limited by the range of 
food crops included (and currently cultivated on a relatively large scale).

Animals play an important role in EU27 + UK circular food 
systems, although their numbers are largely decreased
This is in line with studies that assessed the role of animals as recyclers, 
ranging from 16 to 40 g of protein per person per day8,13. Among oth-
ers, total energy intake, eicosapentaenoic acid (EPA), iodine, vitamin 
B12 and calcium are limiting in CirHealth and/or CirPop+. Notably, 
vitamin B12 is only produced from animal proteins and therefore drives 
consumption and production. Vitamin B12 intake recommendations, 
however, vary largely, that is, from 2.4 µg (World health Organization) 
to 4 µg (European Food Safety Agency (EFSA)) per adult per day16. Using 
alternative nutrient requirements or supplements could impact the 
ratio between animal proteins and plant proteins.

Organic and mineral fertilizers needed in circular EU27 + UK 
food systems
We showed that the amount of organic fertilizers available is not suf-
ficient in circular EU27 + UK food systems to fertilize the crops needed 
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AgriBase for protein requirements indicate to what extent EU27 + UK production 
plus imports matches the FAOSTAT protein food supply.
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to nourish the population. Especially when livestock numbers go down 
drastically, much less organic manure for fertilization is available, 
increasing the need for alternative organic fertilizers such as green 
manure or human excreta. On the basis of current use, we assumed 
that only 36% of all human excreta was available as fertilizer17. Nutri-
ent recovery from human excreta is highly dependent on sanitation 
systems to avoid potential health hazards from pathogens, organic 
pollutants and heavy metals24,25. Allowing for redesign of sanitation 
systems in the CiFoS model, therefore, might result in a large pool of 
unused nutrients, in particular of P.

Reductions in grassland areas are likely in circular food 
systems and could potentially enhance biodiversity
The use of grasslands is reduced in the circular scenarios. The need for 
grasslands increases only in case of global human nutritional short-
ages (CirPop+), in line with earlier findings26. Reductions in grasslands 
offer the opportunity for rewilding to enhance biodiversity. Another 
alternative would be to partly maintain grassland but with low livestock 
densities, with the aim of contributing to multiple ecosystem services 
such as water cycling, carbon storage and sequestration next to bio-
diversity conservation27.

Consumption patterns in EU27 + UK towards healthy diets
Consumption patterns ought to shift towards healthier diets, includ-
ing increased amounts of fruits and vegetables, wholegrain products, 
legumes and plant-based oil sources. While our scenarios CirHealth and 
CirPop+ provide all the required components for healthy diets, healthy 
eating goes beyond this. For example, foods need to be combined 
effectively to enhance bioavailability28, and appropriate processing 
methods must be chosen that preserve and make important nutrients 
available29,30. To facilitate this, a diversity of measures is required, from 
appropriate processing to changes in food environments, as well as 
changes in (relative) pricing, accompanied by education and informa-
tion activities31.

Potential impact of self-sufficiency and circularity on indirect 
land used change (LUC) emissions
LUC emissions related to imported food and feed account for 30% 
of GHG emissions of European diets20. A circular, self-sufficient food 
system avoids import by default and therefore transitioning the Euro-
pean food system will most likely reduce indirect LUC emissions. In this 
study, we considered only direct effects related to the European food 
system. Potential indirect effects, for example, land savings outside the 
EU27 + UK when soybeans are no longer imported, are highly uncertain 
as data (for example, FAOSTAT inconsistencies) and methodologies 
(for example, allocation of co-products) are not harmonized20 and 
were therefore not considered in this study.

Model limitations and data availability
Our study focused on food system interventions related to circularity 
principles. Notably, circularity must be applied beyond the food system 
and include the feed–food–fibre–fuel competition. Furthermore, it 
should be noted that many interventions offering potential to enhance 
sustainability of the food system exist, for instance, increasing the use 
of precision management, and changes in feeding and breeding strate-
gies impacting animal productivity. The model moreover includes 
many data uncertainties due to limited availability and inconsistency 
of data and data sources: for example, availability and usability of food 
losses and waste, statistical data on fertilizer use in relation to crop 
productivity levels, harmonization of agricultural land area maps 
for different years and harmonization between food-based dietary 
guidelines among the EU27 + UK. We therefore stress the need for data 
recording, collection and harmonization, not only for the EU27 + UK 
but on a global scale.

Long-term systemic planning is required
Humanity is facing the combined urgent challenges of making healthy 
diets accessible to all and safeguarding the planet’s health. Previous 
studies have already shown the great potential of waste reductions 
and/or transitions towards more healthy diets3

. The study of ref. 3 
showed that a diet according to World Health Organization guidelines 
reduces GHG emissions by 29% and cropland use by 7%. The study 
of ref. 32 showed that replacing 25–50% of animal-derived foods 
with plant-based foods in the EU could reduce GHG emissions by 
25–40% and the use of cropland by 23%. We show that redesigning 
the EU27 + UK food system on the basis of circularity principles can 
even further reduce agricultural land use and GHG emissions, while 
simultaneously enhancing food availability. Transitioning the food 
system towards circularity implies sequential, systemic changes 
among all of its components, jointly shaping a radical redesign of the 
food system. Circular food system redesigns do not depend on future 
technologies—they can largely be implemented tomorrow—but they 
do depend on social acceptance and a radical transformation of the 
economic sector33. To achieve the needed changes, stakeholders need 
to be aware of the urgency and reach consensus on the direction of 
redesigns. Food systems research can play a crucial role by explor-
ing redesigns and assessing the impacts and trade-offs of alterna-
tives. Our explorations of radical redesigns of current European 
food systems provide dots on the horizon to discuss and eventually 
agree upon options to realize long-term, sustainable human and 
planetary health34.

Methods
Building on the models of refs. 8,12,13 and the concepts of  
refs. 9,10,26,35–40 we developed the CiFoS model to grasp the full 
complexity of food systems. Circularity is a systemic solution: waste 
streams—for example, food waste, human excreta and overconsump-
tion of nutrients—are reduced and, if unavoidable, utilized in the most 
sustainable way. Furthermore, by-products are produced during food 
processing (for example, wheat middlings when producing flour). 
Using these by-products and waste streams as compost can reduce the 
need for artificial fertilizers, while if by-products and waste streams 
are used as feed for farm animals, inedible biomass for humans could 
be transformed into livestock products and manure. In both cases, 
ecosystem services should increase due to improved soil fertility and 
less pressure on land5,27,41. Avoiding and reusing waste and by-product 
streams to close biomass and nutrient cycles are the key principles of 
circular food systems.

The CiFoS model was developed with a generic set-up, making 
it applicable to different regions. We focused on the EU27 + UK and 
used European-level data to run the model. CiFoS is a biophysical 
data-driven food system optimization model coded in General Alge-
braic Modeling System that embraces circularity principles due to 
its unique model structure (Extended Data Fig. 2). The CiFoS model 
accounts for the potential to use natural processes and cycles to ensure 
that waste or by-products from one process form the input of another 
process. For example, human inedible by-products can be used as 
a fertilizer or as feed for farmbanimals. CiFoS facilitates the choice 
of food system redesign by minimizing a selected environmental 
impact (for example, land use or GHG emissions) or maximizing the 
population fed, as objective functions for meeting human dietary 
needs, using constraints on nutrients, protein and energy intake per 
capita. The model therefore selects a combination of food items from 
plants, farm animals or captured fish that minimizes land use. The 
CiFoS model contains various scales: from the EU27 + UK, or a country 
to an agro-ecological zone. The CiFoS model components consist of 
several modules—human system, crop system, farmed animal system, 
fisheries, residual streams, transportation and GHG emissions. These 
are described in more detail below.

http://www.nature.com/natfood


Nature Food | Volume 4 | April 2023 | 320–330 326

Article https://doi.org/10.1038/s43016-023-00734-9

Human nutrition systems
The model considers three dietary constraints in different scenarios—
the current food supply, nutritional requirements and food group 
requirements—with the aim of distinguishing between the current diet 
and a healthy diet. Current food supply is based on the FAOSTAT, aver-
aged between 2010 and 2019. In the CirAgri scenarios, the current total 
protein supply per country is met per food group (grains, tubers, veg-
etables, fruit, dairy, red meat, chicken, eggs, fish, legumes, nuts/seeds, 
oil fat, sugar and other). For nutrient requirements, the CiFoS model 
accounts for the 42 most important macro- and micronutrients (Table 1).  
In the CirHealth and CirPop+ scenarios, the daily recommended nutrient 
requirements advised by the EFSA for the EU27 + UK are met to ensure a 
nutritious diet. The nutritional content of each food item was based on 
the United States Department of Agriculture (USDA) National Nutrient 
Database for Standard Reference, Legacy (2018). Nutritional values for 
all plant-based food, milk and eggs are directly available on the USDA 
database. For meat products12, we calculated the average nutrient con-
tent per kilogram carcass weight based on relative cut weights.

In addition to nutrient requirements, food intake constraints per 
product and/or food family were included in CirHealth and CirPop+ 
based on the reference range of the EAT–Lancet dietary guidelines14 
to ensure that the healthy circular diet remains diverse and respects 
health advice related to maximum intake of, for example, red meat, or 
minimum intake of, for example, fibre (Table 2).

Cropping system including land use
The AgriBase scenario represents the current (reference year 2010) 
crop production systems and associated crop yields, areas and fer-
tilizer use in Europe. In the other scenarios, the type and land area of 
crops selected by the model depend on their potential to be grown 
somewhere (that is, the climate soil zones), the current crop yields in 
the climate and the soil zone, crop rotation requirements, fertilizer 
requirements and the nutrients they provide for the human diet.

Land availability. The total area of agricultural land available in the 
EU27 + UK is 171.7 Mha (FAOSTAT). Agricultural land is split into three 
distinct land use classes: cropland (including temporary grasslands), 
permanent pasture and rangelands. Pasture and rangelands are both 
permanent grasslands, where the nutritional content (for example, 
protein and energy) of the harvested biomass is assumed to be the 
same for both grassland types (as systematic data on differences are 
lacking). The land cover map for cropland was taken from ref. 42 and 
represents the year 2005. The grassland cover types ‘grazing’, ‘pasture’ 
and ‘rangeland’ were chosen from HYDE for the reference year of 2010 
(ref. 43). In a harmonization process, we combined the different layers 
to match the desired four land use types: cropland, temporary grass-
land (‘pasture’ or rangeland that overlapped with cropland), permanent 
pasture (‘pasture’ that does not overlap with cropland) and rangelands 
(‘rangeland’ that does not overlap with cropland).

For the AgriBase scenario, the crop areas are scaled to match 
the current area per crop and land use type on a country level using 
FAOSTAT data. In all other scenarios, the model selects the area and 

type of crops cultivated. Climate soil zones determine which crops can 
be grown where. An exception was made for rice due to its dependency 
on groundwater levels, which could not exceed its current acreage. Fur-
thermore, crops that currently occupy less than 50 ha in a climate soil 
zone or less than 5,000 ha of the total EU27 + UK arable land area can-
not exceed its current acreage. All our crop-related data were spatially 
extracted on the basis of country climate soil zones. These zones were 
based on: country borders of EU27 + UK (FAO GAUL: Global Administra-
tive Unit Layers 2015, Administrative level 0), agro-ecological zones 
(GAEZ version 4, 33 classes)44 and soil zones based on ‘Intergovern-
mental Panel on Climate Change (IPCC) default soil classes derived 
from the Harmonized World Soil Database’, which we aggregated to 
clay, organic, sand, other soils, wetlands and other45. By overlaying 
these three spatial layers, we created model-specific zones that were 
the base unit for all crop- and grassland-related data extraction pro-
cesses. With the zones- we aimed to represent geographic areas with 
homogeneous biophysical characteristics and natural resources such 
as climate (that is, temperate, tropic and boreal), moisture regime (wet 
and dry) and soils (soil type and soil organic carbon), which strongly 
drive agricultural productivity and natural processes such as leaching. 
The choice of crop depends on whether there is production data in a 
specific zone. If there is no yield, the crop is considered unsuitable and 
cannot be selected by the model. Constructing these zones allowed 
us to have a more accurate representation of the potential crop and 
grassland extension. In total, the EU CiFoS model accounts for 850 
climate soil zones.

Crop choice. CiFoS includes 43 food crops and eight fodder crops, 
including three different grass types (temporary, permanent and range-
land). Crops that can be used either as a feed or a food source (for 
example, maize) fall, depending on their use, under the group forage 

Table 1 | All 42 nutritional values, concerning human nutrition, accounted for by the CiFoS model

General Macronutrients Fat types Micronutrients Vitamins Essential amino acids

Fresh weight
Energy

Protein
Fat total
Carbohydrates
Fibre

Linoleic acid (LA)
Alpha-linolenic acid (ALA)
Docosahexaenoic acid (DHA)
Eicosapentaenoic acid (EPA)
Cholesterol

Natrium (Na)
Potassium (K)
Calcium (Ca)
Phosphorus (P)
Magnesium (Mg)
Iron (Fe)
Copper (Cu)
Selenium (Se)
Zink (Zn)
Iodine (I)

A
B1
B2
B3
B6
B9
B12
C
D
E
K

Histidine (HIS)
Isoleucine (ILE)
Leucine (LEU)
Lysine (LYS)
Methionine (MET)
Phenylalanine (PHE)
Threonine (THR)
Tryptophan (TRP)
Valine (VAL)

Table 2 | Minimum and maximum intake of foods or food 
groups based on the EAT–Lancet dietary guidelines. All 
mass units are in fresh weights

Minimum Maximum Unit

Grains 0 60 % of energy uptake

Tubers 0 100 g per day per capita

Vegetables 200 600 g per day per capita

Fruit 100 300 g per day per capita

Dairy 0 500 g per day per capita

Red meat 0 28 g per day per capita

Chicken 0 58 g per day per capita

Eggs 0 25 g per day per capita

Fish 0 100 g per day per capita

Legumes 0 225 g per day per capita

Nuts/seeds 0 75 g per day per capita

Sugar 0 31 g per day per capita
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or cereals. Yields and areas per crops were based on the Global Spatially 
Disaggregated Crop Production Statistics Data for 2010 (version 2.0), 
referred to as SPAM46. The current yields are represented by SPAM, 
which uses a 3 year average of yields and harvested areas from 2009 
to 2011. SPAM is based on statistical crop data from a country down to 
a municipality level. Tree nuts and three vegetable types (leafy green, 
red/orange and other vegetables) were disaggregated from the SPAM 
crops data using the EARTHSTAT dataset ‘Harvested Area and Yield for  
175 Crops’47. The disaggregation of these crops was needed as SPAM 
pooled tree nuts together with spices in the crop ‘other’ while all veg-
etables were summarized in one crop ‘vegetables’. To do this, we first 
defined the final crops: the initial crop ‘rest’ became ‘rest’ + ‘treenuts’ 
and crop ‘vegetables’ became ‘green’, ‘red’ and ‘other vegetables’. Then, 
all the disaggregated crops of SPAM were classified to the nested crops 
of the EARTHSTAT dataset (tree nuts would be matched to hazelnut, 
walnut and so on). In the last step, the ratio between these disaggre-
gated new crops was determined per pixel to derive a factor, which was 
used to disaggregate the crop parameter (harvested area, production 
and yield) of the aggregated SPAM crop. As a result, we incorporated 
crop data from tree nuts, red, green and other vegetables. Fodder 
crops not represented by SPAM were additionally added from the more 
complete but older EARTHSTAT data. The EARTHSTAT contains the 
complete list of FAO crops but only represents the year 2000 based 
on the era 1997–2003. Therefore, we only used the EARTHSTAT dataset 
when SPAM was lacking disaggregated crops that seemed nutritionally 
or agriculturally highly relevant (vegetables, tree nuts and several for-
age crops). All crops were assigned to the crop groups defined in SPAM, 
which were then aligned with the food groups from the EAT–Lancet 
dietary guidelines. The SPAM data were used for four reasons: first, 
they cover sufficient crop types to develop a food system model at the 
European level. Second, SPAM provides a sophisticated spatial crop 
allocation method42. Third, SPAM data provide the most recent crop 
distribution data, and fourth, the data incorporate a sufficient level 
of detail regarding technology levels (irrigated and rainfed-high/low/
subsistence46) for use in future studies.

Crop rotations. Most crops are grown in rotations to maintain soil 
health. In the CiFoS model, we account for crop shares by transform-
ing a crop rotation combination of several years in a yearly average 
area shares per crop (for example, a 1:4 rotation with four crops gives 
0.25 ha per year for each crop). The model therefore does not provide 
a dynamic outcome, but a static average. The frequency of the cultiva-
tion of the same crop in time is derived from ref. 48. We do not account 
for crop sequence constraints.

Crop fertilization. Crop fertilization includes N and P. Fertilizer 
requirements were derived by multiplying the harvested part of the 
crop and the aboveground residues by the P concentration and an 
unavoidable loss fraction of 12.5% (ref. 49). A similar approach was 
followed for N, but losses (related to aboveground biomass) due to 
volatilization, leaching and run-off were calculated based on IPCC equa-
tions50. The ratio between N and P in all organic fertilizers was assumed 
fixed. In other words, if an organic fertilizer is used, this fertilizer has 
a certain N to P ratio.

Fertilizer types. To select a crop, the model also needed to meet the 
fertilizer requirements using by-products, manure, compost, human 
excreta and artificial fertilizer. Crop fertilization in the AgriBase sce-
narios was based on the current amounts of N+P artificial fertilizer of 
12.3 Mt (EuroStat) and 3.2 Mt of sludge (fresh matter, see the ‘Human 
excreta’ section), while in the CirAgri, CirHealth and CirPop+ scenarios, 
artificial fertilizer was optional and complementary to organic sources. 
The N and P content of animal manure is calculated as a function of 
animal nutrient intake and nutrients retained in meat, milk or eggs. 
Similarly, the N and P content of compost is calculated as a function 

of nutrients in food waste (see the ‘Food waste’ section). The N and P 
contents of crop residues are based on the CVB database51. We assumed 
a long-term equilibrium situation, in which organic fertilizers are used 
for many years to achieve a steady state of the soil between nutrient 
inputs and uptake or losses52. This implies that we assumed all N and P 
in organic manures to be available to the crop. Besides nutrient supply, 
the use of organic residue streams as fertilizer may have other, more 
difficult to quantify, benefits for soil quality such as improved soil 
structure, increases in water infiltration and water holding capacity, 
or improved soil life53. Ongoing research on establishing thresholds 
for soil organic matter content54 may provide minimum quantities of 
organic amendments to be returned to the soil. As such values do not 
exist yet, we assumed all crop residues stay on the field.

Farmed animal systems
The animal system includes livestock (dairy, beef, pigs, broilers and 
layers) and farmed fish (Atlantic salmon and Nile tilapia) on the basis 
of ref. 12. The two fish systems are a proxy for freshwater and saltwa-
ter fishes. Livestock systems include three productivity levels (high, 
medium and low), while farmed fish only reflect the current average 
production level. For each animal, a fixed relation between animal 
productivity and nutrient requirement (for example, protein and 
energy) is assumed. The nutritional requirements of livestock and 
farmed fish can be found in ref. 12 and Supplementary Information. 
The model included the parent stocks (for example, sow in a pig sys-
tem) and reproduction stocks (for example, heifer in a dairy system) 
to account for the animal’s entire lifecycle. Thus, a fatting pig can only 
be produced when the nutritional requirements of the fatting pig, the 
parent stock and reproducing stock are fulfilled, while also accounting 
for the intake capacity of each animal. To meet those requirements, the 
model can select different feed ingredients, ranging from co-products, 
food waste, grass resources, animal by-products and high-quality bio-
mass such as grains, which humans can also consume. The nutritional 
value of each ingredient for livestock was obtained from ref. 51 and the 
nutritional value of each ingredient for farmed fish was obtained from 
the International Aquaculture Feed Formulation Database55. Ruminants 
were not allowed to feed on any food losses or waste. The final feed 
ration is a model outcome. The amount of ASF produced by diverse 
systems is determined by (1) the quantity and quality of biomass and 
grass resources available for farm animals, (2) the capacity of these ani-
mals to convert these biomass streams into ASF and (3) the nutritional 
value of the animal-based products and demands for the human diet.

Fisheries
In addition to aquaculture, the model includes capture fisheries. Cap-
ture fisheries provide fish for human consumption and fish by-products 
(for example, fish meal), which could be fed in the animal systems. 
Quantities of capture fisheries (that is, harvested fish in tons of fresh 
fish) are based on ref. 56. The amount of fish that can be harvested from 
a waterbody depends on the production capacity of its fish stocks, 
which in most EU shared waters is impaired due to overexploitation57,58. 
As the production capacity of a waterbody should be sustained or 
even restored in a sustainable food system, landings were assumed to 
be limited to the maximum sustainable yield (MSY) implemented in 
EU legislation. This MSY represents the highest achievable landings 
without long-term negative impacts on the population, considering 
both harvested biomass and fish mortality (EU, 2013). A distinction 
was made between the edible yield fraction of all landed food-grade 
fish and their non-edible by-products to account for feed–food com-
petition. The MSY landings of 100 stocks of 16 species in the Northeast 
Atlantic59 were quantified to estimate EU MSY landings. Subsequently, 
the share of these landings available to EU member states on the basis 
of the current quota distribution was quantified (EU council, not pub-
licly available). The 16 species were most relevant in terms of biomass 
landed in 2016, for which coherent data on MSY landings and quota 
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distributions was available. In 2016, the 100 stocks provided 75% of 
total EU landings60, the remainder originated mainly from the Mediter-
ranean and Black seas.

Residual streams
Crop residues. In addition to the main crop yield, cereal and oil seed 
crops also produced a residue crop yield; these are based on data from 
the USDA PLANTS Database49. In our study, crop residues are products 
that are left on the field after harvesting and are not reused.

By-products. Crop and animal products require processing into human 
food. Quantities of by-products (for example, wheat bran and wheat 
flour) from crops (for example, wheat) were calculated using techni-
cal conversion factors61. Technical conversion factors represent the 
fraction of main product (for example, wheat flour) and by-product 
(for example, wheat bran) resulting from each process (for example, 
wheat milling). The availability of animal by-products was a fraction of 
the predicted live weight output of each livestock system56. By-products 
could be used as animal feed or soil amendments.

Food losses and waste. Food waste occurs at all stages along the 
supply chain, including post-harvest, processing and packaging, dis-
tribution and retail, and consumption. Post-harvest, processing and 
packaging, and distribution waste occur in the country of produc-
tion. Consumption waste occurs in the country of consumption. The 
percentage of food lost or wasted varies depending on the stage of the 
supply chain and type of product62. Of the consumption waste, 35% was 
assumed to be available for animals as a wet feed, which is considered 
achievable if the feeding of food waste to animals were to be legalized, 
on the basis of the example in Japan12. In the model, food losses and 
waste could only be consumed by monogastric animals and fish due 
to food safety risks.

Manure. In addition to producing food for meat, milk and eggs, live-
stock also produce manure, which can be used as a fertilizer for crops 
and grassland. All manure was assumed captured in a manure manage-
ment system (MMS) except that of grazing ruminants. Manure captured 
in a MMS could be exported, to be applied on, for example, arable land 
within the country of production (see above for explanation of fertilizer 
value). Grazing ruminants excrete manure directly onto grassland; the 
proportion of manure excretion onto grassland is a function of grazing 
selected in the model.

Human excreta. According to ref. 63, 36% of sewage sludge is currently 
used in agriculture in the EU27 + UK. The rest is mainly disposed of 
by incineration or used for land fill or compost. We used this 36% in 
all our scenarios. The potential to use the nutrients in the sludge as a 
fertilizer is thus not fully exploited. The nutrient contents for sludge 
were assumed to be 7.5% and 1.2% of N and P, respectively64.

Transportation
Food, feed and by-products can be transported by truck between 
EU27 + UK countries, while food waste and grassland must be used in the 
country of production. It was assumed that crop and livestock products 
are processed into food, feed and by-products in the country of produc-
tion and transported to the country of consumption after processing.

GHG emissions
GHG emissions from animal production system. IPCC tier 2 meth-
odologies were followed to calculate GHG emissions. GHG emissions 
from terrestrial animals (dairy, beef, pig, broiler and layer) included CH4 
and N2O from manure management, as livestock manure is a source of 
CH4 and N2O emissions. Methane emissions from manure management 
were calculated by multiplying volatile solid excretion by the methane 
conversion factor (that is, the conversion factor for each MMS), B0  

(that is, the maximum methane producing capacity for manure) and 
0.67 (that is, the conversion of methane from m3 to kg CH4). Volatile 
solid excretion was calculated using the digestibility of protein and 
organic matter of feed consumed by the animal species. The feed 
consumed by the animal is a model result. N2O emissions from manure 
include direct and indirect emissions, the latter resulting from the 
volatilization of ammonia and nitrogen (di)oxide. N excretion was 
calculated by subtracting N retained in meat/milk/eggs from the N 
intake. To calculate N2O emissions, N excretion is multiplied by the 
respective emission factor, which varies depending on species and 
housing system. N2O emissions from farmed fish included N2O emis-
sions from the aquaculture system. The N in unconsumed feed and 
excreta (N intake minus N retained in body tissue) was multiplied by 
1.8% and converted from N to N2O (ref. 50).

In addition, for ruminant systems, CH4 from enteric fermenta-
tion and N2O from grassland fertilization were considered. Methane 
emission from enteric fermentation was calculated by multiplying 
gross energy intake by Ym (that is, the percentage of gross energy in 
feed converted to CH4) and dividing by 55.65 (that is, the gross energy 
content of methane) (IPCC tier 2 approach). Nitrous oxide emissions 
from grassland included direct and indirect emissions (the latter result-
ing from the volatilization of ammonia and nitrogen (di)oxide and 
the leaching of nitrate) from N fertilization and manure excretion  
while grazing.

GHG emissions from cropping systems. Cultivating crops contrib-
utes to N2O and CO2 emissions. The IPCC tier 1 methodology was fol-
lowed. N fertilization of crops, in relation to fertilization type, soil type 
and climate result in different N2O emissions. N2O emissions include 
direct and indirect emissions. Indirect emissions occur from the vola-
tilization of ammonia and nitrogen (di)oxide and the leaching of nitrate. 
To calculate N2O emissions, the fertilizer or organic amendment (kg) 
applied is multiplied by the respective emission factor, which varied 
depending on the type of N fertilizer or organic amendment applied 
and the climate zone. Emissions from the production of artificial ferti-
lizer were included on the basis of the eco-invent database (Eco-invent). 
N2O emissions from drained inland organic soils was further included 
in the emission calculation on the basis of the type of land use, climate 
zone and soil type (peat/no peat)45,50,65. CH4 emissions from rice were 
excluded as rice cultivation was neglectable. CO2 emissions from soils 
and cropping were not considered.

GHG emissions from compost. Composting food waste results in N2O 
and CH4 emissions. N2O emissions were calculated on the basis of the 
N content of the food waste and then converted to N2O. CH4 emissions 
were based on the initial N content and then converted to carbon based 
on the C:N ratio of an average compost of 15. Finally, the carbon content 
was converted to total amount of emitted CH4 (ref. 66).

GHG emissions from transportation. Transporting crops, fish, food, 
by-products, manure and food waste results in CO2 emissions from the 
burning of fossil fuels. Distances from country to country (centre point 
to centre point) were quantified and the number of ton-kilometres 
quantified. Total ton-kilometres were multiplied by an emission fac-
tor (Eco-invent).

GHG emissions were summed into carbon dioxide equivalents 
(CO2e; 100 year time horizon, 28 for biogenic CH4 and 265 for N2O) to 
calculate total GHG emissions. Results were given in GHG emission 
totals for the EU and per capita per year. For the AgriBase scenario, 
the crop areas were calibrated to precisely match the current area per 
crop and land use type on a country level, therefore emissions of the 
AgriBase represent the current situation and are in line with FAOSTAT. 
Note, in all scenarios emissions are calculated and not optimized, but 
a constraint of 1,500 kg of CO2e per person per year per country was 
implemented to avoid random transportation.
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Data availability
The raw data have been deposited in the GIT repository and are 
available on request under a licence similar to Creative Commons 
Attribution-Non Commercial-Share A like 4.0 International Public 
License. A dashboard is available on www.circularfoodsystems.org 
providing detailed data related to the results of this publication.

Code availability
The model code has been deposited in the GIT repository and is 
available on request under a licence similar to Creative Commons 
Attribution-Non Commercial-Share A like 4.0 International Public 
License.

References
1.	 Herrero, M. et al. Articulating the effect of food systems 

innovation on the Sustainable Development Goals. Lancet Planet. 
Health 5, 50–62 (2021).

2.	 Herrero, M. et al. Innovation can accelerate the transition towards 
a sustainable food system. Nat. Food 1, 266–272 (2020).

3.	 Springmann, M. et al. Options for keeping the food system within 
environmental limits. Nature 562, 519–525 (2018).

4.	 A New Circular Economy Action Plan (European Commission, 2020).
5.	 Van Zanten, H. H. E., Van Ittersum, M. K. & De Boer, I. J. M. The 

role of farm animals in a circular food system. Glob. Food Sec. 21, 
18–22 (2019).

6.	 Muscat, A. et al. Principles, drivers and opportunities of a circular 
bioeconomy. Nat. Food 2, 561–566 (2021).

7.	 Van Zanten, H. H. E. et al. Defining a land boundary for 
sustainable livestock consumption. Global Change Biol 24, 
4185–4194 (2018).

8.	 van Selm, B. et al. Circularity in animal production requires a 
change in the EAT-Lancet diet in Europe. Nat. Food 3, 66–73 (2022).

9.	 Röös, E., Patel, M., Spångberg, J., Carlsson, G. & Rydhmer, L. 
Limiting livestock production to pasture and by-products in a 
search for sustainable diets. Food Policy 58, 1–13 (2016).

10.	 Schader, C. et al. Impacts of feeding less foodcompeting 
feedstuffs to livestock on global food system sustainability. J. R. 
Soc. Interface 12, 20150891 (2015).

11.	 Valencia, V. et al. Learning from the future: mainstreaming 
disruptive solutions for the transition to sustainable food systems. 
Environ. Res. Lett. 17, 051002 (2022).

12.	 van Hal, O. et al. Upcycling food leftovers and grass resources 
through livestock: impact of livestock system and productivity. J. 
Clean. Prod. 219, 485–496 (2019).

13.	 Frehner, A. et al. The compatibility of circularity and national 
dietary recommendations for animal products in five European 
countries: a modelling analysis on nutritional feasibility, climate 
impact, and land use. Lancet Planet. Health 6, 475–483 (2022).

14.	 Willett, W. et al. Food in the Anthropocene: the EAT–Lancet 
Commission on healthy diets from sustainable food systems. 
Lancet 393, 447–492 (2019).

15.	 FAOSTAT. FAO https://www.fao.org/faostat/en/#home (2019).
16.	 Obeid, R. et al. Vitamin B12 intake from animal foods, biomarkers, 

and health aspects. Front. Nutr. 6, 93 (2019).
17.	 EUROSTAT. EUROSTAT https://ec.europa.eu/eurostat (2022).
18.	 van Zanten, H. H. E. Upcycled non-competing feedstuff. Nat. Food 

3, 681 (2022).
19.	 Sandström, V. et al. Food system by-products upcycled in 

livestock and aquaculture feeds can increase global food supply. 
Nat. Food 3, 729–740 (2022).

20.	 Sandström, V. et al. The role of trade in the greenhouse gas 
footprints of EU diets. Glob. Food Sec. 19, 48–55 (2018).

21.	 Molina-Montes, E. et al. The role of diet, alcohol, bmi, and 
physical activity in cancer mortality: summary findings of the epic 
study. Nutrients 13, 4293 (2021).

22.	 Juventia, S. D., Rossing, W. A. H., Ditzler, L. & van Apeldoorn, D. 
F. Spatial and genetic crop diversity support ecosystem service 
delivery: a case of yield and biocontrol in Dutch organic cabbage 
production. Field Crops Res. 261, 108015 (2021).

23.	 Elhakeem, A. et al. Do cover crop mixtures give higher and more 
stable yields than pure stands? Field Crops Res. 270, 108217 (2021).

24.	 Harder, R., Wielemaker, R., Larsen, T. A., Zeeman, G. & Öberg, G. 
Recycling nutrients contained in human excreta to agriculture: 
pathways, processes, and products. Crit. Rev. Environ. Sci. 
Technol. 49, 695–743 (2019).

25.	 Spuhler, D., Scheidegger, A. & Maurer, M. Comparative analysis 
of sanitation systems for resource recovery: influence of 
configurations and single technology components. Water Res. 
186, 116281 (2020).

26.	 Van Kernebeek, H. R. J., Oosting, S. J., Van Ittersum, M. K., Bikker, 
P. & De Boer, I. J. M. Saving land to feed a growing population: 
consequences for consumption of crop and livestock products. 
Int. J. Life Cycle Assess. 21, 677–687 (2016).

27.	 Karlsson, J. O., Tidåker, P. & Röös, E. Smaller farm size and 
ruminant animals are associated with increased supply  
of non-provisioning ecosystem services. Ambio 51,  
2025–2042 (2022).

28.	 Anitha, S., Govindaraj, M. & Kane-Potaka, J. Balanced amino  
acid and higher micronutrients in millets complements  
legumes for improved human dietary nutrition. Cereal Chem. 97, 
74–84 (2020).

29.	 Proulx, A. K. & Reddy, M. B. Fermentation and lactic acid addition 
enhance iron bioavailability of maize. J. Agric. Food Chem. 55, 
2749–2754 (2007).

30.	 Talsma, E. F., Melse-Boonstra, A. & Brouwer, I. D. Acceptance 
and adoption of biofortified crops in low- and middle-income 
countries: a systematic review. Nutr. Rev. 75, 798–829 (2017).

31.	 Frehner, A., De Boer, I. J. M., Muller, A., Van Zanten, H. H. E. & 
Schader, C. Consumer strategies towards a more sustainable 
food system: insights from Switzerland. Am. J. Clin. Nutr. 115, 
1039–1047 (2022).

32.	 Westhoek, H. et al. Food choices, health and environment: effects 
of cutting Europe’s meat and dairy intake. Global Environ. Change 
26, 196–205 (2014).

33.	 Raworth, K. Doughnut Economics: Seven Ways to Think Like a 21st 
Century Economist (Random House Business Books, 2018).

34.	 van Ittersum, M. K., Rabbinge, R. & van Latesteijn, H. C. 
Exploratory land use studies and their role in strategic policy 
making. Agric. Syst. 58, 309–330 (1998).

35.	 Garnett, T. Livestock-related greenhouse gas emissions:  
impacts and options for policy makers. Environ. Sci. Policy 12, 
491–503 (2009).

36.	 Elferink, E. V., Nonhebel, S. & Moll, H. C. Feeding livestock food 
residue and the consequences for the environmental impact of 
meat. J. Clean. Prod. 16, 1227–1233 (2008).

37.	 Fairlie, S. Meat: A Benign Extravagance (Chelsea Green  
Publishing, 2010).

38.	 Peters, C. J. et al. Carrying capacity of US agricultural land: ten 
diet scenarios. Elementa 4, 000116 (2016).

39.	 Smil, V. Eating meat: constants and changes. Glob. Food Sec. 3, 
67–71 (2014).

40.	 Van Zanten, H. H. E., Meerburg, B. G., Bikker, P., Herrero, M. & De 
Boer, I. J. M. Opinion paper: the role of livestock in a sustainable 
diet: a land-use perspective. Animal 10, 547–549 (2016).

41.	 de Boer, I. J. M., & van Ittersum M. K., Circularity in agricultural 
production. Mansholtlezing, Wageningen Univ. https://library.wur.
nl/WebQuery/wurpubs/fulltext/470625 (2018).

42.	 Yu, Q. et al. A cultivated planet in 2010—part 2: the global  
gridded agricultural-production maps. Earth Syst. Sci. Data 12, 
3545–3572 (2020).

http://www.nature.com/natfood
http://www.circularfoodsystems.org
https://www.fao.org/faostat/en/#home
https://ec.europa.eu/eurostat
https://library.wur.nl/WebQuery/wurpubs/fulltext/470625
https://library.wur.nl/WebQuery/wurpubs/fulltext/470625


Nature Food | Volume 4 | April 2023 | 320–330 330

Article https://doi.org/10.1038/s43016-023-00734-9

43.	 Klein Goldewijk, K., Beusen, A., Doelman, J. & Stehfest, E. 
Anthropogenic land use estimates for the Holocene-HYDE 3.2. 
Earth Syst. Sci. Data 9, 927–953 (2017).

44.	 Global Agro Ecological Zones version 4 (GAEZ v4). FAO and IIASA 
https://www.fao.org/gaez/en (2010).

45.	 Batjes, N. H. IPCC Default Soil Classes Derived from the 
Harmonized World Soil Database (Ver. 1.0) (IPCC, 2009).

46.	 Global Spatially Disaggregated Crop Production Statistics Data for 
2010 Version 2.0 (International Food Policy Research, 2019).

47.	 Monfreda, C., Ramankutty, N. & Foley, J. A. Farming the planet: 2. 
Geographic distribution of crop areas, yields, physiological types, 
and net primary production in the year 2000. Glob. Biogeochem. 
Cycles https://doi.org/10.1029/2007GB002947 (2008).

48.	 Pahmeyer, C. F. cropRotValues.js. GitHub https://github.com/
fruchtfolge/client/blob/master/assets/js/cropRotValues.js (2021).

49.	 The PLANTS Database. USDA https://plants.usda.gov/home (2022).
50.	 2019 Refinement to the 2006 IPCC Guidelines for National 

Greenhouse Gas Inventories, Ch. 5, 10, 11. IPCC https://www.
ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-fo
r-national-greenhouse-gas-inventories/ (2019).

51.	 Spek, J. W. & Van Wesemael, D. CVB Feed Table 2021. CVB https://
www.cvbdiervoeding.nl/pagina/10081/downloads.aspx (2021).

52.	 Schröder, J. Revisiting the agronomic benefits of manure: a 
correct assessment and exploitation of its fertilizer value spares 
the environment. Bioresour. Technol. 96, 253–261 (2005).

53.	 Johnston, A. E., Poulton, P. R. & Coleman, K. Chapter 1 soil organic 
matter: its importance in sustainable agriculture and carbon 
dioxide fluxes. Adv. Agron. 101, 1–57 (2009).

54.	 Hijbeek, R. et al. Do farmers perceive a deficiency of soil organic 
matter? A European and farm level analysis. Ecol. Indic. 83, 
390–403 (2017).

55.	 International Aquaculture Feed Formulation Database. IAFFD 
https://www.iaffd.com/ (2018).

56.	 van Hal, O. Upcycling Biomass in a Circular Food System: the Role 
of Livestock and Fish. PhD thesis, Wageningen University and 
Research (2020).

57.	 Costello, C. et al. Global fishery prospects under contrasting 
management regimes. Proc. Natl Acad. Sci. USA 113,  
5125–5129 (2016).

58.	 Froese, R. et al. Status and rebuilding of European fisheries.  
Mar. Policy 93, 159–170 (2018).

59.	 ICES Advice for Maximum Sustainable Yield (ICES, 2016).
60.	 Official Nominal Catches (ICES, 2018).
61.	 Technical Conversion Factors for Agricultural Commodities  

(Food and Agriculture Organization of the United Nations, 1996).
62.	 Caldeira, C., De Laurentiis, V., Corrado, S., van Holsteijn, F. & Sala, 

S. Quantification of food waste per product group along the food 
supply chain in the European Union: a mass flow analysis. Resour. 
Conserv. Recycl. 149, 479–488 (2019).

63.	 Sewage Sludge Production and Disposal from Urban Wastewater 
(EUROSTAT, 2021).

64.	 Antonkiewicz, J., Kolodziej, B., Bielinska, E. J. & Glen-Karolczyk, 
K. The use of macroelements from municipal sewage sludge by 
the multiflora rose and the Virginia fanpetals. J. Ecol. Eng. 19, 
1–13 (2018).

65.	 Special Report on Climate Change, Desertification, Land 
Degradation, Sustainable Land Management, Food Security, and 
Greenhouse Gas Fluxes in Terrestrial Ecosystems: Summary for 
Policymakers (IPCC, 2019).

66.	 Boldrin, A., Andersen, J. K., Møller, J., Christensen, T. H. &  
Favoino, E. Composting and compost utilization: accounting  
of greenhouse gases and global warming contributions.  
Waste Manage. Res. 27, 800–812 (2009).

Acknowledgements
This project received funding from the AVINA foundation and from a 
personal (NWO-Veni) grant and the Global FoodShot prize to H.H.E.v.Z. 
(www.circularfoodsystems.org).

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s43016-023-00734-9.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s43016-023-00734-9.

Correspondence and requests for materials should be addressed  
to H. H. E. van Zanten.

Peer review information Nature Food thanks Susanne Rolinski and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use,  
sharing, adaptation, distribution and reproduction in any  
medium or format, as long as you give appropriate credit to  
the original author(s) and the source, provide a link to the  
Creative Commons license, and indicate if changes were made.  
The images or other third party material in this article are included in 
the article’s Creative Commons license, unless indicated otherwise 
in a credit line to the material. If material is not included in the 
article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you 
will need to obtain permission directly from the copyright holder. 
To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

http://www.nature.com/natfood
https://www.fao.org/gaez/en
https://doi.org/10.1029/2007GB002947
https://github.com/fruchtfolge/client/blob/master/assets/js/cropRotValues.js
https://github.com/fruchtfolge/client/blob/master/assets/js/cropRotValues.js
https://plants.usda.gov/home
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.cvbdiervoeding.nl/pagina/10081/downloads.aspx
https://www.cvbdiervoeding.nl/pagina/10081/downloads.aspx
https://www.iaffd.com/
http://www.circularfoodsystems.org
https://doi.org/10.1038/s43016-023-00734-9
https://doi.org/10.1038/s43016-023-00734-9
https://doi.org/10.1038/s43016-023-00734-9
https://doi.org/10.1038/s43016-023-00734-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Food

Article https://doi.org/10.1038/s43016-023-00734-9

Extended Data Fig. 1 | Visual abstract. This figure provides a visual abstract of the paper.
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Extended Data Fig. 2 | Visualization of the Circular food systems (CiFoS) model. The figure illustrates the different modules within the model - human-system, crop-
system, farmed-animal-system, fisheries, residual streams, transportation, and GHG emissions.
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