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Preface
In preparation of my MSc thesis, I was looking for a topic that combined earth system modelling with
anthropogenic actions and their influence on the earth system. While talking about this with Laurens
Ganzeveld, he mentioned that he previously had worked with people of the Netherlands
Environmental Assessment Agency (PBL). Their IMAGE model is an integrated assessment model
that seemed to fit my description. I decided to look into the research of the people he mentioned
and was mainly interested in the topics of Elke Stehfest on the influence of diet changes on the
environment. I sent her an e-mail asking for possible thesis topics and soon got a positive reply. A
few weeks later, I met with her and Jonathan Doelman at the PBL to discuss a few possible topics.
Although there was no clear cut topic yet, I was really interested in the topics she mentioned and
the atmosphere at PBL. At the next meeting at PBL, there was a more clear cut topic. I could work on
visualising nutrient flows within the food chain in different scenarios. Here I was introduced to
Willem-Jan van Zeist who would become my supervisor at PBL. As a supervisor of the Environmental
Systems Analysis (ESA) group of the WUR Rob Alkemade was recommended by the thesis
coordinator since he is connected to both ESA and PBL. Although the topic is not directly Robs field
of expertise, he was willing to supervise. Together with Rob, Willem-Jan, Elke and other people at
PBL I came to the topic as it is now.
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Summary
Due to the growing world population and diet transitions, food demand increases. To sustain this
food demand, food production increases as well. Nitrogen and phosphorus are needed for food
production but are lost from the agro-food chain and cause nutrient pollution and associated
problems. This research assesses trends in past and future nitrogen and phosphorus flows and
efficiencies in the agro-food chain at global scale. The agro-food chain consists of different steps
from farm to fork. Crop production, animal production, post-harvest handling & storage, processing,
distribution, and consumption are the steps included in this research. A literature review is
performed to assess the type of nutrient flows in or out of each step, such as fertiliser and manure
application. Based on the results of this literature review, a post-processing module for the IMAGE
framework was developed in python. This IMAGE-NuFaFo module simulates nutrient flows
throughout the whole agro-food chain on a global level with regional detail. To simulate these flows,
the module uses input from the IMAGE framework, FAO data and nutrient databases. It is the first to
combine flows in the agricultural system with flows in the food chain on a global scale.
The module is run on a global scale for the period 1970-2100. Data for the period 1970-2010 are
based on historical data while data for 2010-2100 are based on the SSP2 scenario (Business as
Usual). In this scenario, nitrogen and phosphorus flows increase over time due to higher food
demand and production. At the same time, after a dip between 1970 and 1990 the Nutrient Use
Efficiency of the whole agro-food chain increases due to improvements in Nutrient Use Efficiency of
crop production and animal production as a result of more efficient breeding. However, in 2100, it is
predicted that only 24% of the nitrogen inflow from outside the agro-food chain with fertiliser, N
deposition, N fixation, feed from outside the chain, and import from other regions is consumed by
humans. Of the phosphorus entering the agro-food chain with fertiliser, feed, and import 46% is
predicted to be consumed in 2100. A shift in diet is assumed to occur as a result of increased GDP.
The assumed shift in diets is towards fewer staple grains and staple crops and more vegetables,
fruits and poultry. The share of maize, soybeans, oil crops, and sugar products increases in
production, but since nutrients in these products are mainly fed to animals (maize) or end up in byproducts of processing this is not reflected in human consumption.
Due to increased processing of commodities to processed products with low nutrient contents,
Nutrient Use Efficiency of processing decreases. Nutrient Use Efficiency of animal production
increases due to breeding, different feeding techniques, and higher yields. Crop production has a
low Nitrogen Use Efficiency (NUE) compared to Phosphorus Use Efficiency (PUE) due to the
accumulation of P in soils. This causes the overall NUE to be lower than the PUE.
Crop production (for nitrogen), animal production and processing have the lowest NUE and PUE of
the different steps in the agro-food chain modelled in this research. The low NUE of crop production
is mainly due to fertiliser volatilisation and leaching. The losses in animal production are mainly due
to nutrients in manure. The low Nutrient Use Efficiency of processing is due to nutrients ending up in
by-products.
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1 Introduction
1.1 Projected food demand and its impact on nutrient use
In 2050 the world population is projected to reach nine billion (Riahi et al., 2017). To feed this
growing world population with the ongoing overall diet transition in developing countries towards
more animal products, food production has to increase (Bodirsky et al., 2015; FAO, 2009; FernandezMena et al., 2016). Food production is associated with adverse environmental effects, including
biodiversity loss due to land-use change (Foley et al., 2005), the emission of greenhouse gases CH4
and N2O (Han et al., 2019), and nutrient pollution in water (Oelsner & Stets, 2019). The major
nutrients causing this pollution are reactive nitrogen (N) and phosphorus (P) (Bodirsky et al., 2014;
Oelsner & Stets, 2019). Reactive nitrogen and phosphorus in water can lead to eutrophication and
algal blooms. Algal blooms threaten the ecosystem functioning in water (Tang et al., 2019). In 2002,
agriculture contributed to 45% of the total nitrogen load in rivers and 20% of the total phosphorus
load in Europe (De Wit et al., 2002). Globally agriculture is the main contributor to reactive nitrogen
pollution (Bodirsky et al., 2014). Increasing food production with the current methods of producing
food will lead to an increase in nutrient pollution in water and with that increase the chance of algal
blooms (Bodirsky et al., 2014).
Nitrogen and phosphorus are an important part of agricultural production since they are essential
for the structure and metabolism of living organisms (Willett et al., 2019). Nitrogen and phosphorus
are needed to sustain crop growth but are also an essential part of the human diet. Not all nutrients
in produced crops reach the consumers. In general, there are several steps between farm and fork
(Figure 1) and at each step, part of the nutrients leaves the agro-food chain. Crops that are produced
in the agricultural system flow to animal systems or directly to post-harvest handling & storage.
Animal products that are produced in animal systems also flow to post-harvest handling & storage.
Here, the food products are stored and sorted and then flow either to processing or directly to
distribution. After processing, the food is distributed and then consumed (Berners-Lee et al., 2018).
In each step of this food chain, waste (containing nutrients and energy) is generated. These losses
through waste increase the demand for food production (Bijl et al., 2017). Since plants need
nutrients to sustain their growth, also the demand for nutrient input into crop production increases.
Agro-food chain
Food chain
Crop
production

(Animal
production)

Post-harvest
handling &
storage

Processing

Distribution

Consumption

Figure 1: Overview of the agro-food chain. Based on (FAO, 2011)

1.2 Nutrient flows in agriculture
Reactive nitrogen input into crop production occurs through atmospheric deposition (including dry
and wet deposition of NH3 and NOx), application of artificial fertiliser and manure, and biological N2
fixation (Figure 2). Application of artificial fertiliser is the main source of reactive nitrogen (Bodirsky et
al., 2014), deliberately added to the system to sustain plant growth. This artificial fertiliser is
produced with the Haber-Bosch technique (Bodirsky et al., 2014), which has a high energy
consumption (Firmansyah et al., 2017; van der Hoek et al., 2018). Nitrogen is lost from the
agricultural system as gaseous losses (including the aforementioned greenhouse gas N2O), leaching
to groundwater, surface runoff, soil erosion and as part of harvested crops. Through surface runoff,
5

groundwater and eroded soil, nitrogen can enter water bodies and lead to eutrophication and algal
blooms.

Figure 2: Nitrogen cycle in crop production. Source: Bouwman et al. 2009

Phosphorus enters crop production through the application of artificial fertiliser and manure (Figure
3). The phosphorus in this artificial phosphorus fertiliser is mined from phosphate rock, a nonrenewable resource that is expected to be depleted within 45-100 years (Nesme et al., 2018; van der
Hoek et al., 2018). Phosphorus is lost from the agricultural system through leaching, surface runoff,
soil erosion and as part of harvested crops.

Figure 3: Phosphorus cycle in crop production. Source Bouwman et al. 2009
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With increasing food demand in the future, these nutrient inputs into crop production have to
increase as well. The increased demand for nutrient input will likely be satisfied by application of
artificial fertiliser. Production of this artificial fertiliser leads to an increase in energy demand and
further depletion of phosphate rock. The increased input of nutrients into agricultural systems will
likely result in higher absolute losses of nutrients from the agricultural system. To be able to see in
detail how these nutrient flows in crop production, and nutrient flows in subsequent steps of the
agro-food chain, will develop in the future, these nutrient flows should be properly mapped. With
proper mapping of nutrient flows within every step of the agro-food chain, a projection of future
nutrient flows in each step can be made.

1.3 Modelling nutrient flows in the agro-food chain
Previous research either tracks nutrients throughout the food chain (Berners-Lee et al., 2018; Rutten
et al., 2013) or in the agricultural system (Bouwman et al., 2009; Zhao et al., 2017). The IMAGE
model framework (Integrated Model to Assess the Global Environment) developed by the
Netherlands Environmental Assessment Agency (PBL) gives nutrient flows in the agricultural system
on a global scale. To properly assess nutrient flows in the whole agro-food chain, models on the
agricultural system and the food chain should be coupled (Fernandez-Mena et al., 2016; Wu et al.,
2018). This is done for part of the food chain on a global level (Bodirsky et al., 2014; Le Noë et al.,
2017; Uwizeye et al., 2016). Le Noë et al. (2017) and Bodirsky et al. (2014) model agricultural
production and consumption, and Uwizeye et al. (2016) include agricultural production and
processing. For China, the whole agro-food chain is modelled (Ma et al., 2010). However, there is no
research yet that combines a more detailed description of nutrients in the agricultural system with
nutrient flows in the rest of the agro-food chain on a global scale.

1.4 Aim of the research
This MSc thesis aims to contribute to closing this knowledge gap. It combines a detailed description
of nutrient flows in the agricultural system (as already in the IMAGE model framework) with a
description of nutrient flows within the food chain. The module developed in this study describes
detailed nutrient flows within the whole agro-food chain on a global scale. This module will be used
to project future nutrient flows.
The main research question of this thesis is:
What are trends in past and future nutrient flows and efficiencies within the whole agro-food chain
at global scale?
The answer to this question is found by performing two activities:
 Extension of the IMAGE model framework with nutrient flows in the food chain based on a
literature review.
 Evaluation of the model for a period of 1970-2100 under the Shared Socioeconomic Pathway
2 (SSP2) scenario (O'Neill et al., 2017)
The methodology of these activities are described in Chapter 2. This chapter contains a description
of the IMAGE model framework and a description of the developed extension of the IMAGE model
framework with nutrient flows in the food chain is given. Chapter 3 contains the results of the
evaluation of the extended IMAGE model for the SSP2 scenario. These results are discussed in
Chapter 4. Chapter 5 concludes with the main findings of this research.
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2 Methods
This chapter starts with a description of the IMAGE model framework since this research is set within
this framework. It is followed by a description of the extension of the IMAGE model developed in
this research to model the nutrient flows in the agro-food chain. This extension is based on a
literature review that is described in Chapter 2.2.1. Chapter 2.2.2 gives the details of the extension
module. This module is used to assess past and future trends in nutrient flows and efficiencies
according to the methods described in Chapter 2.3.

2.1 IMAGE model framework
The Integrated Model to Assess the Global Environment (IMAGE) version 3.0 is an integrated
modelling framework of interacting human and natural systems, developed by the Netherlands
Environmental Assessment Agency (PBL) (Stehfest et al., 2014). The framework simulates the
environmental consequences of human activities worldwide. It projects the implications of socioeconomic pathways on natural systems and resources. The IMAGE framework consists of different
modules, of which some are linked in code, others are linked via data exchange which is called soft
links. Currently, none of the modules of the IMAGE framework explicitly models losses in each step
of the food chain (Figure 1). It is simply included in the agricultural economy module (MAGNET,
Chapter 2.1). The module developed in this research could be placed in the IMAGE framework next
to the agricultural economy module (Figure 4). It is part of the human system and has a strong link
with agriculture and land use. The developed module on the agro-food chain also links to other
modules within the framework, the modules used in this research are described in this chapter. The
characteristics of the IMAGE model framework are given in Table 1.
Table 1: Model characteristics of the IMAGE model framework

Model Characteristics

IMAGE framework

Main model inputs



Main model outputs

Spatial extent
Spatial resolution

Temporal extent
Temporal resolution

Future development of drivers
o Population
o Economic development
o Lifestyle
o Policies
o Technology change
 Energy use, conversion and supply
 Agricultural production, land cover and land use
 Nutrient cycles in natural and agricultural systems
 Emissions to air and surface water
 Carbon stocks in biomass pools, soils, atmosphere and oceans
 Atmospheric emissions of greenhouse gases and air pollutants
 Concentration of greenhouse gases in the atmosphere and radiative
forcing
 Changes in temperature and precipitation
 Sea level rise
 Water use for irrigation
Global
26 regions (Figure 5)
5x5 arcminutes for land use, land cover and associated biophysical processes
30x30 arcminutes for plant growth, carbon and water cycles
1970-2100
Annual or five-yearly
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Figure 4: IMAGE 3.0 model framework, circle indicates where this research fits in. Adapted from Stehfest et
al. 2014

Figure 5: 26 world regions in IMAGE 3.0. Source: Stehfest et al. 2014
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2.1.1 MAGNET
The production and demand of agricultural products are modelled within the framework by the softlinked agro-economic model MAGNET. MAGNET predicts future agricultural demand (consumption),
and production intensity by region, based on population development, dietary changes, land supply
of each region, and changes in potential yields, including trade (Doelman et al., 2018). MAGNET has
a nutrition module to determine how much proteins, fats, carbohydrates and calories are consumed
by households. This module determines the direct and indirect (via processing and food-related
services) flows of nutrients from primary agricultural commodities to households (Figure 6) (Rutten et
al., 2013).

Figure 6: Module of nutrient consumption by private households in the nutrition module of MAGNET. Source: Rutten et al.
2013

2.1.2 Global Nutrient Model (GNM)
The Global Nutrient Model (GNM) is a soft linked model that describes the fate of nitrogen and
phosphorus. This fate of nutrients depends on the soil nutrient balance (Beusen et al., 2015). GNM
calculates the soil nutrient balance from inputs into and outputs from the soil (Stehfest et al., 2014).
The inputs into and outputs from the soil used by GNM are the flows in crop production as described
in Chapter 1. GNM calculates the nitrogen balance by subtracting nitrogen in crops from the sum of
total inputs (applied fertiliser and manure, nitrogen fixation, and nitrogen deposition). Based on this
balance, denitrification, volatilisation, surface runoff, and leaching are calculated. The soil
phosphorus budget is calculated by subtracting phosphorus in crops from the input with applied
fertiliser and manure. The surplus of phosphorus added to the soil, can be lost with surface runoff or
accumulates in the soil by binding to soil particles (Beusen et al., 2015; Bouwman et al., 2009;
Bouwman et al., 2013).
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2.2 Extension of IMAGE with agro-food chain
2.2.1 Literature review
To assess which nutrient flows occur in each step of the agro-food chain, a partly systematic
literature review is used. The flows found in this literature review are used as a base for the module
that extends the IMAGE model framework with nutrient flows in the agro-food chain.
To gain a full overview of all steps, literature is searched in Scopus with the following search term:
TITLE-ABS-KEY (nutrient OR nitrogen OR phosphorus AND flows AND food AND chain AND
review OR meta-analysis OR overview )
The results of this search term were assessed on their relevance in relation to this study. During the
analysis, keywords of highly relevant papers were checked to assure the completeness of the used
search term. After this systematic literature review, cited and recommended literature was added.
For example, literature given by experts, cited in other papers, and found by searching for terms
(e.g. Nitrogen Use Efficiency) mentioned in other papers. All flows found in papers are appointed to
steps of the agro-food chain as defined in the introduction (Figure 1). These steps are based on steps
used by the FAO, of which agricultural production is split into crop production and animal
production.
Appendix A gives the results of the literature review. Based on this literature review, an overview of
nutrient flows in the whole agro-food chain is made (Figure 7).
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Figure 7: Nutrient flows in the agro-food chain as a result of literature review. Single line arrows are connections with outside the agro-food chain. Numbers
explained on next page
17

Explanation of numbers Figure 7
1. Flows from outside the agro-food chain:
Applied artificial fertiliser, N fixation, Atmospheric N deposition, Irrigation, Deposition,
Pesticides
2. Recycling inflows: Compost, Recycled human excreta, By-products food processing,
3. Flows from soils: Weathering phosphate rock, Soil organic matter loss
4. Manure volatilisation, Other use of manure, Denitrification
5. Feed other than feed crops: Grazing, Feed additives, Forage, Other residues
6. Recycling inflows: Household waste
7. Manure
8. Livestock waste
9. Losses to the environment: Leaching, Denitrification, Runoff, Volatilisation, Erosion
10. Harvest loss, Accumulation
11. Crop residues, Seeds
12. Regionally produced crops
13. Regionally produced animal products
14. Net trade
15. Feed crops, Animal products, Crop residues
16. Non-food crops
17. Post-harvest handling & storage waste
18. Food products
19. By-products to other industries, Processing waste
20. Wastewater, Emissions N2 and NOx
21. By-products processing
22. Processed food
23. Distribution waste
24. Distributed food
25. Household waste, Human excretion, Wastewater
26. Consumed food

18

2.2.2 Module description
Based on this overview of nutrient flows per step, a post-processing module for the IMAGE model
framework (Chapter 2.1) is developed in python. It uses output of the IMAGE model framework as
input and is thus soft linked to the IMAGE model framework. A short description of this IMAGENuFaFo (Nutrients from Farm to Fork) module is given here and it is described in more detail in
Appendix B. The IMAGE-NuFaFo module describes nutrient flows throughout the whole agro-food
chain. In the future, the IMAGE-NuFaFo module can be incorporated into the IMAGE model
framework itself.
Not all flows found in the literature review are included in the module since some flows are really
small or part of another flow. This is explained in Appendix B.1. The flows included in the module are
given in Figure 9.
The IMAGE-NuFaFo module uses flows from the IMAGE framework as input. Some of these flows
from IMAGE are mass flows. Based on nutrient contents obtained from different sources these are
converted to nitrogen, phosphorus and dry matter. An overview of all inputs and outputs of the
developed module is given in Figure 8.

Figure 8: Input and output of the IMAGE-NuFaFo module
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The characteristics of the developed nutrient flow module are given in Table 3. It is conceptualised on
a regional scale. The regions chosen are the 26 regions used in the IMAGE framework (Figure 5)
including a total of the world. Between these regions, trade of food and feed products (containing
nutrients) occurs, nutrients flowing out of the agro-food chain in an exporting region can be flowing
in another (importing) region. In this research only net-trade of raw food products is included. For
each region, it indicates if the region is a net exporter or importer, but it does not say with which
regions goods are traded.
Table 3: Model characteristics IMAGE-NuFaFo module

Spatial extent
Spatial resolution
Temporal extent
Temporal resolution

Global
26 regions (Figure 5)
1970-2100
Quinquennial

The IMAGE framework, version 3.2, divides agricultural production into 16 groups of crop types and 5
animal types. Since the focus of this thesis is on the agro-food chain, not all crop types defined in
IMAGE are used in this study. The crop types “Other non-food, luxury, spices” and “Plant-based
fibres” are not part of the IMAGE-NuFaFo module. Also, crops used for biofuels are not included in
this module. Grass is not part of crop production in this research but is a flow into animal production
from outside the agro-food chain. The included food types are given in Table 4.
Table 4: Crop types and animal types used in the IMAGE-NuFaFo module, based on IMAGE framework types

Crop types
Wheat
Rice
Maize
Tropical cereals
Other temperate cereals
Pulses
Soybeans
Temperate oil crops
Tropical oil crops
Temperate roots & tubers
Tropical roots & tubers
Sugar cane
Oil, palm fruit
Vegetables & fruits

Animal types
Beef
Milk
Pork
Mutton & goat
Poultry

Figure 9 gives an overview of the flows included in the IMAGE-NuFaFo module.
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Figure 9: Nutrient flows in the agro-food chain in the IMAGE-NuFaFo module. Single line arrows are connections with outside the agro-food
chain. Explanation of numbers on the next page.
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Explanation of numbers in Figure 9
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

Applied artificial fertiliser, N fixation, Atmospheric N deposition
Manure volatilisation, Other use of manure, Denitrification
Feed: By-products processing, Fodder, Swill, Synthetic, Other residues, Lime
Losses to the environment: Leaching, Denitrification, Runoff, Volatilisation
Manure
Livestock waste
Regionally produced crops
Regionally produced animal products
Net trade
Feed crops, Fed animal products
Non-food crops, Post-harvest handling & storage waste
Food products
By-products, Processing waste
Processed food
Distribution waste
Distributed food
Household waste
Consumed food
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2.3 Model evaluation
2.3.1 Analysis of SSP2 scenario
The model is run with historical data from 1970-2010. To project future nutrient flows in the whole
agro-food chain, the IMAGE-NuFaFo module was run for the Shared Socioeconomic Pathway 2 (SSP2)
scenario until 2100. In this scenario, social, economic and technological trends do not differ much
from historical patterns (O'Neill et al., 2017). The assumptions in SSP2 relevant for this research are
given in Table 2 (Doelman et al., 2018).
Table 2: Description relevant assumptions SSP2 scenario as made by Doelman et al., 2018

Meat consumption
Waste fractions
Efficiency crop yield
Efficiency livestock systems
Nutrient management

Current preference
Current level of food losses
Moderate improvement, based on FAO Agricultural Outlook
Moderate improvement, based on FAO Agricultural Outlook
Fertiliser efficiency rates based on FAO Agricultural Outlook

2.3.2 Nutrient Use Efficiency
To assess how nutrient flows will develop in the future, the Nitrogen Use Efficiency (NUE) and
Phosphorus Use Efficiency (PUE) over time are assessed. In this research, the Nutrient Use Efficiency
(NUE & PUE) of the whole agro-food chain is defined as the nutrients consumed by humans as a
fraction of the total amount of nutrients flowing in from outside the agro-food chain (Equations 1 &
2). These equations are based on the formula of NUE for the whole agro-food chain from Erisman et
al. (2018).

𝑁𝑈𝐸𝑎𝑔𝑟𝑜−𝑓𝑜𝑜𝑑𝑐ℎ𝑎𝑖𝑛 =
𝑁𝑈𝐸𝑎𝑔𝑟𝑜−𝑓𝑜𝑜𝑑𝑐ℎ𝑎𝑖𝑛
𝑁𝑐𝑜𝑛𝑠
𝑁𝑓𝑒𝑟𝑡
𝑁𝑑𝑒𝑝
𝑁𝑓𝑖𝑥
𝑁𝑓𝑒𝑒𝑑_𝑜𝑢𝑡𝑠𝑖𝑑𝑒
𝑁𝑖𝑚𝑝

𝑁𝑐𝑜𝑛𝑠
𝑁𝑓𝑒𝑟𝑡+𝑁𝑑𝑒𝑝+𝑁𝑓𝑖𝑥+𝑁𝑓𝑒𝑒𝑑_𝑜𝑢𝑡𝑠𝑖𝑑𝑒+𝑁𝑖𝑚𝑝

= Nitrogen Use Efficiency whole agro-food chain
= Nitrogen in consumed products
= Nitrogen applied to cropland with fertiliser
= Atmospheric nitrogen deposition
= Nitrogen fixation
= Nitrogen in feed from outside the agro-food chain
(Fodder, swill, synthetic, other residues, lime)
= Nitrogen in imported products

𝑃𝑐𝑜𝑛𝑠

𝑃𝑈𝐸𝑎𝑔𝑟𝑜−𝑓𝑜𝑜𝑑𝑐ℎ𝑎𝑖𝑛 = 𝑃𝑓𝑒𝑟𝑡+𝑃𝑓𝑒𝑒𝑑_𝑜𝑢𝑡𝑠𝑖𝑑𝑒+𝑃𝑖𝑚𝑝
𝑃𝑈𝐸𝑎𝑔𝑟𝑜−𝑓𝑜𝑜𝑑𝑐ℎ𝑎𝑖𝑛
𝑃𝑐𝑜𝑛𝑠
𝑃𝑓𝑒𝑟𝑡
𝑃𝑓𝑒𝑒𝑑_𝑜𝑢𝑡𝑠𝑖𝑑𝑒
𝑃𝑖𝑚𝑝

(Eq.1)

(Eq.2)

= Phosphorus Use Efficiency whole agro-food chain
= Phosphorus in consumed products
= Phosphorus applied to cropland with fertiliser
= Phosphorus in feed from outside the agro-food chain
(Fodder, swill, synthetic, other residues, lime)
= Phosphorus in imported products
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Also, the nutrient use efficiency per step is calculated to compare the different steps in the agro-food
chain. For every step, the nutrient use efficiency is defined as the nutrients continuing in the agrofood chain for human consumption compared with the inflow of that step. For the nutrient use
efficiency per step, the source of the inflow does not matter. The general formulas for NUE and PUE
per step are given in Equation 3 & 4. The detailed formulas per step are given in Appendix D.

𝑁𝑈𝐸𝑠𝑡𝑒𝑝 =

𝑁𝑓𝑜𝑜𝑑𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡
𝑁𝑖𝑛𝑓𝑙𝑜𝑤

𝑁𝑈𝐸𝑠𝑡𝑒𝑝
𝑁𝑓𝑜𝑜𝑑𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡
𝑁𝑖𝑛𝑓𝑙𝑜𝑤

𝑃𝑈𝐸𝑠𝑡𝑒𝑝 =

= Nitrogen Use Efficiency of step
= Nitrogen in food product out of step
= Nitrogen inflows into step

𝑃𝑓𝑜𝑜𝑑𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡
𝑃𝑖𝑛𝑓𝑙𝑜𝑤

𝑃𝑈𝐸𝑠𝑡𝑒𝑝
𝑃𝑓𝑜𝑜𝑑𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡
𝑃𝑖𝑛𝑓𝑙𝑜𝑤

(Eq.3)

(Eq.4)

= Phosphorus Use Efficiency of step
= Phosphorus in food product out of step
= Phosphorus inflows into step
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3 Model results at global scale
In this chapter, the model results for the region ‘World’ in the SSP2 scenario are described. First, an
overview of mass, nitrogen, and phosphorus flows in the agro-food chain is given. Followed by
quantification of losses in terms of Nutrient Use Efficiency, both for the whole agro-food chain and
per step. Lastly, the share of each commodity of the total products is given for production and
consumption.

3.1 Trends in nutrient flows in the agro-food chain
In this overview of the agro-food chain, recycled flows from other steps of the agro-food chain are
not included. Only nutrients and mass in food available for human consumption are included. Feed
crops that are produced in crop production and are an inflow into animal production are thus not
part of produced crops. By-products produced in processing are not included in this overview since
they are a recycled flow. Processing is not included as a separate step in this graph because not all
food products flow through processing. Including processing separately would lead to a confusing
graph and therefore the flows of food products after distribution are shown instead.
The flows of the module (Figure 9) used to make this overview are given in Table 5.
Table 5: Flows of the module included in the overview of the agro-food chain

Overview of the agro-food chain

Module flows crops

Module flows animal products

Flow into production

1

3

Produced food

7 minus 10

8

Food after post-harvest handling & storage

12 (crops)

12 (animal products)

Distributed food

16 (crops)

16 (animal products)

Consumed food

18 (crops)

18 (animal products)

3.1.1 Mass
This overview is on the mass of food products for human consumption throughout the agro-food
chain. The mass inflow into production consists of feed and is not included in this overview since feed
is not a food product for human consumption. The mass flows in this overview only include food
products. For nutrients this inflow into production with feed is included.
Over the years, mass flows in the agro-food chain increase (Figure 10). In every step of the agro-food
chain, the mass flow of food products continuing to human consumption decreases. As a result, only
a small fraction of the mass of produced food is consumed.
In post-harvest handling and storage, mass of food products is mainly lost via waste and non-food
crops (Appendix D.3.1). The difference between ‘Food after post-harvest handling & storage’ and
‘Distributed food’ can be attributed to by-products and waste generated in processing and
distribution (Appendix D.4.1 & D.5.1). Household waste leads to the decrease in mass between
distributed and consumed food (Appendix D.6.1).
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(a)

(b)

(c)

(d)

Figure 10: Overview of mass flows in the agro-food chain for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in SSP2. Feed crops are excluded
from produced food. Only flows from outside the agro-food chain are included as flow into production.
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3.1.2 Nitrogen
Similar to mass flows, nitrogen flows in the agro-food chain increase over time (Figure 11). In every
step of the agro-food chain, the amount of nitrogen continuing to human consumption decreases. As
a result, only a small fraction of nitrogen flows into production is consumed. Chapter 3.2 uses
Nitrogen Use Efficiency to quantify this loss.
The difference between nitrogen flows into crop production and nitrogen in produced crops can
mainly be attributed to nitrogen leaving cropland through fertiliser volatilisation and leaching
(Appendix D.1.2). Over time, the fraction of nitrogen leaving the agro-food chain via fertiliser
volatilisation increases, while the fractions of runoff and leaching seem to be decreasing.
Nitrogen flowing into animal production is leaving animal production mainly with manure (Appendix
D.2.2). Although this nitrogen is not in produced animal products, it is not necessarily lost from the
agro-food chain since part of the manure can be applied to cropland. The direct link between manure
production by animals and manure applied to cropland is not yet included in this module.
Differences in nitrogen between ‘produced food’ and ‘food after post-harvest handling & storage’ are
mainly due to nitrogen leaving post-harvest handling & storage with waste (Appendix D.3.2). From
post-harvest handling & storage to distributed food, nitrogen that does not continue towards human
consumption mainly ends up in by-products that can possibly be fed to livestock (Appendix D.4.2 &
D.5.2). The difference in nitrogen between distributed and consumed food are caused by the loss of
nitrogen with household waste (Appendix D.6.2).
3.1.3 Phosphorus
Phosphorus flows in the agro-food chain are smaller than nitrogen flows (Figure 12). The phosphorus
in animal products is small compared to phosphorus in crops. This difference between crops and
animal products is higher for phosphorus than it is for nitrogen. This can be explained by the low
phosphorus content of animal products.
Phosphorus in produced food is higher than the flow into production. This can be explained by the
fact that phosphorus also flows into crop production with applied manure which is not part of ‘flow
into production’ (Appendix D.1.3). The phosphorus lost from crop production with runoff is low
compared to inflows. As a result, an increase in phosphorus in produced crops is visible compared to
phosphorus flowing in with fertiliser. For nitrogen, this is not the case, since nitrogen losses from
cropland are a lot higher. The Nitrogen and Phosphorus Use Efficiency of cropland, described in
Chapter 3.2.2 provide more insight into this.
Phosphorus in post-harvest handling & storage is mainly lost from food products with waste
(Appendix D.3.3). The decrease from ‘food after post-harvest handling & storage’ to ‘distributed
food‘ is mainly caused by phosphorus ending up in by-products that can possibly be fed to livestock
(Appendix D.4.3 & D.5.3). Similar to mass and nitrogen, phosphorus the difference in phosphorus
between distributed and consumed food is due to phosphorus in household waste (Appendix D.6.3).
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(a)

(b)

(c)

(d)

Figure 11: Overview of nitrogen flows in the agro-food chain for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in SSP2. Feed crops are
excluded from produced food. Only flows from outside the agro-food chain are included as flow into production.
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(a)

(b)

(c)

(d)

Figure 12: Overview of phosphorus flows in the agro-food chain for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in SSP2. Feed crops are
excluded from produced food. Only flows from outside the agro-food chain are included as flow into production.
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3.2 Trends in Nutrient Use Efficiency
As seen in Chapter 3.1, not all nitrogen and phosphorus flowing into the agro-food chain is consumed
by humans. To quantify this loss of nutrients throughout the agro-food chain, Nutrient Use Efficiency,
as explained in Chapter 2.3.2 is used. First, an overview of the nutrient use efficiency of the whole
agro-food chain is given, followed by a Nutrient Use Efficiency per step of the agro-food chain.
3.2.1

Whole agro-food chain

3.2.1.1 Nitrogen

Figure 13: Nitrogen Use Efficiency of the World of the whole agro-food chain (consumed nitrogen/inputs of nitrogen from
outside chain) for SSP2 for five-yearly flows between 1970 and 2100

In 2005 and 2100 respectively around 22% and 24% of the nitrogen flowing into the agro-food chain
from outside the chain is consumed by humans (Figure 13). The inflows from outside the agro-food
chain consist of fertiliser, N deposition, N fixation, feed from outside the chain, and import from
other regions. Import from other regions is in reality not possible when looking at the region ‘world’.
However, due to the simplification of net trade in this research (Appendix B.2.3), it is possible a value
for net trade of the world is found. Therefore, it is still seen as an input in the calculation of NUE.
Over time, the Nitrogen Use Efficiency (NUE) of the whole agro-food chain increases after a short dip
between 1970 and 1990. NUE per step as given in Chapter 3.2.2, could help to explain these
observed trends in NUE of the whole agro-food chain.
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3.2.1.2 Phosphorus

Figure 14: Phosphorus Use Efficiency of the World of the whole agro-food chain (consumed nitrogen/inputs of nitrogen from
outside chain) for SSP2 for five-yearly flows between 1970 and 2100.

Of the phosphorus flowing into the agro-food chain (with fertiliser, feed and import) in 2005 and
2100 respectively 38% and 46% is consumed (Figure 14). This is higher than the 22% and 24% for
nitrogen. The Phosphorus Use Efficiency per step (Chapter 3.2.2.2) provides more insight into what
step is causing this. Over time, a similar dip and increase in nutrient use efficiency as for nitrogen are
visible. For phosphorus, the increase, is, however, stronger.
3.2.2 Per step of the agro-food chain
To see which steps of the agro-food chain cause the highest losses of nutrients, the Nutrient Use
Efficiency per step is analysed. The Nutrient Use Efficiency of a step indicates how much of the
nutrients flowing into that step ends up in the products that continue in the agro-food chain towards
human consumption. Recycled flows are thus part of the inflow into each step. Since the overall
Nutrient Use Efficiency does not include recycled flows, the Nutrient Use Efficiency per step cannot
be directly translated towards the overall Nutrient Use Efficiency.
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3.2.2.1 Nitrogen

Figure 15: Nitrogen Use Efficiency of the World per step of the agro-food chain (continuing agro-food chain/inputs) in the
SSP2 scenario for five-yearly flows between 1970 and 2100

The NUE of animal production and crop production is lowest of all steps in the agro-food chain (Figure
15). Over time, the NUE of animal production increases.
The NUE of crop production first goes through a dip and after 1990 it increases until it stabilises in
the future.
Over time, the NUE of processing decreases. In processing, nitrogen that not ends up in food
products for human consumption mainly ends up in by-products that can be fed to livestock
(Appendix D.4.2). The processing fractions of products are assumed to stay the same in this research,
so the visible decrease in NUE could only be explained by a shift in products towards processed
products with a lower nitrogen content. To see if there is a shift in products, the share of different
commodities in production and consumption is given in Chapter 3.3.
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3.2.2.2 Phosphorus

Figure 16: Phosphorus Use Efficiency of the World per step of the agro-food chain (continuing agro-food chain/inputs) in the SSP2 scenario
for five yearly flows between 1970 and 2100

Animal production and processing have the lowest Phosphorus Use Efficiency (PUE) of all steps (Figure
16). The PUE of crop production is two times as high as the NUE of crop production. Similar to
nitrogen the PUE of animal production is increasing over time, while the PUE of processing is
decreasing. However, the change over time is smaller.

3.3 Trends in share of commodities
In this paragraph, the share of each commodity of the total is given. The share indicates how much of
the total nitrogen or phosphorus of all products is present in each commodity type. This is done both
for production and consumption.
3.3.1 Nitrogen
Over time, the shares of wheat, rice, tropical cereals, other temperate cereals, pulses, temperate
roots & tubers, tropical roots & tubers, beef, milk and pork in production are decreasing (Table 6). The
shares of the other commodities are increasing.
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Table 6: Share of commodities (percentages) of total nitrogen in produced and consumed food products for the World in
1970, 2005, 2050 and 2100 in SSP2.

Wheat
Rice
Maize
Tropical cereals
Other temperate cereals
Pulses
Soybeans
Temperate oil crops
Tropical oil crops
Temperate roots & tubers
Tropical roots & tubers
Sugar products
Oil, palm fruit
Vegetables & fruits
Beef
Milk
Pork
Mutton & goat
Poultry
Total

Produced food products
1970
2005
2050
16.3
14.1
13.2
10.9
10.2
9.4
10.7
12.6
13.5
3.5
1.7
1.7
10.8
4.8
3.5
5.1
4.1
4.3
4.2
9.3
10.3
3.0
4.9
5.2
3.3
3.7
3.5
3.9
1.9
1.5
1.9
1.3
1.6
5.2
5.4
6.0
0.9
3.9
5.4
4.6
5.3
5.3
2.8
2.1
1.9
5.9
4.5
3.8
3.4
4.2
3.6
0.6
0.5
0.5
3.0
5.6
5.9
100.0 100.0 100.0

2100
13.4
8.8
13.5
1.9
3.6
4.2
10.3
5.1
3.6
1.4
1.7
6.4
5.6
5.1
2.0
3.9
3.2
0.6
5.9
100.0

Consumed food products
1970
2005
2050
19.0
17.7
17.1
11.7
11.5
11.5
5.9
5.6
7.7
4.0
2.3
2.4
5.1
2.2
2.1
8.1
6.7
7.2
0.8
1.8
2.8
1.6
2.0
2.2
3.1
3.0
3.3
4.4
2.5
1.9
2.1
1.6
2.0
1.3
0.9
0.9
1.4
4.3
5.4
7.5
9.3
8.8
2.3
2.0
1.8
15.3
12.1
9.5
4.0
6.0
4.9
-0.9
-0.2
-0.1
3.6
8.6
8.7
100.0 100.0 100.0

2100
17.0
11.1
9.3
2.5
2.0
7.1
3.6
2.2
3.5
1.7
2.1
1.0
5.3
8.1
1.9
9.1
4.1
0.0
8.5
100.0

In consumption, the shares of maize, soybeans, temperate oil crops, tropical oil crops and sugar
products are lower than in production (Table 6). Maize is fed in large quantities to animals and
therefore not all continuing towards human consumption (Appendix D.3.2).
Nitrogen in soybeans, oil crops and sugar products is mainly lost in processing. The main products of
these commodities contain little or no nitrogen so almost all nitrogen ends up in by-products and are
not continuing towards human consumption (Appendix D.4.2). For mutton and goats, a negative
share in consumption is observed. This is not realistic since this indicates a negative flow of nitrogen
is consumed. This can be caused by the balances used in this research and the mismatch between
different data sources. It could be that according to different data sources more nitrogen is leaving a
step than is actually flowing in. This would result in a negative flow continuing in the agro-food chain.
However, since the numbers observed are really small, it can be assumed this does not influence the
results that much.
3.3.2 Phosphorus
In phosphorus similar trends over time as for nitrogen are visible (Table 7). There is a difference
between nitrogen and phosphorus in de magnitude of the shares in production. For phosphorus,
cereals, roots & tubers, and vegetables & fruits have a higher share than for nitrogen. While for
soybeans, oil crops and animal products the share in phosphorus is lower than in nitrogen. This is
caused by the lower phosphorus content of these products (Appendix B.4.1 & B.4.3).
Also for phosphorus, in consumption, the share of maize, soybeans, temperate oil crops, and sugar
products is lower than in production (Table 7). For most animal products, however, the share in
consumption is higher. This is caused by the fact that almost no phosphorus ends up in by-products
of the processing of animal products, the most of what is flowing in is continuing in the agro-food
chain (Appendix D.4.3).
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Table 7: Share of commodities (percentages) of total phosphorus in produced and consumed food products for the World in
1970, 2005, 2050 and 2100 in SSP2.

Wheat
Rice
Maize
Tropical cereals
Other temperate cereals
Pulses
Soybeans
Temperate oil crops
Tropical oil crops
Temperate roots & tubers
Tropical roots & tubers
Sugar products
Oil, palm fruit
Vegetables & fruits
Beef
Milk
Pork
Mutton & goat
Poultry
Total

Produced food products
1970
2005
2050
20.7
18.7
17.5
14.1
14.1
12.9
15.0
18.7
20.0
4.7
2.5
2.5
13.7
6.3
4.7
2.5
2.1
2.2
2.0
4.7
5.2
2.6
4.3
4.6
2.4
3.1
3.0
4.0
2.2
1.7
1.9
1.5
1.9
6.0
6.5
7.3
0.8
4.5
6.2
5.2
6.5
6.5
0.4
0.3
0.3
2.8
2.3
2.0
0.6
0.8
0.7
0.1
0.1
0.1
0.5
0.9
1.0
100.0 100.0 100.0

2100
17.7
12.1
20.0
2.7
4.7
2.2
5.3
4.5
3.0
1.6
2.0
7.8
6.3
6.3
0.3
2.0
0.6
0.1
1.0
100.0

Consumed food products
1970
2005
2050
22.0
19.8
18.2
8.7
9.4
9.6
7.3
8.0
11.3
6.5
4.5
4.5
7.0
3.1
3.3
5.4
4.7
4.9
0.6
1.4
2.0
2.0
2.6
2.6
3.4
3.9
4.0
6.4
4.0
2.9
3.0
2.6
3.2
2.2
1.6
1.5
1.9
7.4
8.9
10.6
13.6
12.5
0.8
0.7
0.6
10.7
8.8
6.6
1.1
1.8
1.3
-0.2
-0.1
0.0
0.9
2.3
2.2
100.0 100.0 100.0

2100
17.7
9.4
13.4
4.6
3.1
4.8
2.6
2.5
4.1
2.6
3.3
1.7
8.6
11.5
0.6
6.4
1.1
0.0
2.2
100.0
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4 Discussion
In this chapter, first, a summary of the results described in Chapter 3 and their relation to literature is
given. Followed by limitations of the developed module and suggestions for further research that can
be done. Lastly, the research implications are given.

4.1 Summary results and comparison with literature
4.1.1 Nutrient flows in the agro-food chain
In this study, it is found that in the SSP2 scenario, mass, nitrogen, and phosphorus flows in the agrofood chain increase in the future. This is in line with the increased food demand and production as a
result of increased population and GDP (Doelman et al., 2018; Valin et al., 2014). In general,
phosphorus flows are smaller than nitrogen flows. This is mainly visible in animal products, which
contain a small amount of phosphorus but are high in nitrogen-rich protein. In every step of the agrofood chain mass and nutrients continuing to human consumption decrease. Mass losses can mainly
be attributed to waste and by-products of processing.
Nitrogen losses are caused by fertiliser volatilisation, leaching, manure, by-products of processing
and waste. Over time, the fraction of nitrogen leaving the agro-food chain via fertiliser volatilisation
increases, while the fractions of runoff and leaching seem to be decreasing. Between 1970 and 2003
an increasing use of fertiliser is observed (Galloway et al., 2003). This increased use of fertiliser
explains the increase in fertiliser volatilisation since there is more fertiliser available to volatise. This
increase in fertiliser volatilisation can explain the decreasing ratio of leaching and denitrification
through the ‘hole in the pipe’ model. This ‘hole in the pipe’ model explains that different ways of
nitrogen loss are interchangeable (Oenema et al., 2009). A bigger part of the nitrogen input is already
leaving cropland through this fertiliser volatilisation and is therefore not available anymore for runoff
and leaching. Since IMAGE-GNM bases the loss flows on a soil balance, indeed this ‘hole in the pipe’
model applies.
Phosphorus in food crops is higher than phosphorus applied with artificial fertiliser. Therefore, it
seems like phosphorus is increasing in crop production. However, the input of phosphorus into crop
production with manure is not included in this overview of the agro-food chain. After crop
production, phosphorus towards human consumption decreases with every step of the agro-food
chain due to waste and by-products of processing.
4.1.2 Nutrient Use Efficiency whole agro-food chain
As a result of the decrease of nitrogen towards human consumption in every step of the agro-food
chain, in 2005 only 22% of the nitrogen flowing into the agro-food chain with fertiliser, N deposition,
N fixation, feed from outside the chain, and import from other regions is consumed by humans. Over
time, this NUE of the whole agro-food chain increases after a short dip between 1970 and 1990.
Except for this dip, results of global NUE of the whole agro-food chain are close to values of NUE
given in literature (Table 8). The value for 2013 is half of the value found in Berners-Lee et al.,
however, their research does not include nitrogen inflows into crop production that cause an extra
step with losses and thus lowers the NUE of the whole agro-food chain. The other papers do include
these flows and are a lot closer to the values found in this research. The values in this research are a
bit high compared to literature. For 2050, the value found in this research is, however, slightly
smaller, and the increase in NUE from 2010 to 2050 is smaller than found by Bodirsky et al. (2014).
Since Bodirsky et al. do not explicitly model the steps of the food chain, it seems they do not include
losses in post-harvest handling & storage, processing and distribution. In this research, these losses
are included which may explain the lower NUE found for 2050. This is not directly visible in years
before 2050 since the NUE of processing is higher in these years and thus less nitrogen is lost in the
processing step.
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Table 8: Comparison NUE results of the whole agro-food chain for the world with literature

2000-2010
2010 & 2050
2013
Year unknown

Other research
.11 (Sutton et al., 2013)
.22 & .28 (Bodirsky et al., 2014)
.47 (Berners-Lee et al., 2018)
.15 (Galloway & Cowling, 2002)

This research
.21, .22., .23 (2000, 2005, 2010)
.23 & .24 (2010 & 2050)
.24 (2015)
.21 (2000)

In 2005, 38% of the phosphorus entering the agro-food chain with fertiliser, feed and import, is
consumed. Sutton et al. found a similar value for Phosphorus Use Efficiency (PUE). They found a PUE
of .36 for 2000-2010 (Sutton et al., 2013), while in this research values of .36, .38 and .4 are found for
2000, 2005 and 2010.
4.1.3

Nutrient Use Efficiency per step

4.1.3.1 NUE per step
Of all steps in the agro-food chain, animal production and crop production have the lowest NUE. For
animal production, the value found in this research is five times as high as found by Sutton et al..
According to their research the NUE of animal production is 0.06 in 2000-2010 (Sutton et al., 2013)
while in this research values of 0.30, 0.32 and 0.35 for 2000, 2005 and 2010 are found. This higher
NUE in animal production might cause the higher NUE in the whole agro-food chain found in this
research compared to literature. To explain this difference in NUE of animal production further
research is needed, special attention can be given to definitions and methods of calculating different
flows. Over time, the NUE of animal production increases, caused by more efficient production of
animal products due to shorter production cycles, higher yields (Alexandratos & Bruinsma, 2012),
breeding, and different feeding techniques (Gerber et al., 2013).
The NUE of crop production first goes through a dip and after 1990 it increases until it stabilises in
the future. This stabilisation is caused by the assumption that fractions of nutrient flows to produced
crops stay the same after 2005 (Appendix B.2.1). The dip in NUE of crop production is causing the dip
in NUE of the whole agro-food chain. Since the NUE of crop production depends on data of IMAGEGNM, a detailed analysis of data behind IMAGE-GNM might provide an explanation for the visible
dip. This research does not match the decreasing trend in the NUE of crop production observed in
literature but does match the future values (Table 9). Further research is needed to explain the
difference in historical values. A detailed analysis of the IMAGE-GNM model might be useful.
Table 9: Comparison NUE results of crop production for the world with literature

Other research

This research

2000-2010

.43 (Sutton et al., 2013)

.40, .43, .42 (2000, 2005, 2010)

1970 & 2100

.60 & .47 (Lassaletta et al., 2014a)

.42 (1970 & 2100)

There is no literature available for NUE’s per step in the food chain and thus, not all results of this
research can be compared with literature.
4.1.3.2 PUE per step
The steps with lowest PUE are processing and animal production. This research results in values for
the PUE of animal production similar to the ones in literature. Sutton et al. found a value of .04 to .15
in 2000-2010 (Sutton et al., 2013). Here, values of .13, .14 and .15 are found for the years 2000, 2005
and 2010. The results of this research are in the upper part of the range given by literature. Together
with the much higher NUE in animal production than in literature, this calls for a more detailed
analysis of the animal production step.
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The PUE of crop production is two times as high as the NUE of crop production. This can be explained
by the fact that phosphorus cannot be lost from cropland through volatilisation, denitrification or
leaching but only through runoff. Since phosphorus can easily bind to soil particles, the surplus of
phosphorus applied to cropland can accumulate in the soil. This accumulated phosphorus can later
be released from soil particles and taken up by plants (Bouwman et al., 2009). This will mainly cause
the high PUE of the whole agro-food chain when comparing with NUE.
The PUE of crop production found in this research is higher than the one found by Sutton et al., who
found a value of .46 to .52 for 2000-2010 (Sutton et al., 2013). In this research values of .85, .90 and
.90 are found for 2000, 2005 and 2010. The difference between values found in this research and
literature is higher than is the case for nitrogen. The earlier described accumulation and uptake of
phosphorus in soils might explain this. To validate whether this is the reason for the difference with
literature, a more detailed analysis of IMAGE-GNM and literature is needed.
No literature on global PUE of other steps of the agro-food chain is found. For the USA, there is,
however, literature describing the PUE of households and food processing. In households, a PUE of
.75 is given for 2007 (Suh & Yee, 2011). This is similar to the PUE found for consumption in the USA in
this research which is .78 in 2005 and .77 in 2010. Since phosphorus in consumption is only lost with
household waste and it is assumed the waste fraction also applies to phosphorus, this is directly
linked to the used household waste fractions.
For 2007, Suh & Yee split food processing into a category excluding meat and dairy (.91), and a meat
and dairy processing category (.36). In this research, these two are combined and values of .30 and
.28 are found for 2005 and 2010. This is lower than values found in literature which might be
explained by the fact that Suh & Yee also include feed as part of the PUE, while in this research only
food towards human consumption is considered. Including feed as well would provide a higher
phosphorus outflow compared to the inflow and would thus higher the PUE.
4.1.4 Share of commodity
The decreasing NUE and PUE of processing over time can only be explained by a shift towards
products of which most of the nitrogen and phosphorus ends up in by-products since the processing
fractions of products are assumed to stay the same in this research. The increased share of soybeans,
oil crops and sugar products in production over time, while this is not visible in consumption
supports this. The processed products of these commodities contain little or no nitrogen and
phosphorus. Most of the nitrogen and phosphorus that is in the produced crops ends up in byproducts of processing and does not directly continue towards human consumption. However, these
by-products can be fed to livestock and do not necessarily leave the agro-food chain. In future
research, this flow and other recycled flows (e.g. manure) should be included better in the module to
gain insight into what is actually lost to the environment.
Other commodity types that have an increasing share over time in production are maize, vegetables
and fruit, mutton and goat, and poultry. All other commodity types are decreasing. In consumption,
the change in maize, soybeans, oil crops, and sugar products is not visible. For soybeans, oil crops
and sugar products, this is due to the earlier described processing. Maize is mainly used as feed for
animals and is therefore not all reaching the consumers. This increased feeding of maize to animals is
in line with the increased use of feed crops due to the intensification of animal systems in SSP2
(Steinfeld et al., 2006).
The observed changes in shares correspond with the changes in diet towards fewer staple grains and
staple crops and more vegetables, fruits, meat, dairy and fish projected by the FAO (FAO, 2009). The
share of milk is decreasing which is in line with the observed trend that the growth of world milk
production and consumption is lower than for meat (Alexandratos & Bruinsma, 2012). The increasing
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share of poultry is in line with the shift from ruminants to monogastric animals (Steinfeld et al.,
2006). In IMAGE this diet change is not explicitly used as input. Diets are calculated by MAGNET
based on GDP and diet preferences related to income. Since GDP increases in SSP2 (Dellink et al.,
2017), the observed diet changes towards fewer staple grains and crops occur.

4.2 Module limitations
The IMAGE-NuFaFo module developed in this thesis is a simplification of reality. In the module,
recycled flows from one step to another are not directly linked. For example, processing by-products
that can potentially be fed to livestock are modelled as an outflow of processing, leaving the agrofood chain. In animal production, this flow is modelled as an inflow from outside the agro-food chain.
The inflow into animal production is not directly linked to the outflow of processing. This is done
because data are obtained from different sources. The flow out of processing with by-products is
obtained by multiplying extraction rates from the FAO with mass flows into processing as calculated
in the module. The flow of by-products fed to livestock is obtained from IMAGE. Since these flows are
not linked in the module, feedbacks of these recycling flows cannot be studied with the current
version of the IMAGE-NuFaFo module. A possible feedback of recycling flows is that part of feed
flowing into animal production is replaced by the increased outflow of nutrients from processing
with by-products as a result of the change towards soybeans and other products that result in byproducts with a high nutrient content.
The quality of a model depends heavily on the quality of input data. Some input data used in this
module is outdated and might therefore not reflect reality. To obtain processing fractions, data of
1992-1996 is used since no other data on a regional scale was available. Also, in aggregating
processing fractions and nutrient content of crops to crop types (e.g. temperate cereals) an average
is used without taking into account the production ratios of the different crops within regions. E.g.
for processing fractions and nutrient contents of temperate cereals an average of all temperate
cereal types is taken while it might be that one type has higher production numbers than others and
thus influences the processing fraction more. When aggregating data of countries to regions, the
average of these countries is taken without taking into account population or production numbers. In
this version of the IMAGE-NuFaFo module, IMAGE-GNM data was available in the right format until
2005. After 2005, the fractions of nutrient flows compared to the flow of produced crops is assumed
to stay the same. In reality, this Nutrient Use Efficiency of crops might change over time as is seen by
Lassaletta et al. (2014a). The fraction of food products after post-harvest handling & storage towards
processing and distribution are based on MAGNET data for the year 2011. These fractions might
change over time since the flow of food products via processing increases over time as described in
Chapter 4.2. It is assumed mass waste fractions of the FAO in distribution and consumption also
apply to nutrients, but further research is needed to check this assumption. Since different data
sources are used, in some steps there is a difference in between what flows into the step and what
flows out.

4.3 Further research
Further research into input data and recycling flows would lower these limitations of the module and
improve the accuracy.
To provide more insight into why the NUE and PUE of crop production found in this research differ
from the ones in literature, a more detailed analysis of IMAGE-GNM is needed since this determines
the inflows and outflows of nutrients in crop production. The crop types of IMAGE-GNM are
simplistically converted to the crop types used in this research which might cause some errors. Also,
the used IMAGE-GNM data on nutrient flows in crop production stops in 2005. After this, an equal
nutrient use efficiency is assumed. Obtaining IMAGE-GNM data until 2100 would improve the
accuracy of modelling trends in Nutrient Use Efficiency of crops.
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Diets with fewer animal products and less processed products might have a higher Nutrient Use
Efficiency because they avoid the animal production and processing step which have a low Nutrient
Use Efficiency. Running scenarios with these diet changes would be interesting to see if this really
impacts the overall Nutrient Use Efficiency.
It would also be interesting to specify the destination of nutrients lost from the agro-food chain. This
will provide insight into which of the steps causes what type of nutrient pollution. This information
could be useful when trying to lower a specific type of nutrient pollution. For example, when
attempting to lower nutrient pollution to the atmosphere, it is ineffective to focus on a step in the
agro-food chain where nutrients are mainly lost to water.
Trade could be modelled in more detail to be able to attribute the nutrient contents of the imported
products to the land of origin and to include the trade of processed products. Since the nutrient
contents of products can differ per region, it would be interesting to know from which region food is
imported. This imported food flows can then be converted to nutrients with the nutrient contents of
the originating region instead of from the importing region. Also, improving the modelling of trade
will exclude the influence of stock changes on net trade as calculated in this module.
Another point of improvement could be to include organs and fat of animals since this is not part of
the carcass weight in which production is expressed in IMAGE. Therefore, organs and fat of animals
are not included in this module. It is, however, edible while currently in the module it is seen as loss
from the animal production system. Including organs and fat, may increase the accuracy of the
modelled efficiency of animal production systems. This is particularly interesting since for animal
production, NUE found in this research does not match literature. To find an explanation for this
difference with literature, a detailed analysis of how the used flows from IMAGE are calculated is
needed.
Currently, no fishery or aquaculture is incorporated in IMAGE and in the IMAGE-NuFaFo module,
while it is an important protein source of a lot of people. Seafood takes up around 16% of the global
animal protein consumption (FAO, 2007; Willett et al., 2019). In further research, it would be
interesting to include this in IMAGE or simplistically in the developed module.
The IMAGE-NuFaFo module can be used to assess nutrient flows on a regional level, with this module
further research could be conducted into differences between these regions.

4.4 Research implications
Even without this further suggested research, the results of this study match existing literature quite
well. Nitrogen Use Efficiency (NUE) and Phosphorus Use Efficiency (PUE) are improving in the SSP2
scenario. Still, the majority of nitrogen and phosphorus applied will not reach the consumers. The
increased nitrogen and phosphorus flows over time due to higher food demand and production will
further increase the need for nitrogen and phosphorus application to cropland. Providing more
nitrogen and phosphorus to cropland has some adverse environmental effects like nutrient pollution
and when artificial fertiliser is used, higher energy demand and further depletion of phosphate rocks
(Bodirsky et al., 2014; Nesme et al., 2018; Oelsner & Stets, 2019; van der Hoek et al., 2018).
Improving the Nutrient Use Efficiency of the agro-food chain will decrease these problems. This
research is the first to provide a separate Nutrient Use Efficiency for each step of the agro-food chain
on a global scale. These Nutrient Use Efficiencies per step provide insight into which steps have the
lowest Nutrient Use Efficiencies. and where most progress could be achieved. According to this
research, crop production (for nitrogen), animal production and processing are the most inefficient
of all steps in the agro-food chain. Improving the efficiency of these steps might have the highest
impact on overall NUE and PUE. However, it could also be the case that improving the efficiency
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further on in the agro-food chain might have more effect. The efficiency of processing can be
improved by producing products that contain more of the nitrogen and phosphorus flowing in with
raw products. An example of this is producing more whole wheat flour instead of white flour. The
nutrients in the bran are then part of the processed product instead of flowing back to animal
production. Also, shifting diets away from products that are highly processed with low nutrient
contents like soybeans, will improve the Nutrient Use Efficiency of processing. Improving the
efficiency of animal production can be done by further breeding and improving feeding techniques.
Another option could be to avoid the inefficient steps in the agro-food chain. When eating fewer
animal products, fewer nutrients flow through the animal production step and fewer nutrients are
lost to the environment. The same applies to eating less processed food. As is also suggested in
further research, scenarios including these changes can be run with the IMAGE-NuFaFo module to
see if this really results in a higher nutrient use efficiency of the whole agro-food chain.
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5 Conclusions
Nutrients flow through the agro-food chain from farm to fork through different steps. For every step,
the inflowing nutrients can either continue in the agro-food chain, flow to another step or leave the
agro-food chain. As a result of nutrients leaving the agro-food chain, not all nutrients entering the
agro-food chain are consumed.
According to historical data, in 2005, only 22% of the nitrogen and 38% of the phosphorus that enters
the agro-food chain is consumed by humans. In the SSP2 scenario, over the years, this overall
Nutrient Use Efficiency increases to 24% for nitrogen and 46% for phosphorus in 2100. Between 1970
and 2100 NUE increases after a dip between 1970 and 1990 caused by a dip in NUE of crop
production. Due to higher food demand and production, as a result of increased population and GDP,
all nitrogen and phosphorus flows will increase over time.
A shift in diet occurs as a result of increased GDP. There is a shift in diets towards fewer staple grains
and staple crops and more vegetables, fruits and poultry. The share in production of maize,
soybeans, oil crops, and sugar products increases, but since this is mainly fed to animals (maize) or
processed this is not reflected in consumption.
This increase in processing of soybeans, oil crops and sugar products that result in processed
products with low nutrient contents, contributes to a decreasing Nutrient Use Efficiency of
processing. For example, oil of soybeans contains little or no nutrients. Nutrient use efficiency of
animal production increases due to breeding, different feeding techniques and higher yields.
However, still, a big part of the nutrients entering the agro-food chain is not reaching consumers.
To increase the Nutrient Use Efficiency of the whole agro-food chain and achieve lower nutrient
pollution, focus is needed on crop production (for nitrogen), animal production and processing since
these have the lowest Nutrient Use Efficiency.
This research is the first to look at nutrient flows in the whole agro-food chain on a global scale. The
IMAGE-NuFaFo module is developed and can be incorporated into the IMAGE model framework.
Thus, nutrient flows in the whole agro-food chain can be included in future simulations of the
environmental consequences of human activities worldwide.
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Appendices
A. Results literature review
This appendix gives the results of the literature review. First, for each step, an explanation of
processes influencing nutrient flows is given. Focus in this explanation is on the food chain (Figure 1)
since crop production and animal production are already included in the IMAGE framework.
Afterwards, an overview of the flows collected in the systematic review is given (Table 10) followed by
an overview of the flows obtained from additional literature (Table 11).
A.1
Post-harvest handling & storage
The post-harvest handling and storage step is the first step after the crops and animal products are
produced. In this step, crops and animal products are stored, handled and transported towards the
next step in the food chain (FAO, 2011). An example of an action occurring in post-harvest handling
and storage is harvested crops being put in boxes and transported to processing or retail.
In this post-harvest handling & storage step, trade of raw products between different regions occurs.
This is the only step where trade is included in this research. This is a simplification of reality since
trade also occurs during other steps.
In post-harvest handling and storage, losses from the food chain can arise through quality loss or
physical losses due to spillage or consumption by rodents, insects or other pests (FAO, 2011).
The amount of post-harvest handling and storage waste is influenced by the level of infrastructure
and technology available. In developing countries there is limited post-harvest infrastructure and
technologies, resulting in high losses of nutrients from the food chain in this stage (Parfitt et al.,
2010). In developing countries, more than 40% of the food losses occur in this post-harvest handling
and storage step or processing (FAO, 2011). In developed countries, technology and infrastructure
are in place leading to lower losses from the food chain in the post-harvest handling and storage step
(Parfitt et al., 2010).
Another factor influencing the magnitude of nutrient losses from this step is the distance over which
the raw crops and animal products need to be transported from farms to post-harvest handling &
storage facilities. Due to urbanisation, the distance between agricultural land and consumers is
increasing (Parfitt et al., 2010). With limited post-harvest infrastructure, losses from the food chain
can increase.
A.2
Processing
In food processing, a series of mechanical, chemical or biological treatments are used to change or
preserve food (Meade et al., 2005; Weaver et al., 2014). Treatments are for example milling,
cooling/freezing, smoking and canning (Augustin et al., 2016). These treatments have both positive
and negative effects. Positive effects are the change to more palatable products, the destruction of
microbes and an extension of shelf life which could result in less food waste since it takes longer for
the food to spoil (Kummu et al., 2012; Langelaan et al., 2013; Meade et al., 2005; van Boekel et al.,
2010). Negative effects of food processing are, among others, the loss of quality due to
contamination or loss of nutrients via waste and by-products that leave the food chain, where some
can be used in other industries (Uwizeye et al., 2016).
The inflow into food processing consists of raw food products coming from post-harvest handling &
storage (both domestically produced and imported). The nutrients flowing in, end up in processed
food, by-products or processing waste. Part of the by-products and waste is fed to animals or applied
as fertiliser (e.g. compost) and thus flows back to animal production or crop production. The rest of
the by-products and the processing waste leaves the food chain. The processed food can be exported
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to other regions (not included in this research) or flows to the distribution step within the region
(Smit et al., 2015; van Dijk et al., 2016).
Processing losses are generated mostly in trimming, which is the removal of edible portions (fat, skin,
peels) and inedible portions (bones, pits) from food. Other causes of losses are overproduction,
technical malfunction and product and packaging damage (Gunders, 2012; Lee et al., 2010).
Technical malfunctions in one part of the production line can lead to high levels of losses due to the
continuous nature of the processing. The lines cannot be easily switched off when technical
malfunctions occur in one part of the production line (Lee et al., 2010).
The level of processing and the associated nutrient loss is influenced by different socio-economic
drivers. In developing countries, the food processing industry does not always have the capacity to
process and preserve fresh farm products (FAO, 2011). Often a traditional food system is in place,
where less food is being processed. However, due to rising incomes, demographic shifts and
globalisation, this food system is changing. Urbanisation leads to an increased demand for processing
since urban consumers often have higher wages and are more willing to pay for convenience than
rural consumers (McCullough et al., 2010). Globalisation leads to foreign direct investments in
processing in developing countries (Wilkinson, 2010). This means that developed countries invest in
processing industries in developing countries. In these processing industries, processed foods are
produced, partly for export to the foreign countries investing in this industry. This accelerates the
consumption shift in developing countries towards highly processed food (Wilkinson, 2010).
Processed food can have another nutrient content than the originating food product due to loss of
nutrients with by-products (Slimani et al., 2009) or fortification with micronutrients (FAO, 1996). The
latter only influences the micronutrient content and has no effect on the nitrogen or phosphorus
content of the product.
Cereal flour is an example of a food product of which the nitrogen and phosphorus content is
different than in cereal due to nutrients in by-products. Cereal processing is mostly done by milling,
which results in white flour, whole flour, and bran. Whole flour is the crushed whole grain, while in
white flour, part of the crushed grain is being removed. The part being removed is the bran and has a
high concentration of nutrients (Carmona-Garcia et al., 2017). The fraction of white flour compared
to the cereal input is called the extraction rate and differs per cereal type. White flour and whole
flour are continuing in the food chain towards human consumption. The by-products are partly used
as animal feed and thus flow back to the animal production system (Carmona-Garcia et al., 2017).
Another food product that has an altered nutrient content after processing is slaughtered animals.
Not everything of the slaughtered animal can be used for human consumption. Fresh meat, organs,
intestines, animal fat, hides, and blood can be further processed and consumed by humans. Part of it
leaves the food chain, e.g. to the pharmaceutical industry. Other by-products are hair, feathers, and
bones, these are sometimes pulverised and used as fertiliser and flow back to the crop production
system. Processed protein meals are a by-product of the slaughtering and can be used as feed in
aquaculture (Carmona-Garcia et al., 2017). However, due to legislation, some animal products need
to be incinerated to avoid spreading of diseases and can therefore not flow back to the animal
production system (van Dijk et al., 2016; Waarts et al., 2011). The nutrients in these products are lost
to the atmosphere or remain in the ash (Rodehutscord et al., 2002; Staroń et al., 2017).
A third food product that has an altered nutrient content after processing is oil crops and soybeans
used to make vegetable oil. In processing these crops, crude vegetable oil and oilcakes are produced.
The crude vegetable oil is further processed to refined vegetable oil. The oilcakes are used as animal
feed and flow back to the animal production system (Rutten et al., 2014).
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A.3
Distribution
The distribution step includes wholesale markets, retailers, wet markets (markets that sell fresh meat
and produce) (FAO, 2011) and food-related services. Food-related services are defined as facilities
that serve food for immediate consumption (e.g. restaurants and caterers) (USDA, 2017). Farmers
deliver their crops to wholesale markets which assemble, grades and sort the crops and then further
distributes it to retail (McCullough et al., 2010).
Food flowing in from processing and post-harvest handling & storage is distributed to consumers
while part of it is lost with waste. In retail, this waste is generated due to, among others:
 damaged packaging (Parfitt et al., 2010)
 overstocking (Gunders, 2012)
 technical malfunctions during storage (Cicatiello et al., 2017)
 rejection of food because of mould or poor quality (Eriksson et al., 2017; Gunders, 2012)
 expired sell-by dates (Gunders, 2012; Ju et al., 2017)
Part of the wasted products in retail is still perfectly suitable for human consumption, therefore
initiatives are set up to redistribute this to people in need thus lowering the amount of nutrients
flowing out of the food chain (Cicatiello et al., 2017).
In food-related services waste is generated by over-preparation, incorrect storage, food preparation
waste, consumer leftovers as a result of bigger portions (Cicatiello et al., 2017; Gunders, 2012) and
due to regulations that obligate them to throw away food when a certain time has passed after
unpacking or preparing the food (Waarts et al., 2011).
In retail it is common to offer a full range of products and have full shelves, however, this can cause a
surplus and lead to food waste (Lee et al., 2010). This is even further enhanced when take-back
agreements or reclamations are in place. There are different types of these agreements. For
example, sometimes unsold bread is taken back by the suppliers, supermarkets then only pay for the
bread that is actually sold. Another example is that fruit that is deemed of insufficient quality is sent
back to the supplier and not paid for. In these two cases, the supermarket does not have any
economic penalty for filling the shelves with or ordering unnecessarily high amounts. Thus, the
incentive to the supermarket to lower this excessive amount of products is very low. (Eriksson et al.,
2017; Parfitt et al., 2010)
Overstocking is mainly an issue in developed countries, while in developing countries, nutrient loss is
mainly generated by the fact that wholesale and retail markets are often unsanitary and lack facilities
for temporary storage, ripening and loading and unloading (Kader, 2005). However, in developing
countries supermarkets with better facilities are upcoming. This is partly driven by urbanisation, in
cities, women work more often outside their home and therefore want convenience and processed
food to save time (Reardon et al., 2010). Other reasons for the increasing number of supermarkets is
increasing income and the growth in ownership of refrigerators leading to more weekly or monthly
shopping (Reardon et al., 2010).
The retail sector can influence the food system in different ways. It can reinforce dietary changes by
stimulating new demand through the availability of and exposure to new products (McCullough et
al., 2010). Some supermarkets have rigorous quality standards on size, weight, shape, and
appearance of crops since they are convinced that consumers only buy food living up to these
standards (FAO, 2011; Stuart, 2009). Other standards that are applied by supermarkets are safety
standards (Reardon et al., 2010). These quality and safety standards impact farmers since their
products have to comply with these standards to be sold to supermarkets (McCullough et al., 2010).
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Therefore, the impact of the retail sector on waste within the food chain is higher than instore waste
alone.
A.4
Consumption
The last step in the food chain is the consumption at the household level (FAO, 2011). In households,
food waste is generated because of preparation of food (e.g. removing of inedible parts), overpurchasing, over-preparation, incorrect storage, food expiration, leftover waste and confusion over
‘best before’ and ‘use by’ dates (Cicatiello et al., 2017; Lee et al., 2010; Parfitt et al., 2010).
The amount of food waste generated in households depends among others on income, household
size and composition. In general, larger households and households without children generate less
waste per capita than single-person households and households with children (Parfitt et al., 2010).
In developing countries, the population is on average younger than in developed countries. A
younger generation impacts food consumption through niche markets like baby foods and a different
diet. In Japan, it is found that the younger generation consumes more beef and beer as opposed to
older people that eat more rice, vegetables and fruits (Lee et al., 2010).
With increasing income, more household waste is generated (Bijl et al., 2017). This could be
explained by the fact that it is simply affordable to waste food (FAO, 2011; Stuart, 2009).
A.5
Overview systematic literature review
The search as described in Chapter 2.2.1 resulted in 54 documents. Only four of these documents
were relevant and are summarised in Table 10. These papers describe the flows in different steps of
the agro-food chain. Many of the documents found in this Scopus search were on nutrient flows in
food webs in aquatic ecosystems and therefore not suitable for this research. The search for
keywords in useful papers delivered no other terms to describe the food chain.
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Table 10: Results systematic literature review: in- and outflows per step of the agro-food chain

(Li et al., 2016)
Only
phosphorus

(Liu et al., 2017)

Crop production

Animal production

In:
1. Fertiliser
2. Irrigation
3. Deposition
4. Seeds
5. Recycled
manure
6. Recycled crops
7. Recycled byproducts of food
processing
8. Recycled waste
from households
9. Recycled
human excreta

In:
1. Feed
a) From crops
b) From food
processing
c) From households
d) From grazing
2. Feed additives

Out:
1. Harvested crops
2. Erosion
3. Runoff
In:
1. Fertiliser
2. Biological
nitrogen fixation
3. Deposition

Post-harvest
handling & storage
In:
1. Import
Out:
1. Export

Processing
In:
1. Animal products
2. Grain
Out:
1. Consumption
2. Animal feed
3. Lost

Distribution

Consumption
In:
1. Consumption
Out:
1. Digested
2. Animal feed
3. Lost

Out:
1. Animal products
2. Manure recycled
3. Lost

In:
1. Import of plant
and animal
products
Out:
1. Export of plant
and animal
products
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(Ma et al., 2010) In:
1. Fertiliser
2. Animal manure
3. Human wastes
4. Residues to
field
5. Irrigation
6. Deposition
7. Biological
nitrogen fixation
8. Seed
9. Byproducts of
food

(Scholz et al.,
2014)
Only
phosphorus

Out:
1. Crop products
2. Residues
3. Grass
4. NH3 emission
5. N2O emission
6. Denitrification
7. Runoff
8. Leaching
9. Erosion
In:
1. Fertiliser
2. Weathering of
phosphate rock
3. Manure
4. Human
urine/faeces
5. Compost
6. Crop residues

In:
1. Crop products,
straw, and grass
2. Byproducts of plant
food processing
3. Byproducts of
animal food
processing
4. Kitchen residue

In:
1. Crop products
2. Animal products
3. Food import

Out:
1. Food residue

Out:
1. Food
2. Residues discharge
3. Residues to nonfood sector
4. Residues to animal
feed
5. Residues return to
field

Out:
1. Animal products and
residues
2. Manure to natural
grassland,
3. Manure to crop land
4. Manure discharge
5. NH3 emission
6. N2O emission
7. Denitrification

In:
1. Animal feed
a) Crop residues
b) Food waste
c) Feed additives
d) Crops
e) Animal carcass
waste

In:
1. Plant and animal food

In:
1. Crops

In:
1. Food

Out:
1. Food
2. Biofuel
3. Animal feed
4. Crop residues
5. Food waste

Out:
1. Human bodies
2. Food waste
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7. Direct
application
phosphate rock
8. Wastewater

Out:
1. Food
2. Manure
3. Animal carcass
waste

Out:
1. Harvested crops
2. Runoff
3. Erosion
4. Leaching
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A.6

Overview additional literature review

Table 11 gives the flows collected with additional literature.
Table 11: Results additional literature review: in- and outflows per step of the agro-food chain

(Berners-Lee et
al., 2018)

Crop production

Animal production

Out:
1. Harvest losses
2. Edible crops
after harvest

In:
1. Grass, pasture and
stover eaten by
animals
2. Edible crops fed to
animals
Out:
1. Meat, dairy and fish
2. Animal losses

(Beusen et al.,
2015)

Post-harvest
handling & storage
In:
1. Edible crops after
harvest
Out:
1. Crops for eating
2. Edible crops fed
to animals
3. Post-harvest
losses
4. International
trading losses
5. Invested
6. Non-food uses

Processing

Distribution

Consumption

In:
1. Crops for eating

In:
1. Crops for
eating

In:
1. Household supply

Out:
1. Processing losses
2. Household supply

Out:
1. Distribution
losses
2. Household
supply

Out:
1. Food eaten
2. Consumer waste

Nitrogen
In:
1. Biological N
fixation
2. Atmospheric N
deposition
3. Application of
synthetic N
Fertiliser
4. Animal manure
Out:
1. Crop harvesting
2. Ammonia
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volatilization
3. Erosion
4. Leaching
5. Denitrification
6. Accumulation
in soil

Phosphorus
In:
1. Fertiliser
2. Animal manure
Out:
1. Crop harvesting
2. Erosion
3. Soil
accumulation
1.
(Bodirsky et al.,
2012)
Only nitrogen

In:
1. Manure
2. Crop residues
left in the field
3. Biological N
fixation
4. Soil organic
matter loss
5. Atmospheric
deposition
6. Seed
7. Inorganic
Fertiliser

In:
1. Crops
2. Crop residues
3. By-products
processing
4. Grass
Out:
1. Food supply
2. Manure

In:
1. Harvested crops

In:
1. Crops to processing

Out:
1. Crops to
processing
2. Fed to livestock
3. Other utilisations
incl. waste
4. Trade

Out:
1. By-products to
livestock
2. Food supply
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(CarmonaGarcia et al.,
2017)

(Coppens et al.,
2016)

Out:
1. Crop residues
2. Harvested
crops
3. Volatilisation
4. Leaching
5. Soil organic
matter loss
In:
1. Fertiliser
2. Compost
3. Sewage sludge

In:
1. Feed
2. Food waste used as
feed

Out:
1. Crops

Out:
1. Animal products

In:
1. Atmospheric
deposition
2. Synthetic
fertilisers
3. Manure
4. Biological N
fixation
5. By-products
food industry
6. Soil uptake

In:
1. Fodder
2. By-products

Out:

Out:
1. Animal produce
2. Manure
3. Emissions

Out:
1. Export
2. Stock changes
3. Feed
4. Losses
5. Seed use
6. Crops for human
consumption
7. Crops for
processing
8. Industrial use
9. Biofuels
In:
1. Import
Out:
1. Export

In:
1. Live animals
Out:
1. Meat
2. By-products

In:
1. Animal produce
2. Crops
Out:
1. Food products
2. By-products
a) To animal
production
b) To crop
production
3. Solid waste
4. Digested organic

In:
1. Food products
Out:
1. Solid waste
households
2. Domestic wastewater
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(van Dijk et al.,
2016)
Only
phosphorus

1. Crops to food
industry
2. Fodder
3. Leaching and
erosion
4. Energy crops
5. Emissions
In:
1. Seeds
2. Mineral
fertiliser
3. Pesticides
4. Atmospheric
deposition
Out:
1. Seeds &
planting
material
2. Leaching &
drainage
3. Runoff &
erosion

(FAO, 2011)

Out:
1. Agricultural
production
waste

waste
5. Composted organic
waste
6. Wastewater
7. Emissions N2 and
NOx
In:
1. Plant-based feed
2. Animal-based
processed feed
3. Feed additives

In:
1. Crops & processed
products
2. Livestock
slaughtered &
processed products
3. Fish catches
4. Wild products
5. Food additives

Out:
1. Live animals
2. Manure
3. Losses from stables

Out:
1. Food waste
retail

Out:
1. Communal sewage
sludge
2. Urban WWTP
effluent
3. Wastewater
4. Food waste
households

Out:
1. Distribution
waste

Out:
1. Consumption waste

Out:
1. Crops & processed
products
2. Livestock
slaughtered &
processed products
3. Slaughter waste
4. Food processing
solid waste
5. Food processing
wastewater
Out:
1. Agricultural
production waste

Out:
1. Post-harvest
handling &
storage waste

Out:
1. Processing and
packaging waste
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(FernandezMena et al.,
2016)

In:
1. Fertiliser
2. Manure
Out:
1. Crops
2. Leaching
3. Greenhouse gas
emissions

(Firmansyah et
al., 2017)

In:
1. Fertiliser
2. Manure
3. Biological
fixation
4. Atmospheric
deposition

Out:
1. Leaching/run-off/erosion
2. N gas emission of Fertiliser
and manure
3. Vegetable products
4. Feed
(Gu et al.,
In:
2019)
1. Fertiliser
2. Biological N
Only nitrogen
fixation
3. Manure
4. Recycled straw
5. Atmospheric
deposition
6. Irrigation

In:
1. Feed

In:
1. Crops
2. Animal products

Out:
1. Animal products

Out:
1. Food products
2. Waste

In:
1. Food products
Out:
1. Sewage

In:
1. Feed

In:
1. Import

In:
1. Food

Out:
1. Manure
2. Livestock for
slaughter

Out:
1. Export
2. Waste
3. Food

Out:
1. Household waste
2. Greywater
3. Blackwater

In:
1. Crops used as
livestock feed
2. Straw used as feed
3. Fishmeal used as
livestock feed
4. Food residue used for
feed

In: 1.
1. Food consumption
Out:
1. Excretion
2. Food waste
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Out:
1. Crops
2. Emissions
3. Leaching
4. Runoff

(Kummu et al.,
2012)

Out:
1. Livestock products
2. Excretion
a) Recycled to
cropland
b) Lost through
runoff
c) Leached to
groundwater
d) Volatilisation

Out:
1. Agricultural
losses

Out:
1. Post-harvest
losses
In:
1. Import

(Lassaletta et
al., 2014b)
Only nitrogen
(Lassaletta et
al., 2019)
Only nitrogen

Out:
1. Processing losses

Out:
1. Distribution
waste

Out:
1. Consumption waste

Out:
1. Export
In:
1. Feed
a) Feed crops
b) Brans
c) DDGs
d) Forage
e) Molasses
f) Swill
g) Animal products
h) Synthetic
i) Other residues
Out:
1. Retention
a) Growth
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b) Milk
c) Gestation
2. Excretion
(Le Noë et al.,
2017)

(Ma et al.,
2011)
Only
phosphorus

In:
1. Synthetic
Fertilisers
2. Atmospheric
deposition
3. Manure
4. Urban sludge
5. Symbiotic N2
fixation
Out:
1. Harvest crops
2. N volatilisation
3. Leaching
4. Erosion
In:
1. Fertiliser
2. Organic
fertiliser
3. Irrigation
4. Seed
Out:
1. Crops
2. Leaching
3. Runoff

In:
1. Ingestion

In:
1. Food consumption

Out:
1. Milk
2. Eggs
3. Meat
a) Edible
b) Inedible
4. Excretion

Out:
1. Excretion
2. Waste production

In:
1. Fodder
2. By-products
processing
Out:
1. Animal food
2. Manure

In:
1. Import

In:
1. Crops

Out:
1. Export

Out:
1. Plant food
2. Loss
3. By-products
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(Rutten et al.,
2013)

(Smit et al.,
2015)
Only
phosphorus

(Uwizeye et al.,
2016)

In:
1. Agricultural
products
2. Import

In:
1. Fertiliser
2. Manure
3. Waste
Out:
1. Crops
2. Leaching &
runoff
In:
1. Synthetic
Fertiliser
2. Manure
3. Crop residues
4. Biological N
fixation
5. Atmosphere
deposition

In:
1. Feed
Out:
1. Livestock products
2. Manure

Out:
1. Export
2. Seed
3. Industrial
processes
In:
1. Import
Out:
1. Export

In:
1. Consumption
primary commodities
2. Consumption
processed foods
3. Consumption via
food-related services

In:
1. Agricultural
products
2. Waste

In:
1. Food
Out:
1. Waste

Out:
1. Food
2. Waste

In:
1. Feed
2. Feed additives

In:
1. Milk
2. Live animals

Out:
1. Milk
2. Calves
3. Culled cows
4. Manure

Out:
1. Milk
2. Carcass
3. Non-edible products
4. Waste

Out:
1. Harvested crop
2. Volatilisation
3. Leaching
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4. Surface runoff

(Westhoek et
al., 2011)
Only nitrogen

(Wu et al.,
2018)

In:
1. N fertiliser
2. N fixation
3. N deposition
4. N manure
Out:
1. N feed
2. N in food crops
3. N emissions
4. N leaching and
runoff
In:
1. Fertiliser
2. Irrigation
3. Manure
4. Crop residue
5. Seed

In:
1. N feed

In:
1. Living animals

In:
1. Retail meat

In:
1. Consumed meat

Out:
1. N in livestock
products
2. N emissions
3. N manure

Out:
1. Retail meat
2. Loss

Out:
1. Loss

Out:
1. Loss

In:
1. Feed
Out:
1. Livestock products
2. Manure

Out:
1. Crops
2. Emissions
3. Leaching
4. Erosion
5. Runoff
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(Zhao et al.,
2017)

In:
1. Fertiliser
2. Seed
3. Irrigation
4. Nitrogen
fixation
5. Deposition
Out:
1. Crop products
2. Emissions
3. Denitrification
4. Runoff
5. Leaching
6. Erosion

In:
1. Feed
Out:
1. Live animal
2. Meat, milk and egg
3. Dead animal losses
4. Manure
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B. Module description
This chapter contains a more detailed description of the IMAGE-NuFaFo module described in Chapter
5.
B.1 Included nutrient flows
Not all flows found in literature are incorporated in the module, in this chapter, the selection of
nutrient flows is explained. An overview of the nutrient flows in the module is given in Figure 9 & Table
12.
B.1.1 Crop production
The literature review resulted in many flows from outside the agro-food chain to crop production. Of
these flows irrigation, human excreta and seeds are not included since they are small compared to
other flows. In 2005 in China, N input through irrigation, human excreta and seeds was respectively
2.3%, 3% and 0.7% of the total N input in crop production (Ma et al., 2010). Compost can be made
from straw and animal manure (Edwards et al., 2007). To avoid double-counting for nutrients in
manure applied to land, compost is not included in the IMAGE-NuFaFo module. By-products of
processing are not included as inflow into crop production. For all by-products found in the
processing data, other destinations are more common (Appendix B.3.3). Weathering of phosphate
rocks and soil organic matter loss are not included as inflow into crop production since it is already
present in the soil and is not applied to cropland separately. Data on phosphorus pesticide
application is not available on a global scale, therefore this flow is not included.
B.1.2 Animal production
Of the flows flowing into animal production found in literature, all flows are included. All inflows that
are coming from outside the agro-food chain are combined into one flow that is called feed other
than feed crops. By-products from processing are also part of this flow. For now, it is too difficult to
model a link between the by-products leaving the agro-food chain in the processing step and animal
production. This is a result of the way that the inflow of by-products into animal production is
calculated in IMAGE.
B.1.3 Post-harvest handling & storage
All nutrient flows in and out of post-harvest handling & storage found in literature are incorporated
in the module.
B.1.4 Processing
In the IMAGE-NuFaFo module, processing waste, wastewater, and emissions of N2 and NOx are
combined into one processing waste flow. In this research the focus is not on the destination of
nutrients in the environment, it is focussed on the flows in and out of the agro-food chain. Therefore,
these flows are combined into one processing waste flow out of the agro-food chain.
B.1.5 Distribution
For distribution, all flows found in literature are included in the module.
B.1.6 Consumption
The endpoint of the IMAGE-NuFaFo module developed in this thesis is on consumed food. Therefore,
human excretion and wastewater are not included in this module.
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Table 12: Nutrient flows in the IMAGE-NuFaFo module. [] indicates to which step in the agro-food chain the flow is linked

Crop production

Animal production

From
outside
the food
chain
From
another
step in
food chain

 Applied artificial fertiliser
 N fixation
 Deposition

 Feed other than
feed crops

Manure [animal production]

To another
step in
food chain

Produced crops [post-harvest]

 Feed crops
[post-harvest]
 Fed animal
products
[post-harvest]
 Manure
[crop production]
 Animal products
[post-harvest]

Leaving
the food
chain

 Leaching
 Denitrification
 Runoff
 Volatilisation

Livestock waste

Post-harvest handling &
storage

Processing

Distribution

Consumption

 Produced crops
[crop production]
 Animal products
[animal production]

Food products [postharvest]

 Food products
[post-harvest]
 Processed food
[processing]

Distributed food
[distribution]

 Food products
[Processing & distribution]
 Feed crops
[animal production]
 Animal products fed
[animal production]
 Net trade
[other region]
 Non-food crops
 Post-harvest handling &
storage waste

 Processed food
[distribution]

Distributed food
[consumption]

Consumed food
[end]

 By-products
 Processing waste

Distribution waste

Household waste
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B.2 Data sources
To quantify the flows in the module, different data sources are used (Figure 8). This chapter describes
per step, these sources and the actions needed to incorporate them in the module. An overview of
this is given in Table 13.
B.2.1 Crop production
All flows into crop production for the years 1970-2005 are taken from the IMAGE-Global Nutrient
Model (GNM) (Beusen et al., 2015). Some of the phosphorus flows in GNM are given in P2O5, these
are converted to P by multiplying the P2O5 flow with 0.436423486 (Box 1). In the GNM output, only
values of 0 for P surface runoff for the world are given. These are replaced with the sum of all
regions.
Box 1: Calculation of conversion factor kg P2O5 to kg P

1 mol P2O5 weights (2*30.973762+5*15.9994=) 141.9445 g
x kg P2O5 consists of x/141.9445 kmol P2O5
1 mol of P2O5 contains 2 mol of P
Thus x kg P2O5 contains 2*(x/141.9445) kmol P
1 mol P weights 30.973962 g
Thus x kg P2O5 corresponds with (2*(x/141.9445) kmol P* 30.973962 kg/kmol P)= 0.436423486 kg P
For the years after 2005, no GNM data is yet available, it is assumed the fraction of nutrient
flows/mass of produced crops is not changing. The flows taken from GNM for 1970-2005 are for the
years after 2005 calculated based on a fraction of input/mass of produced crops. These fractions are
calculated based on 2005. For example, the fraction of leaching is calculated by dividing leaching
from GNM in the year 2005 with the mass of produced crops from IMAGE in 2005. By applying this
fraction to mass of produced crops from IMAGE in a later year, the leaching in that year can be
calculated.
The mass of harvested crops comes from IMAGE (AGRPRODC). With the nutrient and moisture
contents of different crops, this flow is converted to nutrient flows and dry matter flows. The
nutrient and moisture content of different crops is found by adapting the nutrient content from GNM
according to the method described in Appendix B.4.1. All other output flows are taken from GNM or
calculated with a fraction based on GNM as described before.
B.2.2 Animal production
The dry matter of feed flowing into animal production is taken from IMAGE
(DM_CONSUMPTION_FEEDSTUFF). For ruminants it is taken from IMAGE (TFEED), the data for nondairy cattle, dairy cattle, and sheep & goats are added together. Feed to ruminants is divided into
fewer feed categories than feed to pigs & poultry and does not include, among others, feed
additives. To convert the dry matter flows to nutrient flows and mass, the N, P and moisture content
of feedstuff are used. Appendix B.4.2 describes the method of obtaining these nutrient and moisture
content of feedstuff.
The excretion of nitrogen with manure comes from IMAGE. For ruminants, the total of all product
classes is taken. With a conversion factor from GNM on N: P2O5 ratio in manure this excretion of
nitrogen with manure is then converted to phosphorus.
The livestock waste for pigs and poultry is taken from IMAGE. For ruminants, the waste is calculated
by multiplying a waste fraction of the FAO with the inflow into animal production (feed). The method
of obtaining this FAO waste fraction is given in Appendix B.3.1.
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The mass of produced animal products comes from IMAGE (AGRPRODA). Meat is given in carcass
weight. With nutrient and moisture content of animal products, this is converted to nutrient and dry
matter flows. The method of how the nutrient content of animal products is obtained is given in
Appendix B.4.3.
B.2.3 Post-harvest handling & storage
The inflows of post-harvest handling & storage are coming from crop production and animal
production in the module.
The net trade of a region is calculated by subtracting the total consumption of that region from the
domestic production. The total consumption is taken from IMAGE (AGRCONSC and AGRCONSA) and
the domestic production is taken from the module (crop production or animal production). For crops,
the N, P and dry matter flows are calculated with the nutrient and dry matter content of crops
(Appendix B.4.1). For animal products, the N/P/dm content of animal products is used (Appendix
B.4.3). This way of calculating net trade is a simplification of reality since total consumption in IMAGE
also includes stock changes. It is therefore not possible to fully attribute the change between
domestic consumption and production to net trade.
The number of crops and animal products flowing to animal production as feed are taken from the
IMAGE framework (FEED). In the IMAGE framework, it is given per animal type, but for the outflow
from post-harvest handling and storage, the total of animal types is taken. It is converted to N, P and
dry matter flows with the nutrient and dry matter content of crops (Appendix B.4.1) and animal
products (Appendix B.4.3).
Post-harvest handling & storage waste is calculated by applying a waste fraction of the FAO
(Appendix B.3.1) to the domestic food flow. This domestic food flow is calculated by subtracting nettrade and products used as feed from the production. It is then converted to nutrients and dry
matter with the contents of crops (Appendix B.4.1) and animal products (Appendix B.4.3). The world
waste flow is calculated as a sum of all regions.
The food products continuing in the food chain are calculated by subtracting the waste from the
domestic food flow.
B.2.4 Processing
The flow into processing is a part of the food flowing out of post-harvest handling and storage. To
calculate how much of the flow out of post-harvest handling and storage is going into processing,
fractions are used. These fractions are calculated from MAGNET according to the method described
in Appendix B.3.2.
The products entering the food processing step, end up in processed food or by-products. These byproducts can be fed to livestock and thus flows back in the agro-food chain or flow to other
industries and thus leave the food chain. The mass of all these processing flows is determined by
multiplying the inflow with different fractions. The method of collecting these fractions is given in
Appendix B.3.3.
The mass flows obtained by doing this, are converted to nutrient and dry matter flows with the
nutrient content of processed products. The method of collecting these nutrient contents is given in
Appendix B.4.4. The world processing flows are calculated as a sum of all regions.
A waste fraction of the FAO (Appendix B.3.1) is used to calculate the waste flow from processing. This
is done by multiplying the waste fraction with the inflow into processing. It is assumed this waste
fraction also applies to nutrients. The world waste flow is calculated as a sum of all regions.
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B.2.5 Distribution
The flow from post-harvest handling and storage into distribution is calculated by multiplying a
fraction taken from MAGNET (Appendix B.3.2) with the flow out of post-harvest handling & storage.
The processed food flowing out of the processing step is an inflow into distribution. The food coming
from post-harvest handling and storage and processing together are the inflow of food into
distribution.
By multiplying the inflow into distribution with a waste fraction from the FAO (Appendix B.3.1),
distribution waste is calculated. The world waste flow is calculated as a sum of all regions.
The amount of distributed food is calculated by subtracting the waste from the inflows into
distribution.
B.2.6 Consumption
Entering the consumption step is the amount of distributed food calculated in the distribution step.
The amount of household waste is calculated by multiplying the FAO waste fraction (Appendix B.3.1)
with the inflow into consumption (distributed food). The world waste flow is calculated as a sum of
all regions.
By subtracting the household waste from the distributed food, the consumed amount of food is
found.
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Table 13: Data sources and action needed to calculate flows in the IMAGE-NuFaFo module

Flow

Data source

Variable

Action needed

Applied artificial
fertiliser

IMAGE-GNM

NFertiliser
P2O5Fertiliser

Convert P2O5 to P
For years after 2005 calculate based on
fraction

N fixation

IMAGE-GNM

Nfixation

For years after 2005 calculate based on
fraction

Deposition

IMAGE-GNM

Ndeposition

For years after 2005 calculate based on
fraction

Applied Manure

IMAGE-GNM

Nmanure
P2O5manure

Produced crops

IMAGE

AGRPRODC

Convert P2O5 to P
For years after 2005 calculate based on
fraction
Convert to N/P/dm with N/P/dm
content GNM

Leaching

IMAGE-GNM

Nleaching

For years after 2005 calculate based on
fraction

Denitrification

IMAGE-GNM

Ndenitrification

For years after 2005 calculate based on
fraction

Runoff

IMAGE-GNM

Nsurface_runoff
Psurface_runoff

For years after 2005 calculate based on
fraction

Volatilisation

IMAGE-GNM

Nmanure_volatilisation
NFertiliser_volatilisation

For years after 2005 calculate based on
fraction

IMAGE

PIGS_DM_CONSUMPTION_FEEDSTUFF
POULTRY_DM_CONSUMPTION_FEEDSTUFF
TFEED

For all: convert to N/P/mass with
N/P/moisture content feedstuff

Crop production

Animal
production
Feed

Add up non-dairy cattle, dairy cattle
and sheep & goats
Convert to P with N: P2O5 ratios in
manure from GNM

Manure

IMAGE

N_EXRETION

Animal products

IMAGE

AGRPRODA

Convert to N/P/dm with nutrient and
moisture content

Livestock waste

IMAGE
FAO waste fractions

PIGS_N_LOST
POULTRY_N_LOST

Multiply waste fraction with inflow into
animal production (feed) for ruminants

Post-harvest
handling &
storage
Produced crops

IMAGE-NuFaFo module

Produced crops

Animal products

IMAGE-NuFaFo module

Animal products

Net trade

IMAGE

AGRCONSC
AGRCONSA

Feed crops

IMAGE

FEED

Subtract the regional consumption
from domestic production.
Convert to N/P/dm flows with N/P/dm
content from GNM and data of
Lassaletta
Take total of animals
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Non-food crops

IMAGE-NuFaFo module

Post-harvest
handling &
storage waste
Food products

FAO waste fraction

Produced crops

Separate non-food crops and food
crops
Multiply waste fraction with inflows –
non-food crops-net trade – feed crops

IMAGE-NuFaFo module

Produced crops
Animal production
Net trade
Feed crops
Non-food crops
Post-harvest handling & storage waste

Produced crops + animal production –
Net trade – feed crops – non-food
crops – post-harvest handling &
storage waste

Food products

MAGNET
IMAGE-NuFaFo module

Fraction of food to processing
Food products

Processed food

IMAGE-NuFaFo module
FAO Extraction rates

Inflow food products to processing

By-products
processing
potentially fed to
livestock
By-products to
other industries

FAO Extraction rates

Multiply MAGNET fractions with flow
of food products out of post-harvest
handling & storage
Multiply extraction rates FAO with
mass inflow food product into
processing
Fraction= extraction rates by-products
Multiply fraction with mass inflow food
product into processing

Processing

IMAGE-NuFaFo module
Different sources:
Mass fractions byproducts leaving the agrofood chain
FAO Waste fraction

Inflow food products to processing

Food products

MAGNET
IMAGE-NuFaFo module

Fraction of food directly consumed
Food products

Processed food

IMAGE-NuFaFo module

Processed food

Distribution
waste

FAO waste fraction

Processing waste

Multiply mass fractions with mass
inflow food product into processing

Multiply waste fraction with inflow
processing

Distribution
Multiply MAGNET fractions with flow
of food products out of post-harvest
handling & storage

Multiply waste fraction with inflow
distribution

Distributed food

Inflows distribution - waste

Consumption
Distributed food

IMAGE-NuFaFo module

Household waste

FAO waste fraction

Consumed food

Distributed food
Multiply waste fraction with inflow
consumption
Distributed food – household waste
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B.3 Fractions
B.3.1 Waste fractions
The waste fractions used in the IMAGE-NuFaFo module are based on waste fractions given by the
FAO (FAO, 2011). For some steps, two values are given, then an average is used as a waste fraction.
To allocate the waste fractions per FAO region to IMAGE regions, the countries in both regions are
compared. The countries belonging to the IMAGE regions are gathered (Stehfest et al., 2014) and
linked to the FAO regions. The allocation of the different regions is given in Table 14.
Table 14: Allocation IMAGE regions to regions report FAO(2011)

IMAGE region
Canada
USA
Mexico
Rest Central America
Brazil
Rest South America
Northern Africa
Western Africa
Eastern Africa
South Africa
OECD Europe
Eastern Europe
Turkey
Ukraine +
Asia-Stan
Russia +
Middle East
India
Korea
China +
South East Asia
Indonesia +
Japan
Oceania
Rest of S. Asia
Rest of S. Africa
World

FAO region data used
North America and Oceania
North America and Oceania
Latin America
Latin America
Latin America
Latin America
North Africa, west and central Asia
Sub-saharan Africa
Sub-saharan Africa
Sub-saharan Africa
Europe incl. Russia
Europe incl. Russia
North Africa, west and central Asia
Europe incl. Russia
North Africa, west and central Asia
Europe incl. Russia
North Africa, west and central Asia
South and southeast Asia
Industrialised Asia
Industrialised Asia
South and southeast Asia
South and southeast Asia
Industrialised Asia
North America and Oceania
South and southeast Asia
Sub-saharan Africa
Average of all

The food types of IMAGE and FAO are linked according to Table 15. It is assumed sugar products more
or less have the same waste fraction as oilseeds and pulses because of their high processing rate.
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Table 15: Allocation crop types IMAGE regions to products report FAO(2011)

Food type IMAGE (new)
Wheat
Rice
Maize
Tropical cereals
Other temperate cereals
Pulses
Soybeans
Temperate oil crops
Tropical oil crops
Temperate roots & tubers
Tropical roots & tubers
Sugar products
Oil, palm fruit
Vegetables & fruits
Other non-food, luxury, spices
Plant-based fibres
Cattle meat
Cattle dairy
Pigmeat
Sheep & goat meat
Poultry & eggs

Used product from FAO
Cereals
Cereals
Cereals
Cereals
Cereals
Oilseeds and pulses
Oilseeds and pulses
Oilseeds and pulses
Oilseeds and pulses
Roots and tubers
Roots and tubers
Oilseeds and pulses
Oilseeds and pulses
Fruits and vegetables
Meat
Milk
Meat
Meat
Meat

B.3.2 MAGNET fractions
From MAGNET the variable NUTFLOWSQUAN for 2011 is used. This variable gives the number of
nutrients consumed directly or via processing or food-related services. Food-related services are
excluded in this research since it is assumed the ratio between processed and raw products is the
same in food-related services. The fraction flowing to processing is calculated by dividing the flow to
processing (domestic + imported) by the total flow (processing + direct). The fraction to distribution
is calculated by dividing the direct flow by the total flow. MAGNET regions and food types are slightly
different from the ones used in the IMAGE-NuFaFo module. Table 16 indicates how these regions and
products are allocated.
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Table 16: Allocation IMAGE regions and products types to MAGNET regions and items

IMAGE region

MAGNET region

Canada
USA
Mexico
Rest Central America
Brazil

CAN
USA
MEX
CAM
BRA

Rest South America
Northern Africa
Western Africa

RSM
NAF
WAF

Eastern Africa
South Africa

EAF
ZAF

OECD Europe

WER

Eastern Europe
Turkey
Ukraine +

CER
TUR
UKR

Asia-Stan
Russia +
Middle East
India
Korea

CAS
RUR
ME
IND
KOR

China +
South East Asia

CHR
SEA

Indonesia +
Japan
Oceania
Rest of S. Asia
Rest of S. Africa
World

IDN
JAP
OCE
RSA
RSF
World

Products used in
the module
Wheat
Rice
Maize
Tropical cereals
Other temperate
cereals
Pulses
Soybeans
Temperate oil
crops
Tropical oil crops
Temperate roots
& tubers
Tropical roots &
tubers
Sugar products
Oil, palm fruit
Vegetables &
fruits
Total food crops
Cattle meat
Cattle dairy
Pigmeat
Sheep & goat
meat
Poultry & eggs
Total animal
products
Total

MAGNET Item
wht
pdr
grain
grain
grain
hort
oils
oils
oils
hort
hort
sug
oils
hort
NaN
cattle
milk
pigpls
othctl
pltry
NaN
NaN

B.3.3 Processing fractions
As explained in Appendix B.2.4, a food product entering the processing step results in processed food
and by-products. These by-products can either be fed to livestock and thus flow back in the agrofood chain or leave the agro-food chain and be used by other industries.
The mass of processed food and by-products is determined by the mass of the food product flowing
in and extraction rates. The extraction rate is defined as the number of processed products or byproduct obtained from the originating product. I assume these are mass fractions. For the byproducts of this processed food, it is searched whether or not they can be fed to livestock. When
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they cannot be fed to livestock, these by-products are leaving the agro-food chain. Mass fractions of
these by-products leaving the food chain are searched in literature.
The assignment of processing fractions of different food types in different regions is based on FAO
data (FAO, s.a.). This FAO data is based on the years 1992-1996 and can thus be a bit outdated. The
FAO data is given per country, this is aggregated to IMAGE regions according to Table 17. It is assumed
the processing fraction of an IMAGE region is an average of the processing fractions of countries in
that region. When, for a processed product in a region, there is no data available a world average is
taken.
An overview of main products, by-products fed to livestock and by-products leaving the agro-food
chain after processing of IMAGE food type included in the module are given in Table 18. The numbers
indicate different products and of these, an average is taken.
When this method results in a negative processing fraction, this fraction is set at 0. This is the case
for rice in Western Europe and Japan.
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Table 17: Countries used to aggregate FAO (s.a) data to IMAGE regions

Region IMAGE

Countries IMAGE regions

Canada
USA

Canada
St. Pierre and
United States
Mexico
The
Bahamas,
Barbados,
Bermuda, Belize, Virgin Isl.
(Br.), Cayman Islands, Costa
Rica, Dominica, Dominican
Republic, El Salvador, Grenada,
Guadeloupe, Guatemala, Haiti,
Honduras,
Jamaica,
Martinique, Montserrat,
Aruba, Netherlands Antilles,
Nicaragua, Panama, Puerto
Rico, St. Kitts and Nevis,
Anguilla, St. Lucia, St. Vincent
and the Grenadines, Trinidad
and Tobago, Turks and Caicos
Isl., Virgin Islands (U.S.)
Brazil
Argentina,
Bolivia,
Chile,
Colombia, Ecuador, Falklands
Isl., French Guyana, Guyana,
Paraguay, Peru, Suriname,
Uruguay, Venezuela
Algeria,
Libya,
Morocco,
Western
Sahara,
Tunisia,
Egypt, Arab Rep.
Cameroon,
Cape
Verde,
Central African Republic, Chad,
Congo, Rep., Congo, Dem.
Rep., Benin, Equatorial Guinea,
Gabon, Gambia, , Ghana,
Guinea, Cote d'Ivoire, Liberia,
Mali,
Mauritania,
Niger,
Nigeria, Guinea-Bissau, St.
Helena, Sao Tome and
Principe,
Senegal,
Sierra
Leone, Togo, Burkina Faso
Burundi, Comoros, Ethiopia,
Eritrea,
Djibouti,
Kenya,
Madagascar,
Mauritius,
Reunion, Rwanda, Seychelles,
Somalia, Sudan, Uganda
South Africa
Andorra, Austria, Belgium,
Denmark, Faeroe Islands,
Finland, France, Germany,

Mexico
Central America

Brazil
Rest of South America

Northern Africa

Western Africa

Eastern Africa

South Africa
Western Europe

Countries FAO (s.a) used to
calculate average
Canada
Miquelon, United States of America
Mexico
Bahamas, Barbados, Belize,
Costa Rica, Dominica, El
Salvador,
Grenada,
Guadeloupe, Guatemala
Haïti, Honduras, Jamaica
Martinique, Montserrat,
Netherlands
Antilles,
Nicaragua, Panama, Puerto
Rico, Républica Dominicana, St
Kitts and Nevis, St Lucia, St
Vincent and the Grenadines,
Trinidad and Tobago, Virgin
Islands (US)

Brazil
Argentina,
Bolivia,
Chile,
Colombia, Ecuador, Falklands
Isl., French Guyana, Guyana
Paraguay, Peru, Suriname,
Uruguay, Venezuela
Algérie, Egypt, Libya, Maroc,
Tunisie
Burkina Faso, Cameroun, Capvert, République de Congo,
Rép dém du Congo, Bénin,
Guinea Ecuatorial, GuinéeBissau, Gabon, Gambia, Ghana
Guinée, Cote d'Ivoire, Liberia,
Mali,
Mauritanie,
Niger,
Nigeria, Rep. Centrafricaine,
Sao Tomé-et-Principe, Sénégal
Sierra Leone, Tchad, Togo
Burundi, Comoros, Djibouti,
Eritrea,
Ethiopia,
Kenya,
Madagascar,
Mauritius,
Réunion, Rwanda, Seychelles,
Somalia, Sudan, Uganda
South Africa
Austria, Belgique-Luxembourg,
Denmark, Finland
France,
Germany,
Grèce,
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Central
Europe

Europe/

Turkey
Ukraine region
Central Asia/Asia stan

Russia region
Middle East

India
Korea region
China region
Southeastern Asia

Indonesia region
Japan
Oceania

Gibraltar, Greece, Vatican City
State, Iceland, Ireland, Italy,
Liechtenstein,
Luxembourg,
Monaco,
Netherlands,
Norway, Portugal, San Marino,
Spain, Sweden, Switzerland,
United Kingdom, Malta
Eastern Albania,
Bosnia
and
Herzegovina, Bulgaria, Croatia,
Cyprus,
Czech
Republic,
Estonia,
Hungary,
Latvia,
Lithuania, Macedonia, FYR,
Poland, Romania, Serbia and
Montenegro, Slovak Republic,
Slovenia
Turkey
Belarus, Moldova, Ukraine

Iceland, Ireland, Italie, Malta,
Netherlands,
Norway,
Portugal, Espana, Sweden,
Suisse, United Kingdom

Albanie,
Bosnia
and
Herzegovina, Bulgarie, Croatia,
Czech
Republic,
Estonia,
Rep.of, Hungary, Latvia, rep.
of,
Lithuania,
rep.
Of,
Macedonia, Poland, Roumanie,
Slovakia, Slovenia
Turkey
Belarus, rep. Of, Moldova, rep.
Of, Ukraine
Kazakhstan,
Kyrgyzstan,
Tajikistan,
Turkmenistan,
Uzbekistan
Azerbaijan, Armenia, Georgia,
Russian Federation
Bahrain, Iran, islamic rep. Of,
Iraq, Israel, Jordan, Kuwait,
Liban, Oman, Qatar, Saudi
Arabia, kingdom of Syria,
United Arab Emirates, Yemen

Kazakhstan, Kyrgyz Republic,
Tajikistan,
Turkmenistan,
Uzbekistan
Azerbaijan, Armenia, Georgia,
Russian Federation
Bahrain, Iran, Islamic Rep.,
Iraq, Israel, Jordan, Kuwait,
Lebanon, Oman, Qatar, Saudi
Arabia, Syrian Arab Republic,
United Arab Emirates, Yemen,
Rep.
India
India
Korea, Dem. Rep., Korea, Rep. Korea, dem. peop. rep. of,
Korea, republic of
China, Taiwan, Hong Kong, China (mainland), Hong Kong,
China, Macao, China, Mongolia Mongolia
Brunei, Myanmar, Cambodia, Brunei
Darussalam,
Lao PDR, Malaysia, Philippines, Cambodge, Laos, Malaysia,
Singapore, Vietnam, Thailand
Myanmar,
Philippines,
Singapore, Thailand, Vietnam
Indonesia, Papua New Guinea, Indonesia
East Timor
Japan
Japan
American Samoa, Australia, American Samoa, Australia,
Solomon Islands, Cook Isl., Fiji, Cook Isl., Fiji, Polynésie
French Polynesia, Kiribati, Française, Kiribati, Nauru,
Nauru,
New
Caledonia, Nouvelle-Calédonie,
New
Vanuatu, New Zealand, Niue, Zealand,
Niue,
Samoa,
Northern Mariana Islands, Solomon
Islands,
Tonga,
Micronesia, Fed. Sts., Marshall Tuvalu, Vanuatu
Islands,
Palau,
Pitcairn,
Tokelau, Tonga, Tuvalu, Wallis
ans Futuna Island, Samoa
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Rest of South Asia

Rest of Southern Africa

Afghanistan,
Bangladesh,
Bhutan, Maldives, Nepal,
Pakistan, Sri Lanka
Angola, Botswana, Lesotho,
Malawi,
Mozambique,
Namibia,
Zimbabwe,
Swaziland, Tanzania, Zambia

Afghanistan,
Bangladesh,
Bhutan, Maldives, Nepal,
Pakistan, Sri Lanka
Angola, Botswana, Lesotho,
Malawi,
Mozambique,
Namibia, Swaziland, Tanzania,
Zambia, Zimbabwe

B.3.3.1 Processed food (main product)
Every product in the FAO data is assigned to one of the IMAGE food types according to the
commodity trees of the FAO (FAO, s.a.). In most cases, only the first level of processing is taken into
account. This is in line with the method of the FAO Food Balance Sheets (FAO, 2001). For wheat, for
example, the processed product is wheat flour and not macaroni. However, for sugar products and
some oil crops, the second level is included. This is done because the first level of processing does
not result in an edible product. For sugar crops, the first level of processing is raw sugar and this is
not eaten without further refinery.
If there is more than one type of processed product originating from an IMAGE food type, an average
is taken. Not all products are included in this research when a product has more than one originating
food type, it is not included since it cannot be appointed to one IMAGE food type. Examples of
excluded products are breakfast cereals, cereal preparations and soy sauce.
The extraction rate of whole milk, condensed and whole milk, evaporated in Malaysia are omitted.
They differ a lot from the extraction rate in all other countries, this is assumed to be a mistake. For
cream fresh, ghee and butter the extraction rate is said to be 1 since the skimmed milk produced in
this process is also consumed by humans.
For meat, the second level of processing is taken. The first step from live weight to carcass weight is
not included in the processing fractions since AGRPRODA already gives the data in carcass weight.
There is no country-specific data of these fractions so for all regions, the world average is taken. For
sheep & goat meat there is no extraction rate given, it is assumed to be the same extraction rate as
for cattle. For chickens, only one extraction rate is known
B.3.3.2 By-products
For by-products that do not have their own extraction rate, the world average from the commodity
trees is taken.
For some FAO data taking an average world value results in a total processing fraction (processed
product + by-product) higher than 1. It is assumed the world value is too high and it is adapted until
the total fraction is 1. Some FAO data results in a total fraction higher than 1 in itself. This is not
further adapted since the mass could also increase by adding other ingredients.
Wheat by-products are brans and germs, these can both be fed to animals (Feedipedia, 2013;
Schedle, 2016).
Rice is processed into either husked rice or milled paddy rice. In husked rice, the only by-product is
hulls (also called husks). Hulls are not used as feed or food and are leaving the food chain to other
industries (Rice Knowledge Bank, s.a.). It is assumed almost no water is lost in rice production. For
rice husks, the processing fraction is calculated by 1-main product – brans. When this calculated
fraction is higher than 0.25, it is set to be 0.25 to match the FAO data that says it should be <.25. In
the production of milled paddy rice, also bran is produced.
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By-products of maize processing are bran and germ. Maize bran and germ can both be fed to animals
(Heuzé et al., 2015d; Heuzé et al., 2016c).
In processing of tropical cereals, brans or hulls are produced as by-products. These can be fed to
livestock (FAO, 1994; Heuzé et al., 2015e; Tran, 2015).
Of the other temperate cereals, rye is an exception with only bran as a by-product. Barley, oats, and,
buckwheat also have hulls as a by-product. These hulls can also be fed to animals (Flis et al., 2010;
Heuzé et al., 2016a; Heuzé et al., 2016b).
In the processing of pulses only bran is produced as a by-product. This can be fed to livestock
(Sherasia et al., 2017).
When pressing soybeans for oil, soybean cake is left as a by-product. This cake can be used as animal
feed (FAO, 1994).
For temperate oil crops (except olives) the processing by-products are cakes. In the production of
olive oil, olive residues are left. Both the olive residues and cakes can be fed to livestock (FAO, 1994).
In tropical oil crops, different processing types are used, resulting in different by-products.
Groundnuts are first shelled, these shells can be fed to livestock (Heuzé et al., 2017). Besides that,
also groundnut cake is produced. This can be fed to livestock as well (Heuzé et al., 2018).
Coconuts are husked, these husks are used by other industries, for example as charcoal or fibres in
mats (Punchihewa & Arancon, 1999). These are thus flowing out of the agro-food chain. This is a
mass fraction of 50% of the coconut (Perera et al., 2014). Another by-product is coconut cake, this
can be used as feed (Heuzé et al., 2015e). The by-product of sesame oil is cake which can be fed to
livestock (FAO, 1994). Shea nuts are used to make karite butter, the cake that is resulting as a byproduct is edible for animals (Heuzé et al., 2015f). The mass fraction of the products that are leaving
the food chain is the average of all these by-products for all food types (groundnut, coconut, sesame
seed, flour, shea nut).
Temperate roots & tubers are consisting of potatoes, all by-products of processing of potatoes can
be fed to livestock (Charmley et al., 2006). For tropical roots & tubers, the by-products of processing
can also be fed to livestock (Pujaningsih et al., 2017).
Sugar cane is separated in molasses, bagasse and raw centrifugal cane sugar that is further refined
into sugar. Molasses and bagasse can both be fed to livestock (Heuzé et al., 2015a; Heuzé et al.,
2015b). Sugar beet is separated in molasses, dry beet pulp and raw centrifugal beet sugar that is
further refined into sugar. Both molasses and dry beet pulp can be used as feed (Boucque et al.,
1976; Feedipedia, 2019). For sugar products, not the processing fraction of refined sugar is used,
since this is a further processing of raw centrifugal sugar. The processing fraction of raw centrifugal
sugar is used, for the regions that do not specify an extraction rate of raw centrifugal sugar, the
world average of 0.11 (FAO, s.a.) is taken.
There are two ways of obtaining oil from palms. One way is with the extraction of oil from palm
kernels, which is comparable with the extraction of oil from other oil crops. First, they are shelled
and then they are pressed for oil (Poku, 2002). The shell cannot be fed to livestock and is thus leaving
the agro-food chain (Alengaram et al., 2010). The palm kernel cake that is left, can be fed to animals
(Heuzé et al., 2016d). The fruit of the oil palm can also be used to obtain palm oil (Poku, 2002). The
by-products of this method are empty fruit bunches and can be fed to livestock (Heuzé et al., 2015f).
The only by-product from processing oil, palm fruit that is leaving the agro-food chain is thus palm
kernel shell. The mass fraction of this shell is .07 per palm fruit (Okoroigwe & Saffron, 2012).
By-products from vegetable and fruit processing can be fed to livestock (Wadhwa & Bakshi, 2013).
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In processing milk, the only by-product is whey which is produced in making cheese. Whey can be fed
to livestock (Londero et al., 2014).
Table 18: Main products, by-products fed to livestock and by-products leaving the agro-food chain after processing of
IMAGE food type included in the module []indicate world average

Originating product

Main product

By-products fed to livestock
[world average fraction]

Wheat

1. Wheat flour
2. Malt
3. Bulgur, wholemeal
1. Milled paddy rice
2. Husked rice
Flour of maize

Wheat bran [.18] & wheat
germ [.02]

Rice
Maize
Tropical cereals

Other temperate
cereals

Pulses
Soybeans
Temperate oil crops

Tropical oil crops

Temperate roots &

1. Flour of millet
2. Flour of sorghum
3. Flour of fonio
1. Pot barley
2. Barley malt
3. Flour of rye
4. Oats rolled
5. Flour of buckwheat
6. Flour of triticale
7. Flour of cereals n.e.s.
8. Flour of mixed grain

Flour of pulses
Oil of soybeans
1. Preserved olives
2. Oil of olives, virgin
3. Oil of sunflower seed
4. Oil of rapeseed
5. Oil of mustard
6. Oil of linseed
7. Oil of safflower seed
8. Oil of poppy seed
9. Flour/meal of
temperate oilseeds
10. Oil of oilseeds n.e.s.
1. Shelled groundnuts * Oil
of groundnuts
2. Copra * copra/coconut
oil
3. Desiccated coconuts
4. Oil of sesame seed
5. Flour/meal of tropical
oilseeds
6. Karite butter
1. Frozen potatoes

1. Bran [.08]

By-products
leaving the
agro-food
chain

Husks [<.25]

Maize bran [.11] & maize germ
[.06]
1. Bran of millet [.10]
2. Bran of sorghum [.08]
3. Bran of fonio [.15]
1. Bran of barley [.19] &
barley hulls [<.07]
2. Bran of rye [.17]
3. Bran of oats [.20] & oat
hulls [.30]
4. Bran of buckwheat [.20] &
buckwheat hulls [.21]
5. Bran of triticale [.23]
6. Bran of cereals n.e.s.
7. Bran of mixed grain [<.20]
Bran of pulses [.23]
Cake of soybeans [.79]
1. Olive residues [.4]
2. Cake of sunflower seed[.47]
3. Cake of rapeseed [.6]
4. Cake of mustard [.6]
5. Cake of linseed [.63]
6. Cake of safflower seed
7. Cake of poppyseed
8. Cake of oilseeds n.e.s

1. Shelled groundnuts [.7] *
cake of groundnuts [.54]
2. Copra [.21] * cake of copra
[.36]
3. Cake of sesame seed [.51]
4. Cake of shea nut
5. Cake of coconuts

1. Coconut
husks [0.5]

1. Potato offals [.55]
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tubers

Tropical roots &
tubers

Sugar products

Oil, palm fruit

Vegetables & fruits

Cattle meat

Cattle milk

2. Potato tapioca
3. Flour of potatoes
4. Dehydrated potatoes
5. Potato chips
6. Starch of potatoes
1. Flour of cassava
2. Tapioca (from cassava)
3. Dried cassava
4. Starch of cassava
5. Flour of roots & tubers
6. Sweet potato starch
1. Cane sugar * refined
sugar
2. Beet sugar * refined
sugar
1. Palm kernels * oil of
palm kernels
2. Oil of palm
1. Juice
2. Tomato paste
3. Peeled tomatoes
4. Prepared vegetables
5. Prepared vegetables by
vinegar
6. Dried vegetables/fruits
7. Sweet corn frozen
8. Sweet corn prepared
9. Vegetables canned
10. Vegetables frozen
11. Brazil nuts shelled
12. Cashew nuts, shelled
13. Almonds, shelled
14. Walnuts, shelled
15. Hazelnuts, shelled
1. Beef & veal boneless
[.71] + cattle butcher
fat [.12]
2. Beef dried salted
smoked [.46]
3. Meat extracts[.2]
4. Sausages beef & veal
[.80]
5. Beef prepared [.60]
6. Meat prepared nes[.90]
7. Beef canned
8. Homogenized meat
prep
1. Ghee + skimmed milk
2. Butter + skimmed milk
3. Cream fresh + skimmed

1. Molasses [.05] + bagasse
[.25]
2. Molasses [.05] + dry beet
pulp [.07]
1. Palm kernels [.06] * cakes
of palm kernels [.52]

Shell of palm
kernel [.07]

1. Fruit pulp [.40]

1. Whey[.73]
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Pigmeat

Sheep & goat meat
Poultry & eggs

milk
4. Whole milk evaporated
5. Whole milk condensed
6. Dry whole milk
7. Cheese
1. Pork [.73]+Pig butcher
fat[.18]
2. Bacon-ham of pigs[.77]
3. Sausages pig meat [.85]
4. Meat prepared pigs[.88]
5. Pigskins fresh
Assumed to be the same as
cattle meat
1. Meat canned
chicken[.92]
2. Homogenized meat
preparation
3. Offals liver of chickens
4. Fat liver preparation
5. Fat of poultry

B.4 Nutrient contents
Contents of nitrogen, phosphorus and dry matter are collected, these are called nutrient contents
from now on. These nutrient contents are given in fractions per mass flow to easily convert mass
flows to nutrient flows. To obtain these nutrient contents in fractions, some conversions from source
data are needed (Box 2).
Box 2: Conversions needed to obtain fractions nutrient content from different source data

Source data
% nutrient content
g/kg nutrient content
mg/g nutrient content
mg/100 g nutrient content
mg/kg nutrient content
ppm nutrient content
% protein
protein per 100 g
Moisture content %

Conversion needed to obtain fractions
Source data/100
Source data/1000
Source data/1000
Source data/100 000
Source data/1 000 000
Source data/1 000 000
(Source data/NCF1)/100
(Source data/NCF1)/100
1- (Source data/100) = dm

1 NCF is nitrogen conversion factor and is used to convert protein to nitrogen. For most cases an NCF of
6.25 is applicable.

B.4.1 Crops
The nutrient content of crops is taken from GNM. For the years 1970-2005 these nutrient contents
are available for 8 crop types used in older versions of the IMAGE model. With a simple conversion,
these are appointed to the 17 crop types used in this module according to Table 19.
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Table 19: Allocation of crop types old version IMAGE to the ones used in the module

Crop types module
Wheat
Rice
Maize
Tropical cereals
Other temperate cereals
Pulses
Soybeans
Temperate oil crops
Tropical oil crops
Temperate roots & tubers
Tropical roots & tubers
Sugar products
Oil, palm fruit
Vegetables & fruits
Other non-food, luxury, spices
Plant-based fibres

Old IMAGE crop
types
Temperate
cereals
Rice
Maize
Tropical cereals
Temperate
cereals
Pulses
Pulses
Oilseeds
Oilseeds
Roots & tubers
Roots & tubers
Other crops
Oilseeds
Other crops
Other crops
Other crops

For years after 2005, no nutrient content is available, it is assumed the nutrient content of crops will
stay the same and the nutrient content of 2005 is used for these years.
B.4.2 Feedstuff
The feed types into pigs & poultry are different from the feed types into ruminants. Here, the
method of obtaining the nutrient content for both lists of feed types is given. Table 20 gives an
overview of the data sources used for both lists of feed types.
B.4.2.1 Pigs & poultry
The nutrient content of crops used as feed is the same as the nutrient content of crops from GNM
since there is no alteration in crops before it is fed to animals. For oil crops, the average of all regions
is taken since it is assumed the feed market is global and there is no difference in nutrient contents
per region. The nutrient content of other feedstuff is based on data collected by Lassaletta1. For the
nutrient content of the feed type animals, the data of Lassaletta is filtered on FAO animal feed as a
source. The nutrient content of the feed type animal products is an average of the following animal
products:

1

This data is not published, but can be found at the PBL server at
Y:\Kennisbasis\IMAGE\model\IMAGE-land\IMAGE-land_applicationProjects\NutrientFlows\IMAGE model files
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Whey
Milk, Whole
Pelagic Fish
Demersal Fish
Fish Meal
Fats, Animals, Raw








Marine Fish, Other
Meat Meal
Offals, Edible
Fish, Body Oil
Aquatic Plants
Molluscs, Other







Crustaceans
Freshwater Fish
Cephalopods
Meat, Other
Eggs

The nutrient content for brans is obtained from Feedipedia an Animal Feed Resources Information
System of the INRA CIRAD AFZ and FAO (Heuzé et al., 2015c).
For dry distillers grain (DDGS) the nutrient content is an average of data collected by different
researchers. Data is taken from the overview tables given by (Liu, 2011).
The nutrient content for forage is the average of data of Lassaletta with the IMAGE feed category
forage. The following products are part of this data:





Maize for forage
and silage
Sorghum for forage
and silage
Ryegrass for forage
& silage
Grasses Nes for
forage & silage







Clover for forage
and silage
Alfalfa for forage
and silage
Green Oilseeds for
Silage
Leguminous for
Silage
Cabbage for Fodder









Turnips for Fodder
Beets for Fodder
Carrots for Fodder
Swedes for Fodder
Forage Products
Vegetables Roots
Fodder
Grass

The nutrient content of molasses is the average of the nutrient content of sugarcane (Heuzé et al.,
2015b) and beet molasses (Feedipedia, 2019) out of Feedipedia.
For swill, the data of Lassaletta for the IMAGE_crops Swill is taken. There is no data on phosphorus
content for swill, thus it is assumed this is 0. The synthetic feed is assumed to be more or less the
same as feed additives. Therefore, the nutrient content of supplements from Lassaletta is used. The
nutrient content of other residues is taken from Lassaletta as the average of IMAGE_crops crop
residues. The nutrient content of lime is based on a product specification of animal feed lime from
P&B limeworks (P & B limeworks, s.a.).
B.4.2.2 Ruminants
The nutrient content for the feed types into ruminants is more or less based on the same data as the
feed types into pigs & poultry.
For food crops, the average of the nutrient content of crops from GNM is taken. For animal products,
the same data is used as for pigs & poultry. The nutrient content of residues is the same as the data
for other_res from pig & poultry. The nutrient content of the feed type scavenging is taken from
Lassaletta for IMAGE_crops scavenging. The nutrient content for grass & fodder is based on the
animal feed type forage of pigs & poultry but also includes the nutrient content of grass as obtained
from the data of Lassaletta.
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Table 20: Data sources nutrient content of feed types

Feed type
Pigs & poultry
Temperate cereals
Rice
Maize
Tropical cereals
Pulses
Roots & tubers
Oil crops
Other
Animal
Brans
DDGS
Forage
Molasses
Swill
Synthetic
Other_res
Lime

Used data
GNM nutrient content crops
GNM nutrient content crops
GNM nutrient content crops
GNM nutrient content crops
GNM nutrient content crops
GNM nutrient content crops
GNM nutrient content crops
(average all regions)
GNM nutrient content crops
Data Lassaletta (FAO animal
feed)
Feedipedia
Average data different
researchers
Data Lassaletta (Forage)
Feedipedia
Data Lassaletta (Swill)
Data Lassaletta
(Supplements)
Data Lassaletta
(crop residues)
Nutrient content animal feed
lime P&B limeworks.

Ruminants
Food crops
Animal products
Residues
Scavenging
Grass & fodder

Average GNM nutrient
content crops
Data Lassaletta (FAO animal
feed)
Data Lassaletta
(crop residues)
Data Lassaletta
(scavenging)
Data Lasaletta
(Forage & grass)

87

B.4.3 Animal products
For unprocessed animal products, nutrient contents are obtained from different databases. The
values are not region-specific. When possible, data on raw, unprocessed products is chosen, since
this nutrient content is used before the processing step (Table 21). All nitrogen data is given in protein
per 100 g and needs to be converted to N content according to the method described in Box 2. For
milk an NCF of 6.38 is used, for the other animal product types, an NCF of 6.25 is used (FAO, 2003).
Table 21: Data sources nutrient content of unprocessed animal products

Animal product type
Cattle meat
Cattle milk
Pigmeat
Sheep & goat meat
Poultry meat & eggs

Data used
Beef, ground, regular, raw
(Health Canada, 2018)
Raw cow milk (Mourad et al., 2014)
Pork, variety meat, raw (Nutritiontable, s.a.)
Goat meat, domesticated, raw
(Nutritiontable, s.a.)
Chicken, meat and skin, raw
(Nutritiontable, s.a.)

B.4.4 Processed products
The nutrient content of processed products is assigned to the originating food type. So we have, for
example, a nutrient content for processed wheat products. This is chosen since this makes it is easier
to trace nutrient losses in the whole agro-food chain.
For every food type, the processed products are listed in Table 18. For these processed products a
nutrient content is searched. The average of the nutrient contents of different processed products is
taken to come to the nutrient content of the processed products of the originating food type. Not
always all nutrient contents of all processed products are available. These can be left out or replaced
by a similar processed product. See excel file for details on products included. Some databases make
a distinction between the edible part and bought part. Since it is the data after processing, it is
assumed all non-edible part is excluded and data for the edible part is taken. If the data indicates
traces, It is assumed this is negligible and 0 is used as a value.
The nutrient content can differ per region. Therefore, data on nutrient contents per region is given.
For some regions, there is no regional data, in this case, one country inside in the region is chosen
and it is assumed this is representative for the region or data of a similar region is used. When for a
certain food type in a region no data is available, the average of other regions is used. The data
source and NCF used per region are given in Table 22. When no NCF is specified in the database, the
standard NCF of 6.25 is used.
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Table 22: Data sources nutrient content and NCF's of processed products

Region
Canada

Data used
(Health Canada, 2018)

USA
Mexico

(USDA, s.a.)
Standard reference
(Leung et al., 1961)

Central America
Brazil
Rest South America
Northern Africa

Same as Mexico
Same as Mexico
Same as Mexico
(Leung, 1968)

Western Africa
Eastern Africa
South Africa
OECD Europe

Same as Northern Africa
Same as Northern Africa
Same as Northern Africa
Netherlands
(RIVM, s.a.)
Czech Republic
Barley 5.95
(Czech Centre for Food Cashew nuts 5.3
Composition Database, 2016)
Coconuts 5.3
Milk 6.38
Rice 5.95
(Food
Institute
TÜBİTAK Almonds 5.18
Marmara Research Center, Barley 5.83
2014)
Milk 6.38
Average
Nuts & seeds 5.3

Eastern Europe

Turkey

NCF
Barley 5.83
Brazil nuts 5.46
Buckwheat 5.83
Millets 5.83
Nuts 5.3
Oats 5.83
Peanuts 5.46
Rice 5.95
Rye 5.83
Seeds 5.3
Sorghums 6.25
Soybeans 5.71
White flour 5.7
Whole wheat flour 5.83
Same as Canada
Almonds 5.18
Barley, oats and rye 5.83
Milk 6.38
Nuts and seeds, other 5.3
Peanuts, brazil nuts 5.46
Rice 5.95
Soybeans 5.71
Wheat flour, refined 5.7
Same as Mexico
Same as Mexico
Same as Mexico
Almonds 5.18
Barley, oats and rye 5.83
Milk 6.38
Nuts and seeds, other 5.30
Peanuts; Brazil nuts 5.46
Rice 5.95
Soybeans 5.71
Wheat flour, refined 5.70
Same as Northern Africa
Same as Northern Africa
Same as Northern Africa
6.25
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Oat 5.83
Peanuts 5.46
Rice 5.95
Rye 5.38
Wheat 5.7
Same as Eastern Europe
Same as Eastern Europe
Same as Eastern Europe
Almonds 5.18
Brazil nuts 5.46
Barley, millet, oats, rye and
triticale 5.83
Milk 6.38
Other nuts 5.3
Rice 5.95
Seeds 5.3
Soybeans 5.71
Wheat flour 5.7
Almonds 5.18
Barley, rye, oats 5.83
Cashew nut, pistachio nut 5.3
Milk 6.38
Peanuts 5.46
Rice 5.95
Soybean 5.71
Sunflower seeds 5.3
Wheat flour 5.7

Ukraine +
Asia-Stan
Russia +
Middle East

Same as Eastern Europe
Same as Eastern Europe
Same as Eastern Europe
(FAO, 1982)

India

(Longvah et al., 2017)

Korea

(National
Institute
of
Agricultural Science, 2014)
(Ershow & Wong-Chen, 1990)
6.25
(Leung et al., 1972)
Almonds 5.18
Barley, oats and rye 5.83
Milk 6.38
Nuts and seeds other 5.3
Peanuts, brazil nuts 5.46
Rice 5.95
Soybeans 5.71
Wheat flour, refined 5.7
Same as South East Asia
Same as South East Asia
(Ministry of education culture
sports science and technologyJapan, 2005)
(Food standards Australia & Almond 5.18
New Zealand, 2019)
Barley 5.83
Brazil nuts 5.46
Bulgur 5.83
Coconut 5.3
Milk 6.38
Oats 5.83
Other nuts 5.3
Rice 5.95

China +
South East Asia

Indonesia +
Japan

Oceania
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Rest of S. Asia
Rest of S. Africa

Same as South East Asia
Same as Northern Africa

Rye 5.83
Sorghum 5.83
Triticale 5.7
Wheat flour 5.7
Same as South East Asia
Same as Northern Africa

B.4.5 By-products processing
The nutrient flows in by-products fed to livestock are determined by subtracting the nutrient flows of
processed products (C.4.4 Processed products) from the nutrient flows with crops (C.4.1 Crops for
2005). When processing results in by-products that are leaving the agro-food chain, these are also
subtracted from the nutrient content in crops.
The nutrient content of the by-products leaving the agro-food chain is searched for in literature. For
the products where there is no by-product leaving the agro-food chain 0 is given as a value.
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C. Nutrient Use Efficiency formulas per step
C.1 Crop production
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠

𝑁𝑈𝐸𝑐𝑟𝑜𝑝_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑁𝑓𝑒𝑟𝑡+𝑁𝑑𝑒𝑝+𝑁𝑓𝑖𝑥+𝑁𝑚𝑎𝑛

𝑁𝑈𝐸𝑐𝑟𝑜𝑝_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

= Nitrogen Use Efficiency of crop production
= Nitrogen in produced crops
= Nitrogen applied to cropland with fertiliser
= Atmospheric nitrogen deposition
= Nitrogen fixation
= Nitrogen applied to cropland with manure

𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠
𝑁𝑓𝑒𝑟𝑡
𝑁𝑑𝑒𝑝
𝑁𝑓𝑖𝑥
𝑁𝑚𝑎𝑛

𝑃𝑈𝐸𝑐𝑟𝑜𝑝_𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑜𝑛 =

(Eq.5)

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠
𝑃𝑓𝑒𝑟𝑡+𝑃𝑚𝑎𝑛

𝑃𝑈𝐸𝑐𝑟𝑜𝑝_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠
𝑃𝑓𝑒𝑟𝑡
𝑃𝑚𝑎𝑛

(Eq.6)

= Phosphorus Use Efficiency of crop production
= Phosphorus in produced crops
= Phosphorus applied to cropland with fertiliser
= Phosphorus applied to cropland with manure

C.2 Animal production
𝑁𝑈𝐸𝑎𝑛𝑖𝑚𝑎𝑙_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑁𝑈𝐸𝑎𝑛𝑖𝑚𝑎𝑙_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑁𝑓𝑒𝑒𝑑

𝑃𝑈𝐸𝑎𝑛𝑖𝑚𝑎𝑙_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑃𝑈𝐸𝑎𝑛𝑖𝑚𝑎𝑙_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑃𝑓𝑒𝑒𝑑

𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑁𝑓𝑒𝑒𝑑

(Eq.7)

= Nitrogen Use Efficiency of animal production
= Nitrogen in produced animal products
= Nitrogen in feed

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑃𝑓𝑒𝑒𝑑

(Eq.8)

= Phosphorus Use Efficiency of animal production
= Phosphorus in produced animal products
= Phosphorus in feed
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C.3 Post-harvest handling & storage
𝑁𝑝𝑜𝑠𝑡_ℎ𝑎𝑟𝑣𝑒𝑠𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑁𝑈𝐸𝑝𝑜𝑠𝑡−ℎ𝑎𝑟𝑣𝑒𝑠𝑡 = 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠+ 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙+𝑁𝑖𝑚𝑝

𝑁𝑈𝐸𝑝𝑜𝑠𝑡−ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑁𝑝𝑜𝑠𝑡_ℎ𝑎𝑟𝑣𝑒𝑠𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑁𝑖𝑚𝑝

= Nitrogen Use Efficiency of animal production
= Nitrogen in products continuing in food chain after post-harvest handling
& storage
= Nitrogen in produced crops
= Nitrogen in produced animal products
= Nitrogen in imported products

𝑃𝑝𝑜𝑠𝑡_ℎ𝑎𝑟𝑣𝑒𝑠𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑃𝑈𝐸𝑝𝑜𝑠𝑡−ℎ𝑎𝑟𝑣𝑒𝑠𝑡 = 𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠+ 𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙+𝑃𝑖𝑚𝑝

𝑃𝑈𝐸𝑝𝑜𝑠𝑡−ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑃𝑝𝑜𝑠𝑡_ℎ𝑎𝑟𝑣𝑒𝑠𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑟𝑜𝑝𝑠
𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑖𝑚𝑎𝑙
𝑃𝑖𝑚𝑝

(Eq.9)

(Eq.10)

= Phosphorus Use Efficiency of animal production
= Phosphorus in products continuing in food chain after post-harvest
handling & storage
= Phosphorus in produced crops
= Phosphorus in produced animal products
= Phosphorus in imported products

C.4 Processing
𝑁𝑈𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 =

𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑁𝑖𝑛𝑡𝑜_𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

𝑁𝑈𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

= Nitrogen Use Efficiency of processing
= Nitrogen in processed products
= Nitrogen in part of Npost_harvest_products that flows to processing

𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑁𝑖𝑛𝑡𝑜_𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

𝑃𝑈𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 =

(Eq.11)

𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑃𝑖𝑛𝑡𝑜_𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

𝑃𝑈𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔
𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑃𝑖𝑛𝑡𝑜_𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔

(Eq.12)

= Phosphorus Use Efficiency of processing
= Phosphorus in processed products
= Phosphorus in part of Ppost_harvest_products that flows to processing

C.5 Distribution
𝑁𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑

𝑁𝑈𝐸𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = 𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑+𝑁𝑖𝑛𝑡𝑜_𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛
𝑁𝑈𝐸𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛
𝑁𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑
𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑁𝑖𝑛𝑡𝑜_𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

(Eq.13)

= Nitrogen Use Efficiency of distribution
= Nitrogen in distributed products
= Nitrogen in processed products
= Nitrogen in part of Npost_harvest_products that flows to distribution
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𝑃𝑈𝐸𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =

𝑃𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑
𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑+𝑃𝑖𝑛𝑡𝑜_𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

𝑃𝑈𝐸𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

(Eq.14)

= Phosphorus Use Efficiency of distribution
= Phosphorus in distributed products
= Phosphorus in processed products
= Phosphorus in part of Ppost_harvest_products that flows to distribution

𝑃𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑
𝑃𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
𝑃𝑖𝑛𝑡𝑜_𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

C.6 Consumption
𝑁𝑈𝐸𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =

𝑁𝑐𝑜𝑛𝑠
𝑁𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑

𝑁𝑈𝐸𝑐𝑜𝑛𝑠

(Eq.15)
= Nitrogen Use Efficiency of processing
= Nitrogen in consumed products
= Nitrogen in distributed products

𝑁𝑐𝑜𝑛𝑠
𝑁𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑

𝑃𝑐𝑜𝑛𝑠

𝑃𝑈𝐸𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑃𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑
𝑃𝑈𝐸𝑐𝑜𝑛𝑠
𝑃𝑐𝑜𝑛𝑠
𝑃𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑

(Eq.16)
= Phosphorus Use Efficiency of processing
= Phosphorus in consumed products
= Phosphorus in distributed products
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D. Model results per step of the agro-food chain
D.1 Crop production
D.1.1 Mass
Mass flows are not given for crop production since not all flows are food products and are thus not
available in mass.
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D.1.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 17: Nitrogen flows in crop production for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from crop production
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D.1.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 18: Phosphorus flows in crop production for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values
indicate outflows from crop production

D.2 Animal production
D.2.1 Mass
Mass flows are not given for animal production since not all flows are food products and would thus
not provide useful information in mass.
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D.2.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 19: Nitrogen flows in animal production for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values
indicate outflows from animal production
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D.2.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 20: Phosphorus flows in animal production for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values
indicate outflows from animal production
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D.3 Post-harvest handling & storage
D.3.1 Mass
(a)

(b)

(c)

(d)

Figure 21: Mass flows in post-harvest handling & storage for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative
values indicate outflows from post-harvest handling & storage. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one
above that etc.
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D.3.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 22: Nitrogen flows in post-harvest handling & storage for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative
values indicate outflows from post-harvest handling & storage. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one
above that etc.
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D.3.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 23: Phosphorus flows in post-harvest handling & storage for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario.
Negative values indicate outflows from post-harvest handling & storage. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice
the one above that etc.
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D.4 Processing
D.4.1 Mass
(a)

(b)

(c)

(d)

Figure 24: Mass flows in processing for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate outflows
from processing. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.4.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 25: Nitrogen flows in processing for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from processing. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.4.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 26: Phosphorus flows in processing for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from processing. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.5 Distribution
D.5.1 Mass
(a)

(b)

(c)

(d)

Figure 27: Mass flows in distribution for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2scenario. Negative values indicate outflows
from distribution. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.5.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 28: Nitrogen flows in distribution for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2scenario. Negative values indicate
outflows from distribution. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.5.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 29: Phosphorus flows in distribution for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2scenario. Negative values indicate
outflows from distribution. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.6 Consumption
D.6.1 Mass
(a)

(b)

(c)

(d)

Figure 30: Mass flows in consumption for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from consumption. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.6.2 Nitrogen
(a)

(b)

(c)

(d)

Figure 31: Nitrogen flows in consumption for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from consumption. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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D.6.3 Phosphorus
(a)

(b)

(c)

(d)

Figure 32: Phosphorus flows in consumption for the World for the years 1970 (a), 2005 (b), 2050 (c) and 2100 (d) in the SSP2 scenario. Negative values indicate
outflows from consumption. The legend indicates the colours bottom-up. Wheat is the lowest piece of the bar, rice the one above that etc.
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