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“Ze zeggen: waar de mens is geboren, daar is de aarde zijn wieg. En de dood legt je
er als het ware alleen in terug. En ze wiegt je, ze wiegt je, tot je weer ongeboren bent
en niet verwekt”

Steen op steen - Wiestaw Mysliwski






Abstract

Natural resources for food production, such asland, phosphate rock and fossil energy,
are scarce. Despite their scarcity, these resources are currently inefficiently used in
the food system. The objective of this thesis was to understand the combined effects of
technical and consumption strategies, to reduce the use of natural resources in a food
system. To this end, we first reviewed 12 life cycle assessments studies that explored
various diets. We concluded that the ‘daily’ or ‘yearly’ diets instead of meals should
be used to compare environmental impacts of diets. We also found that accounting
for nutritional quality of the diets hardly affected our comparison of environmental
impacts of diets varying in % of animal-source food. We then explored the minimum
requirements of land, phosphorus (P) and energy independently to feed a human
population with diets varying from 0% protein from animals (PA) (i.e. a vegan
diet) to diets containing 80% PA, using an integrated food systems approach. Our
material and nutrient flow model was a conceptual representation of a food system
that was parameterised with crop and animal production data from the Netherlands.
We assumed that there was no import and export of food and feed. While the Dutch
food system is not representative of all food systems in the world, sensitivity analyses
demonstrated that the principles deduced from our model results also hold for other
food systems. Results indicated that land is used most efficiently if people consume
ca. 12% of PA, especially from milk. The role of animals in such a land-based diet is to
convert co-products from crop production and the human food industry, otherwise
not used within the food system, into milk and meat. The optimal %PA in the human
diet depends on population size and the relative share of land unsuitable for crop
production. Recycling of human excreta showed most potential in reducing P waste,
followed by prevention and finally recycling of agricultural waste. Fully recycling P
reduces mineral P input by 90%. The optimal amount of animal protein in the diet
depended on whether or not P waste from animal products was fully prevented or
recycled: if it was fully prevented or recycled, then a small amount of animal protein
in the human diet resulted in the most sustainable use of P, but if it was not fully
prevented or recycled, then the most sustainable use of P results from a complete
absence of animal protein in the human diet. In situations with anaerobic digestion
and/or waste prevention, energy input continuously increased with increasing %PA,
whereas if none of these strategies were applied, energy input was minimised at about
15% PA. Account must be taken of combined effects of technical and consumption
strategies to reduce the use of natural resources in food systems. It requires efforts
from all actors to develop a food system that is able to supply the global population
with safe and healthy food within environmental limits.
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General introduction
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1. Background

The growing and increasingly prosperous human population is facing the challenge
of producing sufficient food for all without running out of natural resources or
destroying the Earth’s ecosystem (Foley et al., 2011). Natural resources, such as land,
phosphate rock and fossil energy, are essential for the production of our food, but
their availability is limited.

The availability of natural resources for food production is under pressure, and has
led to concerns about how our future demand for food will be met (IPCC, 2019;
Reitzel et al., 2019). Land for food production, for example, is under pressure due to
competing claims for food, feed and fuel production, urbanisation, and biodiversity
and climate targets (Bren d’Amour et al., 2017; Muscat et al., 2019). Although
the net area of global agricultural land has remained relatively constant since the
mid-20% century, it has incurred a substantial reduction in temperate regions (e.g.
Europe, Russia and North America), and a substantial expansion in biodiversity—
rich tropical areas. The latter has led to increased carbon emissions and biodiversity
loss (Dudley and Alexander, 2017; Willett et al., 2019). The challenge for future
agricultural land use, therefore, is to avoid further changes (e.g. deforestation), and
to safeguard soil fertility (Willet et al., 2019). Moreover, global reserves of phosphate
rock are depleting (Cordell and White, 2014). Rock phosphate is the fossil resource
for mineral phosphorus (P), which is an essential macronutrient for crop growth.
Globally, about 90% of the extracted rock phosphate is used for food production
(Cordell and White, 2014). Due to huge losses and inefficient use of P in the food
system, however, only a fifth of that is actually consumed by humans (Cordell, 2015).
Estimates of global phosphate rock reserves and their longevity are highly uncertain,
and range between a hundred and a thousand years (Edixhoven, 2014; Scholz and
Wellmer, 2016). However, as higher quality and more easily accessible phosphate
rock is mined first (Smil, 2000), remaining reserves of phosphate rock will contain
more impurities, and will be more difficult to mine (Neset et al., 2016). It is therefore
widely acknowledged that P should be used more efficiently. Furthermore, fossil
energy is the main source of energy input to our food system (Sims and Dubois,
2011; Monforti-Ferrario et al., 2015). It is used to fuel processes such as on-farm field
activities, processing and transport, and to produce inputs such as mineral fertiliser.
Fossil energy reserves are, however, expected to deplete within the next 50 to 100
year (Shafiee and Topal, 2009). Until a full transition towards renewable energy is
reached, the use of fossil fuel in food production is a fact, and fossil energy should be
used more efficiently. Our ability to secure food for the future global population thus
depends on how much, and how efficiently we use these scarce resources.
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In our current, linear food systems, however, land, phosphate rock and fossil energy
are wasted and inefficiently used (Cordell et al., 2009; Pelletier et al., 2011; Willett
et al., 2019). This is partly due to high average per capita food consumption, which,
especially in wealthier countries, exceeds actual requirements (FAOSTAT, 2013;
Herrero et al., 2015), high consumption of animal-source food (ASF), again especially
in wealthier countries (FAOSTAT, 2013; Herrero et al., 2015), and limited rates of
waste prevention and waste recycling in the food system (Cordell et al., 2009; Cuéllar
and Webber, 2010; Soethoudt and Timmermans, 2013). Several strategies have
been proposed to increase resource use efficiency in food production, among which
precision farming, biotechnology, closing yield gaps, a transition to a circular food
system, and a reduction in, or even exclusion of the consumption of ASF (Vemireddy,
2014; Jurgilevich et al., 2016; Aune et al., 2017; Poore and Nemecek, 2018; van der
Linden et al., 2018). This thesis addresses the potential of the last two strategies to
increase the resource use efficiency in the food system: a transition to a circular food
system, i.e. a food system which minimises the input of natural resources and the
occurrence of waste, and a shift in human diets towards consumption of less ASF.
The impact of these strategies on resource use efficiency are assessed for three scarce
but essential resources for food production: land, phosphorus (as an illustration for
minerals), and fossil energy.

2. Strategies to increase the resource use efficiency in the
food system

The two strategies included in this dissertation relate to both the production of food
(technical strategies to increase circularity in the food system), and the consumption of
food (consumption strategy to reduce consumption of animal protein).

Technical strategies to increase circularity in the food system include, among others,
prevention and recycling of food and feed waste, recycling of co-products not edible
to humans (hereafter inedible) such as wheat straw, recycling of human excreta, and
recovery of bio-energy from waste.

It is estimated that globally roughly a third of the food produced for human
consumption is wasted (Gustavsson et al., 2011). These wastes occur when food
products do not meet safety or quality standards or simply get lost during production,
post-harvest processing and consumer stages of the food system. As considerable
amounts of food products are wasted, prevention of these wastes is a first priority
to reduce the use of scarce resources (Papargyropoulou et al., 2014). If waste is not
prevented, however, then according to the waste hierarchy it should be recycled as
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animal feed or fertiliser (Papargyropoulou et al., 2014). Recycled food waste can
substitute, for example, feed that is actively produced for animals, and mineral
fertiliser, and therefore can contribute to lower requirements for resources, such as
land and phosphate rock to cultivate feed crops. If recycling food waste as feed or
fertiliser is not feasible, then it can be used to produce bio-energy via, for example,
anaerobic digestion (Papargyropoulou et al., 2014). Energy produced from waste
can substitute fossil energy, and can contribute, therefore, to lower requirements of
fossil fuel. In analogy with food waste, prevention, recycling and recovery of a) feed
waste, arising during feeding of animals as a result of spillage and degradation of feed
(Remmelink et al., 2012), b) inedible co-products, here defined as co-products that
humans cannot or do not want to consume, such as wheat straw, and animal bones
and skins, and ¢) human excreta, also contributes to lower use of scarce resources
(Guzha et al., 2005; Heinonen-Tanski and van Wijk-Sijbesma, 2005).

Along with these technical strategies, the resource use efficiency in the food system can
also be improved by reducing the human consumption of ASF. Consumption of ASF is
generally considered resource inefficient compared to consumption of crop products
because animals convert only part of the consumed feed into ASF, i.e. meat and milk.
The remainder is converted into inedible products such as, for example, bones and
manure, and into heat (i.e. energy loss). This inefficiency implies that a diet without
ASF, i.e. a vegan diet, is more sustainable than a diet with ASF (Hallstrom et al., 2015;
Poore and Nemecek, 2018; Shepon et al., 2018). Following the same logic, and if ASF
is to be included in the human diet, pork and chicken meat would be more sustainable
than beef, given the higher feed conversion efficiency of pigs and broilers compared to
beef cattle (Stehfest et al., 2009; Wirsenius et al., 2010; Shepon et al., 2018). However,
ruminants have a better ability to convert grass into ASF than monogastric animals.
Thus, if grasslands unsuitable for crop production, i.e. marginal grasslands, are
available, then ruminants are better able to convert the available feed into food than
pigs and poultry. Moreover, if inedible co-products from crops, and/or food waste,
are available, animals can convert these resources into ASF without competing with
humans. Animals fed on marginal grasslands, inedible co-products and food waste,
therefore contribute to resource use efficiency and food security (Fairlie, 2010).

3. Knowledge gaps

So far, a generally accepted method to assess environmental impacts of production and
consumption strategies is the life cycle assessment (LCA) (Poore and Nemecek, 2018).
LCA assesses the environmental impact or resource use of a product during the entire
production chain (Guinée et al., 2002). Besides this main product, a production
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process, however, might also yield another valuable output. Cultivation of wheat, for
example, yields wheat grain and straw. The total environmental impact or resource
use has to be allocated to the main product (e.g. wheat grain) and co-products (e.g.
wheat straw), and is done so usually on the basis of the relative economic value of
the multiple outputs. This results in a per-kg impact for each of the main and co-
products. The per-kg impact of main products is used as a building block for either
assessing the impact of a production strategy (i.e. increasing crop yield) or the impact
of a consumption strategy (i.e. a vegetarian or vegan diet) (Mackenzie et al., 2016;
Poore and Nemecek, 2018).

LCA has often been used to compare the environmental impact of human diets that
varied in their percentage of protein from animals (Carlsson-Kanyama and Gonzalez,
2009; Davis et al., 2010; Hallstrom et al., 2015). These studies generally compared
meals or daily diets that were similar in terms of energy, protein and fat content, but
differed in the amount of plant and animal-source food, and hence in the amount of
micro-nutrients, such as vitamins and minerals. It is unclear, furthermore, which
unit, i.e. meals or daily diets, we need to compare the impacts of human diets, due to

their differences in nutritional value.

Moreover, LCA does not account for differences in the suitability of land to cultivate
food crops. When accounting for these differences, as Van Zanten et al. (2016) do in
their land use ratio, using marginal land for grazing appears more land use efficient
than using this land for crop production, and production of ruminants on marginal
land appear more land use efficient than production of monogastric animals fed from
cropland. The land use ratio, however, does not account for the total availability of
marginal land, and cannot be used, therefore, to assess the potential contribution of
marginal land to food security.

Furthermore, LCA studies demonstrated that inclusion of inedible co-products and
food waste in animal feed, as replacement of human edible crop products, can reduce
the impact of animal production (Mackenzie et al., 2016; R60s et al., 2016). However,
an attributional LCA does not account for competition for these resources between
various animal production systems, and between animal production and, for example,
energy production (van Zanten et al., 2014). The same limitation holds for static
system analyses that quantify food waste and nutrient losses at the global or national
level (Cordell et al., 2009; Gustavsson et al., 2011; Suh and Yee, 2011; Soethoudt and
Timmermans, 2013; Jedelhauser and Binder, 2015). From these static overviews of
where in the system losses occur, actions to prevent or reduce these losses can be

formulated. However, single interventions to prevent or reduce losses do not consider
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Abstract

Several studies support the general conclusion that plant-based diets have a lower
environmental impact than animal-based diets. These studies, however, do not account for
the nutritional quality of diets. The main objective of our study, therefore, was to explore if
accounting for nutritional quality affects the comparison of the environmental impacts of
human diets varying in their percentage of animal-source food products (ASFP). We also
explored whether meals or daily diets are equally suitable to compare environmental impacts
of diets. Fifty peer-reviewed studies were found that examined the environmental impact of
diets, generally using life cycle assessment (LCA). Only 12 of these studies were reviewed,
based on five criteria: study contains more than one scenario; diet scenarios vary in their
percentage of ASFP; the weight of each food product was provided; the study assessed global
warming potential and/or land use; diet scenarios are not designed for specific (health)
groups. For each diet described in the reviewed studies, we quantified the daily intake of
nine qualifying and three disqualifying nutrients. Global warming potential and land use,
as provided by the reviewed studies, were expressed in four ways: per day, per daily protein
intake capped to the recommended intake level of 57 g; per daily protein intake uncapped;

and per NRD9.3 (i.e. a composite nutrient score of a diet).

We concluded that the nutrient intake resulting from a meal cannot be used to assess the
nutritional quality of a daily diet and, hence, the environmental impact of meals cannot
be compared to that of daily diets. Studies on meals were therefore excluded from further
analysis. Our results further show that daily diets that had higher percentages of ASFP
were associated with higher (excess) intakes of total protein and lower values of NRDg.3.
Diets that had higher percentages of ASFP were associated with higher GWPs and LU’s per
gram protein capped and per unit NRDg.3. Without capping protein to the recommended
intake level, GWP and LU per gram of protein were generally lower for diets that had higher
percentages of ASFP. Without capping, diets with higher percentages of ASFP are credited
for overconsumption of protein. Since overconsumption of protein does not benefit health,
we recommend capping to the recommended intake level. The effect of using NRD9.3 rather
than day as functional unit was small for GWP. For LU we found no effect. When using
NRD9.3 as functional unit, it must be considered that this functional unit requires more data
than day or protein. Our analysis is based on a limited number of studies. Although initially a
substantial number of studies were found, many of these were excluded because insufficient
data were provided about diet composition, only one diet scenario was assessed, or because
the studies assessed the environmental impact of meals rather than of diets. We found
mainly Western-oriented diets, often designed by the researchers and not representative for
actual consumption. For further research on the environmental impact of diets, we therefore

recommend analysis on representative daily diets.
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1.Introduction

Compared to plant-source food products, production and consumption of animal-
source food products (ASFP) is generally associated with a high environmental
impact (Cordell et al., 2009; Steinfeld, 2006). ASFP can provide, however, high-
quality protein and are rich sources of micronutrients (FAO, 2009). A moderate
intake of ASFP, therefore, can improve the nutritional adequacy of the poor (FAO,
20009).

Several studies have assessed the environmental impact of human diets that varied
in percentage of ASFP (Carlsson-Kanyama and Gonzalez, 2009; Davis et al., 2010;
Saxe et al., 2012). Most of these studies used life cycle assessment (LCA) to compare
the impacts of two or more diet scenarios. LCA is a holistic method to assess the
environmental impact (i.e. emission of pollutants and use of resources) of a product
during the entire production chain (Guinée et al., 2002). These studies support the
general conclusion that plant-based diets have a lower environmental impact than
animal-based diets.

To compare LCA results of different diet scenarios, the results should be expressed
on basis of a so-called functional unit (FU) (De Vries and De Boer, 2010). An FU
represents the primary function of a system. Beside its social and psychological
functions, a main function of food production is to satisfy the human body’s need
for energy and nutrients, such as protein, iron, fibre, vitamins and minerals.
Studies that compared the environmental impact of food production focussed on its
nutritional function, and, therefore, generally used ‘meal’ or ‘daily diet’ as FU. Meals
and daily diets within studies were often comparable in terms of energy, protein and
fat content. Studies that used a meal or daily diet as FU, however, did not account
for the overall nutritional quality of a diet. Accounting for nutritional quality was
done by Smedman et al. (2010). They compared greenhouse gas emissions relative to
the so-called nutrient density score (NDS) of beverages. NDS is based on individual
nutrient scores. The latter express the nutrient contents of food relative to the nutrient
requirements (Hansen, 1973). By summing the individual nutrient scores, NDS
represents the composite nutrient score of a product. Considering the nutrient density
in environmental comparisons of food products may lead to different conclusions
compared with traditional FUs, and, consequently, to different recommendations
about how to alter consumer choices to the benefit of the environment (Smedman
et al., 2010). To our knowledge, no study exists that compared LCA results of diet
scenarios while accounting for overall nutritional quality.
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The main objective of our study, therefore, was to explore if accounting for nutritional
quality affects the comparison of the environmental impacts of human diets varying
in their percentage of ASFP. We thus reviewed studies that used LCA to evaluate
the environmental impact of diets varying in percentage of ASFP. We observed that
these studies were generally based on a comparison among meals or daily diets.
An additional objective, therefore, was to explore whether meals or daily diets are
equally suitable to compare environmental impacts of diets.

To fulfil these objectives, we used the environmental impacts as published in selected
studies and expressed these impacts relative to the protein concentration of the diet
or the nutritional quality of the diet. The nutritional quality of the diet was computed
based on the Nutrient Rich Food 9.3 (NRF9.3) score of a diet. We chose NRF9.3 out
of available nutritional quality scores (Darmon et al., 2009; Fulgoni et al., 2009),
as it was best validated against the Healthy Eating Index (Fulgoni et al., 2009). We
computed the protein percentage or the nutritional quality score of the diet based on
information given in published papers.

2. Material and methods

2.1 Selection of studies

We searched literature in Scopus and Web of Science. Our search terms were: diet,
food, meal, human nutrition, consumption pattern, life cycle, footprint, environment,
greenhouse, and land use. We defined the following inclusion criteria:

« the study contains more than one within-country diet scenario; Multiple
scenarios per study were required, as studies define different system
boundaries, and, hence, scenarios could only be compared within study.

« diet scenarios within studies vary in their percentage of animal source food
product (ASFP);

« the weight of each food product included in the diet scenarios is given, or
could be provided by the author(s);

« the study assesses global warming potential, land use or both;

« diet scenarios are not designed for specific groups (e.g. infants, people with
health problems), and if diets are gender specific, we should be able to average
these. Scenarios designed for specific groups were excluded, as individuals
in these groups may have specific nutrient requirements, while the nutrient
density score was computed using average nutrient requirements per person;

« the study is published in a peer-reviewed scientific journal.
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2.2 Calculation of individual nutrient scores of each diet

For each diet scenario we quantified the daily intake of nine qualifying and three
disqualifying nutrients when consuming the diets. The nine qualifying nutrients were
(the recommended daily value (RDV) is given in brackets): protein (57 g) (EFSA,
2012), fibre (25 g) (EFSA, 2010), calcium (800 mg), iron (14 mg), magnesium (375
mg), potassium (2000 mg), and vitamins A (800 pg), C (80 mg) and E (12 mg) (EU,
2008). The three disqualifying nutrients were (the maximum recommended value
(MRYV) given in brackets): sodium (2400 mg), saturated fat (20 g) and total sugar
(90 g) (EFSA, 2009). To quantify the daily intake of these 12 nutrients, we multiplied
the daily intake of each food product in the diet scenario by the nutrient content of
that food product. Contents of the 12 nutrients in various food products were derived
from the Dutch nutrients database NEVO (NEderlands VOedingsstoffenbestand)
(RIVM, 2011). The description of food products in the included studies was often
less detailed than the description of food products in NEVO. We linked each food
product in included studies to a product in NEVO, by using the following successive

criteria:

» exact match between product description in the included studies and in
NEVO. Unless the product was specified as ‘raw’ in the included studies, we
chose the food product in NEVO in the form in which it would be consumed
(e.g. boiled or otherwise prepared). When the product was only available in
raw form, we chose this;

« match between product description in the included studies and in NEVO, with
the additional description of ‘average’ in NEVO;

« the variant of the food product (e.g. ‘apple juice’ as a variant of the food group
‘fruit juice’) which had the highest consumption rate within the food group
according to the Dutch National Food Consumption Survey (RIVM, 2010) in
the age of 19-69 years.

Moreover, included studies did not mention the exact cut of meat consumed. We
formulated, therefore, a composite meat cut per livestock species. The composite
meat cut was created by combining cuts per livestock species that together sum up to
a minimum of 60% of Dutch consumption volumes (RIVM, 2010), starting with the
cuts that are consumed most. The consumption volumes of the various selected meat
cuts form the weighing basis for computing the nutrient content of the composite cut.
For the various selected meat cuts we chose the form in which it would be consumed
when available in NEVO.
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Diet scenarios found inliterature could either be single meals, daily diets or accumulated
annual diets. To enable a comparison of nutrient scores among these diet scenarios,
we adjusted the scores of meals to daily scores, by expressing its nutrient score relative
to a recommended daily energy intake of 2000 kcal (EFSA, 2009). In the following
sections, we refer to meals that were adjusted to 2000 kcal daily diets as ‘adjusted
meals’. Nutrient scores of annual diets were adjusted to daily scores by dividing the
intake of food products by 365 and were referred to as daily diets.

To evaluate the nutritional quality of each diet we computed the Nutrient Rich (NR)
score for each qualifying nutrient (Eq. 1). The score expresses nutrient intake relative
to the RDV of the nutrient. We either used the actual intake of nutrients, which we
refer to as the uncapped intake (e.g. actual daily protein intake is Protein Uncapped
(PU), or the so-called capped intake. Capping of the intake (defined as nutrient intake
is equal to RDV if intake > RDV) was applied to avoid crediting of overconsumption
(Drewnowski, 2009). We refer to the capped daily intake of protein as Protein
Capped (PC).

nutrient

NR ) — uncapped / capped x 100 E 1
nutrient RD Vnumem q
where NR is the Nutrient Rich score for a nutrient, nutrient is the

nutrient uncapped /capped

amount (in g) of daily nutrient intake with or without capping, and RDV is the

nutrient

Recommended Daily Value of the nutrient.

2.3 Calculation of the composite nutrient score of each diet

To quantify the composite nutritional quality of a food product, we used the principles
of the Nutrient Rich Food 9.3 (NRF9.3) score (Drewnowski, 2009; Fulgoni et al.,
2009). The NRF9.3 score reflects the composite nutritional quality of a food product
per 100 keal.

To quantify the composite nutritional quality of a diet, we adapted NRF9.3 into the
Nutrient Rich Diet 9.3 (NRD9.3) score. In contrast to the NRF9.3 score, which is
expressed per 100 keal of a food product, NRD9.3 is not scaled to energy intake.

The NRD9.3 score consists of a total nutrient rich 9 sub-score (TNR9) and a total
limiting 3 sub-score (TLIM3). The TNR9 sub-score (Eq. 2) sums the percentages of
the RDV in the diet for each of the nine qualifying nutrients, while capping nutrient
intake at 100% of RDV. The TLIM3 sub-score (Eq. 3) sums the percentages of the
MRY for each of the three disqualifying nutrients. The NRD9.3 score (Eq. 4) of a diet
was computed by subtracting the TLIM3 sub-score from the TNRg sub-score.
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=9 nutrient

TNR9 =Y —beamwed 10 .
Zl: RDV Eq. 2
3 nutrient
TLIM3 =7 L %100 Eq.3
i=1 i
NRD9.3 = TNR9 - TLIM3 Eq. 4

where nutrient, is the daily intake of nutrient i in the diet, RDV, is the Recommended
Daily Value of nutrient i, MRV, is the Maximum Recommended Value of nutrient i.

2.4 Environmental impact of diets and FUs

Global warming potential (GWP) and land use (LU) used in our analysis were derived
from studies reviewed. GWP was determined as the sum of emissions of greenhouse
gasses, including e.g. CO,, CH, and N_O, weighed on their equivalence factor in terms
of CO, equivalents (IPCC, 2007). Moreover, GWP and land use (LU) were expressed as
GWP/meal and LU/meal, or as GWP/day and LU/day, or in other words, against ‘meal’
or ‘day’ as the FU. In our study, we expressed GWP and LU relative to four FUs: ‘PU’
(daily dietary protein intake uncapped, expressed in 100 g protein), ‘PC’ (daily dietary
protein intake capped to a maximum of 57 g, expressed in 100 g protein), ‘NRD9.3’ and
‘day’. Subsequently, we explored relations between GWP/FU and LU/FU (dependent
variable), on the one hand, and the percentage of animal protein (AP%) in the human
diet on the other (independent variable). AP% is the dietary protein supplied by ASFP
expressed as percentage of the total dietary protein. In most studies, these relations
were curvilinear. For further analysis across studies we defined for GWP/FU and LU/
FU the Relative Increase from o to 65 AP% (RI, ). This was done by regressing GWP/
FU and LU/FU for each study on AP% by a quadratic model (Eq. 5)

GWP/FU or LU/FU = a + b1 x AP% + b2 x AP%? Eq.5

Subsequently, we indexed the data for each diet scenario within study for each FU
such that scenarios with AP% =0 were fixed at a GWP/FU or LU/FU value of 100.
This basically implies that we divided the left and right hand term of Equation 5 by
a/100 (Eq. 6).

GWP/FU, , .orLU/FU.

indexed

=100 + (100 xb1/a) x AP% + (100x b2/a) x AP%? Eq. 6
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Studies that did not include diet scenarios containing an AP% of less than 40 were
excluded from environmental analysis to avoid unrealistic and negative estimates of
the intercept as a result of over-extrapolation.

The RI,, was calculated as Ay/Ax with Ay as the difference between the model
estimate for AP% = 65 and the model estimate for AP% =0 and Ax is 65. The RI,
consequently, represents the estimated difference of the GWP/FU or LU/FU per
unit AP% between a diet with 65%AP and a (vegan) diet with 0%AP. The level of
65%AP was arbitrarily chosen. It represents the common AP% of diets that contain
ASFP in the studies included.

2.5 Statistical analyses

For the comparison of homogeneity of variance between adjusted meals and daily
diets, we also adjusted daily diets by expressing nutrient intakes of daily diets relative
to an intake of 2000 kcal. The intake level of 2000 kcal was chosen as this was also
the daily energy reference used to compute NRF9.3 scores of foods (Drewnowski,
2009; Fulgoni et al., 2009). We performed Levene’s test for homogeneity of variance
to test whether the variances for the 12 nutrients were similar for adjusted meals and
adjusted daily diets. The outcomes of Levene’s test were used to explore whether
meals or daily diets are equally suitable to compare environmental impacts of diets
varying in percentage of AP%.

To test whether GWP/FU_, . differed between FUs: ‘PU’, ‘PC’ and
‘NRD9.3’, on the one hand, and ‘day’, on the other hand, we used paired t-tests to
tests for the differences in RI . To test whether the average RI,_for an FU differed

or LU/FU.

indexed

from o across studies we conducted a two-sided t-test. For both tests we assumed
normal distributions.

Statistical analyses were done by the program SPSS Statistics 19. Differences with a
p value of less than 0.05 were considered to be statistically significant.

3. Results

3.1 Characteristics of diets in selected studies

We found 50 studies from peer-reviewed scientific journals that examined the
environmental impact of within-country diets. The following 38 studies did not meet
our inclusion criteria: (Ascione et al., 2008; Baroni et al., 2007; Berners-Lee et al., 2012;



The effect of nutritional quality on comparing environmental impacts of human diets| 35

Bleken and Bakken, 1997; Browne et al., 2008; Calderdn et al., 2010; Carlsson-Kanyama
et al., 2003; Chen et al., 2010; Coley et al., 1998; Du et al., 2006; Eshel and Martin, 2006;
Faist et al., 2001; Gerbens-Leenes et al., 2002; Gerbens-Leenes and Nonhebel, 2005;
Klein-Banai and Theis, 2011; Kok et al., 2006; Kramer et al., 1999; Kytzia et al., 2004; Li et
al., 2008; Liu and Savenije, 2008; Meier and Christen, 2012; Munoz et al., 2010; Nijdam et
al., 2005; Pimentel and Pimentel, 2003; Renault and Wallender, 2000; Risku-Norja and
Maenpaa, 2007; Saarinen et al., 2012; Sonesson et al., 2005; Vieux et al., 2012; Vintila,
2010; Vintila, 2010; Virtanen et al., 2011; Wallen et al., 2004; Wallgren and Héjer, 2009;
Wang et al., 2011; Weber and Matthews, 2008; Xue and Landis, 2010; Zufia and Arana,
2008).

Studies meeting our selection criteria are presented in Table 1. Most selected studies
assessed western diets. The various scenarios within studies generally were described as
having comparable levels of energy, protein, carbohydrates and/or fat.

The system boundary of the studies varied. Although all studies included crop
cultivation in the field, upstream processes (e.g. production and transport of inputs for
cultivation, such as seeds, fertilisers, pesticides and diesel) and downstream processes
(e.g. transport to processing plants and retail) were not always included.

Diet scenarios described in the included studies were either individual meals
or daily or yearly per capita diets (appendix Table A.1). Some studies formulated
diet scenarios with specific characteristics, such as food products produced locally
or abroad, or food products from conventional or organic production systems.
To make scenarios comparable, we grouped scenarios according to these specific
characteristics. The grouped scenarios within study were indicated with a capital
letter behind the reference in Table A.1 in the appendix.
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Table 1. Overview of some characteristics of studies included in this paper

Reference Country Impact Nutrients for
categories which diets are
claimed to be
comparable?
1 Davis et al., 2010 ES, SE GWP, EU, AP, Energy, protein,
EP, POFP, fath
SODP
Carlsson-Kanyama, 1998  SE GWP Energy and protein
3 Davis and Sonesson, SE GWP, EU, AP, Energy, protein,
2008 POCP fat, carbohydrates
4 Thibert and Badami, 2011 CA LU, EU, WU Energy, protein, fat
5 Carlsson-Kanyama and SE GWP None/unknown
Gonzalez, 2009
6 Gerbens-Leenes and NL LU None/unknown
Nonhebel, 2002
7 Risku-Norja et al., 2009 FI GWP Energy, protein,
fats, carbohydrates
8 Collins and Fairchild, UK LU 14 nutrients®
2007
9 Risku-Norja et al., 2008 FI GWP, LU, AP, Protein, fats,
NB, PB, LD carbohydrates
10 Peters et al., 2007 UsS LU Energy
11 Pathaketal., 2010 IN GWP Energy, fat,
carbohydrates?
12 Saxeetal., 2012 SE, DK GWP Energy, protein

2As described by the studies, Pand overall size of the meals are reasonable, ¢ Not further
specified, ¢ including other not further specified nutrients.
Note: ES=Spain, SE=Sweden, CA=Canada, NL=The Netherlands, FI=Finland, UK=United
Kingdom, US=United States, IN=India, DK=Denmark, GWP=Global Warming Potential,
EU=Energy Use, AP=Acidification Potential, EP=eutrophication potential, POFP=Photo
Oxidant Formation Potential, SODP= Stratospheric Ozone Depletion Potential, POCP=
Photochemical Ozone Creation Potential, LU=Land Use, WU=Water Use, NB=Nitrogen
Balance, PB=Phosphorus Balance, LD=Landscape Diversity.

Some of the scenarios represented the actual, average or representative annual diet
of a country or region, such as the average Finnish diet (Risku-Norja et al., 2008) or
the actual diet of residents of Cardiff (Collins and Fairchild, 2007). Other scenarios
were self-defined alternatives to these diets, such as the pork-and-poultry-free diet
by Risku-Norja et al. (2008) and a diet in which food products with high land use
per kg were replaced by those with lower land use (Collins and Fairchild, 2007). The
number of scenarios within studies varied between two and three for studies on meals,
and between two and seven for studies on daily diets (Table A.1). The number of
products that the scenarios contained also varied. Meals contained a median of five
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food products whereas daily diets contained a median of 23 products. The percentages
of ASFP in the diets ranged from 0% in vegan scenarios (diet without any ASFP) to
over 85% in a meal scenario by (Thibert and Badami, 2011) and 78% in a daily diet
scenario by (Peters et al., 2007).

3.2 Nutritional quality of adjusted meals

The adjusted meals showed an intake of fibre, vitamin A and vitamin C exceeding
500% of the RDV (results not shown). In the study of Carlsson-Kanyama (1998),
vitamin A intake of adjusted meals even exceeded 1000% of RDV, which can
be attributed to the carrots in the diets. Using Levene’s test for homogeneity of
variance, we found significantly (p < 0.05) higher variances for adjusted meals than
for adjusted daily diets for protein, calcium, iron, vitamin A and vitamin C, and
significantly lower variances for saturated fat and total sugar.

The extreme nutrient intakes and the large variances we found for adjusted meals
resulted from the relatively small number of food products in meals (Table A.1). The
inclusion of a nutrient dense product such as carrots highly affects the nutrient intake
related to an adjusted meal. Adjusting meals to daily diets is also not reasonable, since
a meal, e.g. breakfast or dinner, is not eaten three times a day.

We, therefore, concluded that the nutrient intake resulting from a meal cannot be
used to assess the nutritional quality of a daily diet. Following this, we concluded that
meals cannot be used to compare environmental impacts of human diets that vary
in percentage of ASFP. As a results, our analysis of GWP and LU for diets focussed
exclusively on daily diets.

3.3 Nutritional quality of daily diets

Table A.2 in the appendix shows the energy and nutrient intakes resulting from
the daily diet scenarios. The table shows that most diets exceeded the energy
recommendation of 2000 kcal, with a maximum of 3095 kcal for the first scenarios
by Saxe et al. (2012). All diets exceeded the recommended daily intake of 57 g
protein, except for the vegan scenario by Risku-Norja et al. (2008). Vitamin A was
the nutrient with the largest variation, ranging from 52 pg (6.5% of RDV) in the
vegetarian (diet without meat) diet by Pathak et al. (2010) to 5474 ug (684% of RDV)
in the New Nordic Diet by Saxe et al. (2012). Most scenarios exceeded the MRV of
total sugar while only four scenarios exceeded the MRV of sodium. The inclusion of
sugar as single product was often reported whereas salt as single product (e.g. table
salt) was often not. The MRV of sodium was especially exceeded in the scenarios by Saxe
et al. (2012), which was the only study reporting salt as single product. In the scenarios
by Saxe et al. (2012), salt contributed about 28 percent to total sodium content.



38 |Chapter 2

Figure 1. Daily intake of protein for each scenario. Capital letters on the x-axis indicate the
reviewed studies. Numbers on the x-axis represent the AP% (= 100 x protein from animal
source food products/total dietary protein). Within study, diets were ranked by increasing
AP%. The horizontal line shows the recommended daily value of 57 grams protein. The blank
bar within each study indicates the average, representative diet within the studied country
or region. A: Gerbens-Leenes and Nonhebel (2002); B: Risku-Norja et al. (2009); C: Collins
and Fairchild (2007); D:Risku-Norja et al. (2008); E: Peters et al. (2007); F: Pathak et al.
(2010); G: Saxe et al. (2012).

Figure 1 shows the daily intake of protein for each diet scenario within studies
(the different studies are indicated by capital letters at the horizontal bar). Within
study, scenarios are ranked in order of AP%, ranging from o to 78%. The horizontal
line indicates the RDV of protein of 57 g. Most studies have one blank bar, which
represents the average, representative diet scenario for the studied country or
region. Total protein intake ranged from 54 g (94% of RDV) in the vegan scenarios by
Risku-Norja et al. (2008) to 150 grams (263% of RDV; (Peters et al., 2007). Within
study, the total and excess intake of protein generally increased with increasing
AP%. Figure 2 shows the association between daily intake of protein and AP% across
studies. Across studies, protein intake is positively associated with AP% (p = 0.000).

Figure 3 shows the NRD9.3 score for each diet scenario. The relation between
NRD9.3 score and AP% varied between studies. Some scenarios had a decreasing
trend and others an increasing trend of the NRD9.3 score with increasing percentage
of ASFP. Figure 4 shows the association between daily NRD9.3 intake and AP%
across studies. Across studies, NRD9.3 intake is negatively associated with AP% (p
= 0.001).
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Figure 2. The association between protein intake (g/day) and AP% (= 100 x protein from
animal source food products/total dietary protein) across studies. The horizontal line repre-
sents the recommended daily value of protein of 57 g.
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Figure 3. NRDo9.3 scores for each diet scenario. Capital letters on the x-axis indicate the
reviewed studies. Numbers on the x-axis represent the AP% (= 100 x protein from animal
source food products/total dietary protein). Within study, diets were ranked by increasing
AP%. The blank bar within each study indicates the average, representative diet within the
studied country or region. A: Gerbens-Leenes and Nonhebel (2002); B: Risku-Norja et al.
(2009); C: Collins and Fairchild (2007); D:Risku-Norja et al. (2008); E: Peters et al. (2007);
F: Pathak et al. (2010); G: Saxe et al. (2012)
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Figure 4. The association between NRD9.3 intake (units/day) and AP% (= 100 x protein
from animal source food products/total dietary protein) across studies.

Table A.2. shows the intake levels of other nutrients. The association between intake
of nutrients and AP% is given in Table 2. Significant positive associations were found
for protein, calcium, vitamin A, sodium, saturated fat and total sugar. Significant
negative associations were found for fibre, iron, magnesium and NRD9.3.

Table 2. The Pearson correlation coefficient between nutrient intake and AP%, and
corresponding p-values

Pearson correlation p-value
Energy 0.16 0.35
Protein 0.79 0.00
Fibre -0.57 0.00
Calcium 0.61 0.00
Iron -0.46 0.00
Magnesium -0.42 0.01
Potassium 0.12 0.49
Vitamin A 0.37 0.03
Vitamin C -0.13 0.44
Vitamin E -0.01 0.96
Sodium 0.48 0.00
Sat. fat 0.60 0.00
Total sugar 0.56 0.00

NRDo9.3 -0.54 0.00
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3.4 Global warming potential of diets

Four studies evaluated GWP of daily diets (Pathak et al., 2010; Risku-Norja et al.,

2008; Risku-Norja et al., 2009; Saxe et al., 2012). Results taken from the articles by
Risku-Norja et al. (2008, 2009) were averaged across diets containing food products
from conventional agriculture (A) and across diets containing food products from

organic (B) agriculture. Results from Saxe et al. (2012) were not included; to index

data from this study we had to extrapolate for more than 40 AP% to estimate the

intercept (Table A.1).
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and AP%. The studies
by Risku-Norja et al. (2009, 2008) covered diets with AP% ranging from o to 75,
while those of Pathak et al. (2010) covered AP% from 12 to 20.

Figure 5 illustrates the associations between the GWP/FU.

indexed

For each FU within studies the RI__ for GWP/FU, ., was estimated (see Table
3). Averaged across studies RI _ did not differ significantly (p > 0.05) from o for
any of the FUs ‘PU’, ‘PC’, ‘NRD9.3’ and ‘day’. This was because RI, estimates for
GWP/FU.

indexed

showed large variation among studies from different authors (Table
3). Conclusions across studies regarding the increase of GWP/ FU, , . per AP%,
therefore, require study on more harmonized diets.

Across studies the average RI,. GWP/day, .., was 3.93 (Table 3), and tended (p
= 0.08) to be higher than the average RI, GWP/PU, . .., and was significantly (p
= 0.001) lower than the average RI,. GWP/NRD9.3

however, relatively small. No significant differences were found between the average
RI, for the FU ‘day’ and the RI_ of the FU ‘PC".

These differences were,

indexed®

for the FUs ‘PU’, ‘PC’ ‘NRD9.3’ and ‘day’
RI,, of GWP/FU, .
PU PC NRDo9.3 Day

indexed

Table 3. RI,_ of GWP/FU,

Risku-Norja et al., 2008 (A) -0.07 1.73 2.38 1.93
Risku-Norja et al., 2008 (B) -0.47 0.85 1.34 1.00
Risku-Norja et al., 2009 (A) -0.22 1.06 1.44 1.06
Risku-Norja et al., 2009 (B) -0.32 0.87 1.23 0.87
Pathak et al., 2010 7.92  14.75 15.35 14.75
RI, averaged across studies 1.37 3.86 4.36 3.93
Significance of difference from o 0.45 0.23 0.19 0.22
Significance of difference between FU and ‘day 0.08 0.18 0.00 --

3.5 Land use of diets

Four studies evaluated the LU of daily diets (Collins and Fairchild, 2007; Gerbens-
Leenes and Nonhebel, 2002; Peters et al., 2007; Risku-Norja et al., 2008). Results
from Gerbens-Leenes (2002) and Collins and Fairchild (2007) were not included;
to index data from these studies we had to extrapolate for more than 40 AP% to
estimate the intercept (Table A.1). The studies by Risku-Norja et al. (2008) and
Peters et al. (2007) cover diets in a range from AP% 0 to nearly 80. Results taken
from the article by Risku-Norja et al. (2008) were averaged across diets containing
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food products from conventional agriculture (A) and across diets containing food
products from organic (B) agriculture.

Figure 6 illustrates the associations between LU/FU,_, .and AP%.
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Figure 6. Associations between LU/FU, and AP%. A: conventional food products; B:

A indexed
organic food products

For each FU within studies the RI _ for LU/FU,

indexed

Averaged across studies RI, differed significantly (p < 0.05) from o for FUs ‘PC’,
‘NRD9.3’ and ‘day’, but not (p > 0.05) for the FU ‘PU’. This was because RI estimates

was estimated (see Table 4).
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for LU/FU,

indexed

showed large variation among studies from different authors (Table

4). Conclusions across studies regarding the increase of LU/ FU., per AP%,

indexed

therefore, require study on more harmonised diets.

Across studies the average RI LU/day, ...
different (p > 0.05) from the average RI_ of the other PUs. The FU ‘day’ thus gave no
different contrasts between diets differing in AP% with regard to LU/FU. than

indexed
the FUs ‘PU’, ‘PC’, and ‘NRD9.3’".

was 0.82 (Table 4), not significantly

Table 4. RI_of LU/FU,_, ., for the FUs ‘PU’, ‘PC’ ‘NRD9.3’ and ‘day’
RI,_ of LU/FU, .,

PU PC NRDo.3 Day
Peters et al., 2006 240 0.89 0.94 0.89
Risku-Norja et al., 2008 (A) -0.45 0.91 1.39 1.06
Risku-Norja et al., 2008 (B) -0.68  0.41 0.80 0.53
RI65 averaged across studies 0.42 0.73 1.04 0.82
Significance of difference from o 0.71  0.05 0.03 0.03
Significance of difference between FU and ‘day 0.72  0.19 0.13 -

4. Discussion and conclusions

Although initially about 50 studies from peer-reviewed journals were found that
examined environmental impacts of nationally oriented diets, only 12 studies met
our inclusion criteria. The 38 studies that did not meet our inclusion criteria were
excluded mainly because insufficient data were provided about diet composition
or because only one diet scenario was assessed. Out of the 12 studies that did meet
our inclusion criteria, five were not suitable to compare environmental impacts of
diets that varied in AP% because they were based on meals rather than on diets. Our
analysis, therefore, included only a limited number of studies.

To be conclusive about the effect of increasing AP% on environmental impacts, the
representativeness of the dietary scenarios is essential; we recommend, therefore,
studies that compare environmental impacts of actual diets consumed across a long
period by individuals or groups with distinct consumption behaviour.

We adapted the NRF9.3 score (Drewnowski, 2009) into the NRDg.3 score, to compute
the composite nutritional quality at the diet level. Smedman et al. (2010) applied a
nutrient density score to compare the environmental impact of various beverages.
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They implemented a weighing factor to benefit beverages contributing to more
than 5% of the recommended intake of a nutrient. Scarborough and Rayner (2010)
contested this approach as this arbitrary factor highly affected the environmental
ranking of products. To our knowledge, this weighing factor is not implemented in
other applications of the nutrient density score, and we therefore did not implement
this factor.

The present nutrient density concept, moreover, does not account for nutrient quality
and bioavailability. Compared to plant source foods, animal source foods are associated
with higher quality of protein and higher bioavailability of iron (Drewnowski and
Fulgoni, 2008; Hallberg, 1981; Otten et al., 2006). Accounting for nutrient quality
and bioavailability, e.g. by weighing (Drewnowski and Fulgoni, 2008), could increase
the NRF9.3 score of single food products. When diets are assessed, effects of dietary
interactions on nutrient quality and bioavailability will have to be considered (FAO/
WHO, 1991; Otten et al., 2006).

Nutrient intake

Our analysis showed that diets with higher AP% had higher excess intakes of protein
compared to diets with lower AP%. If this can be extrapolated to diets that are
deficient in protein (hence provide less than 57 g of protein daily), than an increase in
consumption of ASFP could positively benefit health. For diets containing sufficient
protein, however, an increase in consumption of ASFP does not lead to health benefits.
In our analysis, iron intake was generally higher for diets with lower AP%. This is in
contrast with what we expected, as iron intake was generally lower in vegetarian
and vegan diets (FAO, 2009; O’Neill, 2010). Vegan diets were also associated with
less intakes of fibre, magnesium and vitamin C compared with vegetarian and
omnivorous diets (O’Neill, 2010), while in our study we found a decreasing trend
for intake of these nutrients with increasing AP%. We found, however, an increasing
trend for intake of calcium, vitamin A, potassium, sodium and saturated fat intake
with increasing AP%, as we also expected based on O’Neill (2010). NRD9.3 intake
was negatively associated with AP%. At higher AP%, the variance in NRD9.3 intake
also increases. The significance in decreasing trend can be caused by a study-effect,
e.g. the study by Saxe et al (2012) where diet scenarios have relatively low NRD9.3
intake levels, but it can also be caused by the risk of consuming higher levels of
disqualifying nutrients.
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Environmental impacts

Because of the negative aspect of overconsumption of protein, diets should not be
credited for overconsumption when comparing environmental impacts. Crediting
occurs when environmental impacts were expressed as GWP/PU or LU/PU. The
increase of environmental impacts with increasing AP% was insignificant when
expressed by these parameters. However, if only the nutritionally relevant protein
was taken into account, hence when GWP/PC and LU/PC were estimated, impacts
increased more strongly with increasing AP%. When expressing the environmental
impact of a diet relative to the intake of qualifying nutrients in the diet, we thus
propose capping to prevent crediting overconsumption. In our study, we did not
credit overconsumption. We could, however, even have sanctioned overconsumption,
but this requires further study since the impact of overconsumption differs between
nutrients and literature quantifying such impacts is limited. Due to capping of
protein, at intake levels higher than the RDV GWP/PC is similar to GWP/ (day*57)
and therewith fully correlated with GWP/day. The same holds true for LU/PC and
LU/day. Most of the included scenarios had protein intake levels above the RDV and
thus little difference was found between RI,_between FUs ‘PC’ and ‘day’. As stated
before, the number of studies was limited. Our statistical analysis on 5 studies (of
2 scientific groups) for GWP and 3 studies only for LU revealed a non-significant
increase for GWP/PC and GWP/day with increasing AP% and a significant increase
of LU/PC and LU/day.

NRDg.3 is a holistic dietary quality parameter. This parameter credits qualifying
nutrients up to their RDV and sanctions for disqualifying nutrients. Many of the
dietary scenarios in the included studies had intake levels of qualifying nutrients
above RDV and had, as a consequence, not much variation in their summed score
of qualifying nutrients. Similarly, the summed score for disqualifying nutrients
did not differ much between diets, partly because only few studies accounted for
consumption of salt, snacks and (soft-) drinks. Nevertheless, Figure 4 showed
reduced NRDg.3 with increasing AP% and consequently the contrast between diets
with low and high AP% was slightly, but significantly higher for GWP/NRDg.3 than
for GWP/day. However, this contrast was insignificant for LU.

The present study is not conclusive in the sense that it reveals the best, most
relevant or most practically feasible functional unit for comparison of diet related
environmental impacts. When protein is supplied in excess of the RDV, protein as
FU gives similar results as the FU ‘day’ because of the capping. When all qualitative
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nutrients are in excess, the disqualifying nutrients will determine variation in
NRD9.3 and the difference of NRD9.3 with the FU ‘day’. In diets with nutritional
deficiencies or with high levels of disqualifying nutrients, protein (as PU) and
‘NRD9.3’ may be more appropriate FUs than ‘day’ because they account for such
deficiencies and undesirable components. Single meals, however, are not a good
basis for study since they may have unrepresentative imbalances between nutrients,
while author-defined diets may have a too well balanced nutritional profile because
authors purposively aimed for this.

On the basis of the present study we therefore recommend that future research
to study impacts of AFSP on environmental parameters be done on actual diets
of individuals or groups with distinct consumption behaviour. In addition, the
studies ignored the fact that besides food (meat, milk, and eggs), humans use other
animal products, like leather for clothing and manure as a fertiliser or producer of
bio-energy. If we did not produce animal products, we would then require plant-
based or artificial sources to replace these non-food products and environmental
impacts associated with such replacements should be taken into account. For further
research, therefore, we recommend the application of a consequential life cycle
approach in which the various food and non-food functions of animal production
systems are taken into consideration.
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Abstract

Purpose The expected increase in demand for food raises concerns about the expansion
of agricultural land worldwide. To avoid expansion we need to focus on increasing land
productivity, reducing waste, and shifting human diets. Studies exploring diet shifts so
far have ignored competition for land between humans and animals. Our objective was
to study the relation between land use, the share of animal protein in the human diet,
population size, and land availability and quality.

Methods We used linear programming to determine minimum land required to feed
a population a diet with 0-80% of the protein derived from terrestrial domestic
animals. Populations ranged from 15 million to the maximum number of people that
could be supported by the system. The agricultural system in the Netherlands was
used as illustration, assuming no import and export of feed and food. Daily energy
and protein requirements of humans were fulfilled by a diet potentially consisting
of grain (wheat), root and tuber crops (potato, sugar beet), oil crops (rapeseed),
legumes (brown bean), and animal protein from ruminants (milk and meat) and
monogastrics (pork).

Results and discussion We demonstrated that land is used most efficiently if people
would derive 12% of dietary protein from animals (% PA), especially from milk. The
role of animals in such a diet is to convert co-products from crop production and
the human food industry, into protein rich milk and meat. Below 12% PA, human-
inedible products were wasted (i.e. not used for food production), whereas above
12% PA, additional crops had to be cultivated to feed livestock. Large populations
(40 million or more) could be sustained only if animal protein was consumed. This
results from the fact that at high population sizes, land unsuitable for crop production
was necessary to meet dietary requirements of the population, and contributed to
food production by providing animal protein without competing for land with crops.

Conclusions A land-use optimisation model including crop and animal production
enables identification of the optimal % PA in the diet. Land use per capita was
lowest at 12% PA, because at this level animals optimally consume co-products from
food production. Larger populations, furthermore, can be sustained only with diets
relatively high in % PA, as land unsuitable for crop production is needed to fulfil
their food demand. The optimal % PA in the human diet depended on population
size and the relative share of land unsuitable for crop production.
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1. Introduction

Global food demand is projected to increase by 60% by 2050 (Alexandratos and
Bruinsma 2012), because of a growing world population and increasing wealth.
This increased demand for food has raised concerns about environmental impacts
related to expansion of agricultural land worldwide (Foley et al. 2011). Pressure on
land increases not only because of future food demands, but also because of land
degradation (Stringer 2008) and increasing demands for biofuels (OECD/FAO
2014), biomaterials, housing and infrastructure.

Currently, agriculture already occupies about 38% of the terrestrial surface of
the Earth, divided among1.5 billion ha of cropland and 3.4 billion ha of pastures
(Alexandratos and Bruinsma 2012). Meeting the food demand projected for 2050
may require an additional 0.2 to 1 billion ha of land under agriculture (Tilman et al.
2011). This additional land will include land of relatively low fertility and productivity
and will be partly located in currently forested or protected areas (Alexandratos and
Bruinsma 2012; Foley et al. 2011; Ramankutty et al. 2002). Converting such forested
lands to agricultural land conflicts with the need for nature preservation (Royal
Society of London 2009; Smith et al. 2010; World Bank 2007) and leads to adverse
environmental effects (DeFries et al. 2004; Gerber et al. 2013; Millennium Ecosystem
Assessment 2005; Pielke Sr et al. 2002).

There is considerable agreement, therefore, that humans should minimise
further expansion of agricultural land. Limiting global land expansion for food
production, however, requires a combination of interventions on the production and
consumption side (Foley et al. 2011). Proposed strategies include increasing yields on
underperforming lands (Van Ittersum et al. 2013), reducing waste (Papargyropoulou
et al. 2014) and shifting human diets (Stehfest et al. 2009; Wirsenius et al. 2010).

Studies exploring the potential contribution of dietary shifts generally conclude that
(i) a vegan diet requires the least land (Hallstrom et al. 2015) and (ii) that land use
decreases when ruminant meat is replaced by monogastric meat (Stehfest et al. 2009;
Wirsenius et al. 2010). These studies, however, do not consider the competition
between humans and animals for land. Animals fed with cereals, for example,
directly compete with humans for land. No matter how efficiently produced, direct
consumption of cereals by humans is ecologically more efficient than consumption
of animal-source food produced by animals fed with these cereals (Foley et al. 2011;
Godfrey et al. 2010). Compared to pigs or poultry, ruminants generally consume less
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feed that can be consumed directly by humans (De Vries and De Boer 2010; Vellinga
et al. 2009). Ruminants, however, can still compete with humans for land, as some
of the world’s grasslands are also suitable for production of arable crops (Suttie et al.
2005). To limit global land use for food production, therefore, we should consume
livestock products from systems that use land that is unsuitable or less suitable for
crop production and/or that use co-products from food production (Van Zanten et
al. in review). The objective of this study, therefore, was to identify which factors
influence the relation between land use, the share of animal protein in the human
diet, population size, and land availability and quality. We determined the minimum
amount of land used to feed a growing population a diet varying in the percentage of
the protein derived from terrestrial domestic animals. The agricultural system in the
Netherlands was used as case-study, assuming no import and export of feed and food.

2. Material and methods

This study was based on a land-use optimisation model created in GAMS (General
Algebraic Modelling System) version 24.2.

2.1 System definition

The system in our case-study consisted of production, processing and consumption
of food in the Netherlands as a standalone system (Fig 1). The objective of this system
was to produce human-edible energy and protein for domestic use. The model
estimated the land area required to feed populations ranging from 15 million (close
to the current population size) to the maximum number of people that could be
supported by the system. Within this range, we increased population size by steps of
five million people. As we approached the maximum number of people, we increased
population size with steps of 0.1 million people. Daily per-capita requirements were
defined as 2000 kcal and 57 g protein (EFSA 2009; EFSA 2012). Total sugar intake
was limited to the maximum recommended intake level of 9o g per capita per day
(EFSA 2009). We estimated land use for human diets varying in the percentage of the
protein derived from terrestrial domestic animals ("protein derived from animals”
or PA) between 0% PA (a vegan diet) to 80% PA. Within this range, we increased %
PA by steps of 5% (and by steps of 1% where relevant). Land use was determined for
cultivation of crops and forages.

2.2 Crop production system

The current Dutch agricultural area of 1,842 102 ha (CBS 2013) represented the
maximum available area for production of crops and forages. This area consists of
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clay soils (839 103 ha), sandy soils (779 103ha) and peat soils (224 103 ha) (Lesschen
et al. 2012). Clay and sandy soils can be used for cultivation of crops and forages,
whereas peat soils were assumed to be suitable only for cultivation of grass, since
most of these are too wet for competitive crop production. For the fact that they are
marginal for crop production, peat soils represent so-called “marginal” lands in this
study.

Crops included in the modelling represented the following major groups: grains, root
and tuber crops, oil crops and legumes (Online Resource I). In each food-crop group,
the arable crop with the largest cultivated area in the Netherlands was chosen (LEI and
CBS 2012). Grains were represented by wheat, root and tuber crops by potatoes and
sugar beets, oil crops by rapeseed, and legumes by brown beans. Seven crop rotations
were adopted from Van Ittersum et al. (1995), the length of rotations varying from one
to six years (Online Resource I). Crop yields were based on current Dutch averages.
To compute the annual yield of each crop within a rotation, we multiplied the crop’s
yield with its frequency in the rotation (i.e. years of cultivation in a rotation divided
by total years of rotation). In the harvested crop, we distinguished the main crop
product and human-inedible products (i.e. wheat straw, sugar beet tops and tails, and
rapeseed straw). Wheat and maize stubble, potato haulms, sugar beet leaves and bean
straw were left on the field as source of soil organic carbon. We lowered actual yield
levels by 7% for potatoes, 5% for beans and 2% for wheat and rapeseed to account for
production of seeds and seedlings (PPO 2009; PPO 2012). Hence, seed and
seedling production was already accounted for in crop yields in our calculations
(Y, ) In addition to crops, we considered production of maize silage and grass as
forage for dairy cattle. We assumed no effects on yields of climatic differences across
the Netherlands (Van Wart et al. 2013).

To determine total dry matter production (ton DM) of harvested product j
(Q/.), we multiplied the land area allocated to crop rotation i on land type !/ (Xu)
by the fresh matter yield of harvested product j from the same crop rotation
and land type (Y, ), and by the dry matter content of harvested product ;
(DMJ.), then summed across rotations (i=1,7) and land types (/=1,3; Eq.1).

7 3

=> > XX

=1 =1

Eq.1
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2.3 Processing of crops

Harvested products (e.g. rapeseed) were divided into food and feed products (e.g.
oil and meal) following ratios of dry matter output and dry matter input of various
processing steps (Online Resource II). These dry matter output/input ratios were
calculated from fresh matter output/input ratios (Mattsson et al. 2001; Vellinga et al.
2013) and dry matter contents of food (RIVM 2013) and feed products (PDV 2011).
To determine dry matter production of food or feed product & (Q,), we multiplied
production quantities of harvested product j assigned to process m (Q,, ) with the
output/input ratio of product k& produced from harvested product j in process m
(e

Jomk
ensiling of grass and heating of beans) were assigned an output/input ratio of one.

) (Eq. 2). Processes that do not divide one product into multiple products (e.g.

Qr = Qjm X Cmie Eq.2

We converted production quantities of human-edible products into available energy,
protein and sugar, using nutrient contents of products found in the Dutch nutrient
database NEVO (RIVM 2013). Similarly, for animal feeds (see Section 2.4), we converted
production quantities into nutrients using feed tables (PDV 2011).

2.4 Animal production system

We included two animal production systems with contrasting abilities to use
marginal land. We chose pig production as representative for monogastrics, a system
that derives its feeds from land suitable for cultivation of crops, and dairy production
as representative for ruminants, able to use marginal land. We chose these systems
as within the group of monogastrics and ruminants, pork and dairy products are the
largest contributors to protein in the human diet (PPE/PVV 2013; RIVM 2011).

Production levels of animals were based on Dutch averages. We modelled pig and
dairy production based on animal production units (PUs) per animal place per
year. One pig PU consisted of 3.3 fattening pigs, 0.12 sows and 0.07 gilts (Online
Resource III). One pig PU produced 171 kg pork per year, which corresponds to 1475
MJ and 55 kg human-edible protein per year. Net energy requirements per pig PU
(equivalent to the weighted sum of net energy requirements (PDV 2012) for fattening
pigs, sows and gilts) totalled 9901 MJ per year (Online Resource IV). The diet of
one pig PU had a minimum of 16% and a maximum of 18% crude protein (Bikker
2014; Devendra and Clyde Parris 1970) and a digestibility coefficient of at least 80%
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(Bikker 2014). Grass, maize silage, straw, sugar beet tops and tails, and sugar factory
lime were excluded from consumption by pigs (Bikker 2014). We applied additional
restrictions to create a plausible diet (Online Resource V).

One cow PU consisted of a dairy cow and its replacement stock, i.e. 0.31 heifers
aged 1-2 years, and 0.34 calves aged 0-1 year (Online Resource VI). Surplus calves
were excluded from our analysis. One cow PU produced 8502 kg fat-and-protein-
corrected-milk and 74 kg meat per year, both derived only from the milking cow,
corresponding to 22775 MJ, 303 kg human-edible protein and 383 kg total sugar
per year (Online Resource VI). Net energy requirements for one cow PU (equivalent
to the weighted sum of net energy requirements (PDV 2012) for the milking cow,
replacement heifer and calf) totalled 51977 MJ and 606 kg intestinal digestible
protein per year (Online Resources VII and VIII). Rumen degradable protein balance
had alower limit of 0 and an upper limit of 200 g per cow per day (Dijkstra 2014). To
assure sufficient structure in the diet, the structure value of the diet (PDV 2012) was
at least 1 per kg DM. Maximum feed intake capacity was limited to 14.9 saturation
values per day for dairy cows, 3.2 for replacement heifers, and 5.9 for replacement
calves (PDV 2012). Sugar factory lime was excluded from consumption by cows. We
applied additional restrictions to create a plausible diet (Online Resource V).

2.5 Manure production and application

Nutrient (i.e. nitrogen and phosphorus) excretion by animals was computed as
the difference between nutrient intake and nutrients retained in animals and their
products. Nutrient intake was computed based on information about feed intake and
nutrient content of feed ingredients (PDV 2011). Nutrient retention in growing pigs
was computed from nutrient concentrations in body tissue (Groenestein et al. 2008)
and production data (Online Resource III), and totalled 9.4 kg N and 2.0 kg P per pig
PU per year. Nutrient retention in milk, and body tissue of culled cows and growing
young stock was computed from nutrient concentrations in body tissue and milk
(RVO 2010) and production data (Online Resource VI), and totalled 50.1 kg N and
9.64 kg P per cow PU per year.

In line with European Union (EU) legislation, application of manure to crop and
grassland was limited to 170 kg nitrogen from animal manure per ha per year
(RVO 2014). Additionally, we restricted total nitrogen application from manure
and artificial fertiliser to the sum of crop- and soil-type-specific maximum nitrogen
application rates allowed by EU legislation. The nitrogen fertiliser replacement value
of manure was set at 60% (RVO 2014). Moreover, we restricted total phosphate
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application to the sum of soil-type-specific maximum phosphate application rates
for grass and arable land (RVO 2014). These rates depended on the phosphate levels
of the soil, as determined by Schoumans (2007).

2.6 Losses

We accounted for losses of food crop products, meat and milk by applying loss
fractions (Gustavsson et al. 2011) during post-harvest handling, storage, processing,
packing, distribution and consumption. We assumed that at most 21% of total food
crop product losses could potentially be used as feed (Soethoudt and Timmermans
2013). We assumed 5% postharvest handling and storage losses for wheat straw, sugar
beet tops and tails and rapeseed straw. In addition, we accounted for conservation
and feeding losses for crop products allocated to animals. We assumed conservation
losses of 4% for moist concentrates, 5-10% for potato peel, silage maize and beans,
15-17.5% for grass silage and potatoes, 20% for straw, and 25% for sugar beet tops
and tails (Remmelink et al. 2012). Feeding losses were 2% for dried concentrates,
3% for moist concentrates, and 5% for roughages (Remmelink et al. 2012). No losses
were assigned to fresh grass, as fresh grass yields represented net production (i.e.
intake) by animals.

2.7 Objective function

The linear-programming model allocated crop products to humans or animals based
on an objective function to minimise land use for all crop rotations i on all land
types 1 (X;,) (Eq. 3) whilst meeting energy and protein requirements of the human
population.

Min 27: i X,y Eq.3

i=11=1

2.8 Sensitivity analysis

We explored the impact of changes in the share of different soil types, in crop and
forage yields and in the share of protein from meat in the animal protein consumed
on final results of land use and human dietary composition (Table 1)

Changes in share of different soil types. In the reference situation, land consisted
of 46% clay soils, 42% sandy soils and 12% peat soils. To determine the impact of
decreasing the share of marginal land (peat soil), we studied a situation in which land
consisted of 50% clay soils, 45% sandy soils and 5% peat soils (less peat). To determine
the impact of increasing the share of marginal land, we studied a situation in which
land consisted of 30% clay soils, 30% sandy soils and 40% peat soils (more peat).
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Changes in crop and grass yields. To determine the impact of differences in relative
productivity of clay, sand and peat soils, we decreased yields on sandy soils by 20%
and on peat soils by 50%.

Changes in meat content of the diet. In the reference situation, we did not set
requirements for meat consumption. One possible outcome, therefore, was that PA
could come mainly from milk. To determine the impact of meat consumption, we
forced meat (pork and/or beef) to constitute at least 50% of PA, as this is the current
situation in the Netherlands (RIVM 2009).

Table 1. Characteristics of the reference situation and, assessed in sensitivity analyses, alter-
native situations

Sensitivity Reference situation Alternative situations
Soil type 12% peat soils, 46% clay soils, 42%  A: 5% peat soils, 50% clay soils,
sandy soils 45% sandy soils

B: 40% peat soils, 30% clay
soils, 30% sandy soils

Yield Average Dutch yields under current  20% lower yields on sandy soils
practices and 50% lower yields on peat
soils compared to the reference
situation
Meat No pre-defined requirements for Meat constitutes at least 50%
content meat consumption of dietary protein from animals
3. Results

3.1 Land use
Reference situation

The relation between the minimum amount of land needed to feed a specific
population and the percentage of the protein derived from animals (% PA) in the
diet was non-linear (Figure 2). As % PA increased, land use initially decreased up
to about12% PA, and subsequently increased. Diets with about 12% PA, therefore,
systematically had the lowest land use. Furthermore, as population size increased,
the possible range of % PA in the diet became more narrow. This implies that larger
populations could not be supported by a vegan diet or a diet containing a high % PA.

The amount of land needed per capita increased as population size increased (Table
2). Per-capita land use increased with population size because high yielding soils, i.e.
clay soils, were cultivated first, followed by sandy soils (Figure 3). This order follows
from the generally higher yields at rotation level on clay soils than on sandy soils. As
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population size increased, therefore, the relative contribution of lower yielding soils
increased, explaining the increase in per-capita land use (Table 2 and Figure 3).
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Figure 2. Minimum land (103 ha) needed for feeding the total population with diets varying
in percentage of dietary protein from animals (% PA) in the reference situation. Mln =
million.

Table 2. Per capita land use index for diets varying in percentage of dietary protein from
animals (% PA) and various populations in the reference situation. Index = 100 for a diets
with 0% PA and a population of 15 million people. MIn = million.

Population (mln)

% PA 15 25 35 40
0 100 102 104

10 92 93 94

15 94 94 95 96
20 98 99 100 100
30 107 108 109

40 119 120

50 132 134

60 150 152

70 169

80 191
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Figure 3. Land use (m?/capita) per soil type for diets varying in percentage of dietary pro-
tein from animals (% PA) and populations of 15 million (left) and 35 million (right) people in
the reference situation. For a population of 35 million people, 39% PA was the last feasible
option. Mln = million.

Food production on clay soils was sufficient to feed a population of 15 million people
a diet with 0-25% PA. In the range from 30 — 60 % PA, in addition to clay soils, sandy
soils were used for the production of silage maize, as silage maize had higher yields
on sandy soils than on clay soils. If PA exceeded 60%, sandy soils were predominantly
used for the production of crops, as all clay soils were fully used. Feeding a population
of 35 million, however, required all clay soils and most of the sandy soils, even at low
% PA. From 15% PA upwards, in addition to clay and sandy soils, peat soils were used
to produce grass (see Online Resource X for diet composition per cow PU). Diets
with more than 39% PA were not feasible.

Impact of changes in share of different soil types

Decreasing the share of peat soils (i.e. from 12% in the reference situation to 5%)
increased the maximum number of people that could be fed from the land, whereas
increasing the share of peat soils (i.e. from 12% in the reference situation to 40%)
decreased the maximum number of people that could be fed from the land (Figure 4).
This difference in the number of people that can be fed can be explained by the higher
productivity of clay and sandy soils than peat soils. Furthermore, in the situation
with a smaller share of peat soils, the maximum number of people (i.e. 43.6 million)
consumed diets with about 15% PA, whereas in the situation with a larger share of
peat soils, the maximum number of people (i.e. 31.5 million) consumed diets with
about 44% PA. In other words, when population size increases in a region with a
larger share of marginal land, this population can be supported only if a relatively
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high percentage of its protein comes from animal-sources. Moreover, a vegan diet is
only feasible for smaller populations in such a situation, i.e. larger populations can
only be sustained when animal protein is consumed. The feasible share of animal
protein in the human diet, therefore, depends on the population size in combination
with the share of marginal land.
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Figure 4. Minimum land (103 ha) needed for feeding the total population with diets varying
in percentage of dietary protein from animals (% PA) in alternative situations with 5% (left)
and 40% (right) of total land area underlain by peat soils. MIn = million.

Impact of changes in crop and grass yields

Decreasing crop yields on sandy and peat soils did not increase per capita land use
compared to the reference situation as long as % PA was less than 30%, because
only clay soils were used in that range to feed a population of 15 million in both
the reference and alternative situation (Figure 5). When % PA was 30% or more,
per-capita land use increased relatively quickly compared to the reference situation
(Figure 3), because of the lower availability of highly productive land.

We expected decreasing crop yields on sandy soils to result in higher land use on
these soils compared to the reference situation, under high population pressure or
high % PA. For a population of 15 million, this was indeed the case for diets with
50% PA and more (Figure 5). For diets containing less than 50% PA, however, sandy
soils were not used in the alternative situation. This resulted from the relatively
small difference in yield of maize silage between clay and sandy soils in the reference
situation. After reducing yields by 20% on sandy soils, yield of maize silage was
higher on clay soils, which postponed the use of sandy soils to a higher % PA.
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To feed 35 million people, more sandy soils were used then in the reference situation,
due to their lower yields. From 20% PA upwards, sandy soils were fully used and
peat soils were needed to produce animal protein. The maximum feasible % PA for
this population was lower than that in the reference situation.
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Figure 5. Land use (m?/capita) per soil type for diets varying in percentage of dietary pro-
tein from animals (% PA) and populations of 15 million (left) and 35 million (right) people in
the alternative situation with 20% lower yields on sandy soils and 50% lower yields on peat
soils compared to the reference situation. For a population of 35 million people, 23% PA was
the last feasible option. Mln = million.

3.2 Consumption of animal protein
Reference situation

When % PAwaslessthan 10%, daily protein intake per capita equalled the recommended
intake level of 57 grams, but this recommended level was often exceeded when %
PA exceeded 10% (Figure 6) (see Online Resource IX for human-diet composition).
Our simulations also show that animal protein was mainly provided by milk (fixed
ratio of protein from milk and beef of 14:1) (Figure 6), which is due to higher protein
productivity of dairy cows than of pigs (De Vries and de Boer, 2010).

Impact of changes in meat content of the diet

When requiring that at least 50% of the dietary protein of a population of 15 million
came from meat (in our model, beef or pork), the percentage of dietary protein from
pork gradually increased from about 2% (i.e. PA = 5%) to about 37% (PA = 80%)
(Figure 7), at the expense of dietary protein from milk in particular. Land use in this
alternative scenario, therefore, is slightly higher than that in the reference scenario.
Hence, replacing dietary protein from milk with that from meat, implies that we
can eat less protein derived from animals. For a population of 35 million people,
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maximum %PA in the diet decreased to 35% (Figure 7), compared to 39% in the
reference situation (Figure 6) (see Online Resource XI for diet composition per pig
PU).
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Figure 6. Per-capita protein intake (g/ day) from crops, milk, beef and pork for diets varying
in percentage of dietary protein from animals (% PA) and populations of 15 million (left) and
35 million (right) people in the reference situation. For a population of 35 million people, 39%
AP was the last feasible option. The horizontal line indicates the daily protein requirement of
57 g/cap. Mln = million.
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Figure 7. Per-capita protein intake (g/ day) from crops, milk, beef and pork for diets varying
in percentage of dietary protein from animals (% PA) and populations of 15 million (left) and
35 million (right) people in the alternative situation in which meat contributed at least 50% of
PA. For a population of 35 million people, 35% PA was the last feasible option. The horizontal
line indicates the daily protein requirement of 57 g/cap. MIn = million.
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4. Discussion and conclusions

Our model provides insights into relations between land use, the share of animal
protein in the human diet, population size and land availability and quality. We
demonstrated that at lower population sizes consumption of about 12% of dietary
protein from animal-source foods resulted in the most efficient use of agricultural
land. In the range from o to 20% PA, land use remains more or less stable, whereas
beyond 20% PA land use increases more strongly. At the highest population size that
could be supported by the land, however, the optimal percentage of dietary protein
derived from animal-source foods ranged from 15- 45%.

Minimising land use resulted in per-capita land use of 400-800 m?/ year, values
lower than actual land-use values reported by Meier and Christen (2013), Terluin
et al. (2013) and Van Oorschot et al. (2012). This implies that humans can use land
more efficiently if they would accept austere diets. Diets resulting from our analysis
consisted of a limited variety of products because we used proxies for the five major
groups of crop production, and for monogastric and ruminant production. We think,
however, that including a wider variety of plant-based or terrestrial domestic animal-
based products would not have affected our conclusions. Products from fisheries
were not considered, as these systems do not use land.

In our results, animal protein in the human diet consisted mainly of milk, and beef
was consumed as a co-product of milk production (milk:beef ratio of 14:1). When
requiring that at least 50% of the animal protein consumed should come from
meat, pork was added to the human diet. Let us consider, however, what would
have happened had we included beef production from suckler-beef systems. Suckler
cows can exploit marginal lands by producing beef via grazing. Beef from suckler
cows, however would have been included in the human diet only if we had defined
minimum requirements for beef consumption, or if marginal lands had been suitable
only for grazing of suckler cows. This is because from a land-use perspective grazing
of dairy cows is preferred to grazing of suckler cows because dairy cows produce
animal protein more efficiently (De Vries and De Boer 2010). Furthermore, feed
produced on clay or sandy soil is converted more efficiently to animal protein by pigs
than by beef cattle. We realize, however, that producing beef or mutton on marginal
lands unsuitable for grazing of dairy cattle can be of utmost importance in other
areas, and this will result in an increase of per-capita land use.

Another important finding of our study is that a vegan diet always required more
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land than a diet with small amounts of animal protein. In other words, land is used
most efficiently if people consume small amounts of animal protein, which is also
referred to as the “default livestock diet” (Fairlie 2010). The role of animals in a
default livestock diet is to convert co-products from arable production (e.g. straw)
and the human food industry (e.g. beet pulp) that cannot be consumed directly by
humans into protein-rich milk and meat. When no animal protein is produced, as
suits a vegan diet, these human-inedible products are wasted (i.e. not used for food
production) or used as a bio-energy source, and additional crops will have to be
cultivated to meet nutritional energy and protein requirements of the population.
Consequently, larger populations could not be supported by a vegan diet and a
population cannot exceed a certain size unless animal protein is consumed.

Larger populations also could not be supported by a diet with a high percentage of
protein derived from animal-source foods. A population of 35 million people, for
example, could not be supported from a diet containing 40% PA or more. When
demand for animal protein exceeds the default livestock diet, additional crops will
have to be cultivated, resulting in higher land use. At higher population sizes this
land is not available, which limits consumption of high amounts of animal protein,
and, thus, the possible percentages of dietary protein derived from animal-source
foods decreased. Moreover, at the highest population size that could be supported
by the land, the optimal percentage of dietary protein derived from animal-source
food ranged from 15-45%, the exact value depending on assumed crop yields and the
share of marginal land. Peat soils, although relatively productive in the Netherlands,
were considered marginal land as they are suitable only for grass production. Also,
peat soils are somewhat less productive than clay soils in The Netherlands. Thus,
increasing the share of peat soils increased the optimal percentage of dietary protein
from animal-source foods at the highest population size, but at the same time
decreased the maximum number of people that could be fed. In contrast, decreasing
the relative share of peat soils, and hence increasing the relative share of arable
soils, would increase the number of people that could be fed and lower the optimal
percentage of dietary protein from animal-source foods at higher population sizes.
The optimal percentage of dietary protein from animals in future diets, therefore,
depends on the share of marginal land in the world, together with the productivity
of these marginal lands (which is atypically high in The Netherlands). Moreover,
the optimal percentage of dietary protein from animals also depends on the type
of crops and the extent to which co-products are harvested. A higher availability of
co-products for feed would shift optimum land use to higher % PA but also reduce
carbon inputs to the soil.
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Supplementary Material S1 Available crop products for humans, cows and pigs
Crop products available in this study, and an overview of whether or not products are edible
or restricted for humans, cows and pigs

Humans Cows Pigs
Industrial food processing
Dry milling of wheat
Wheat middlings n.c. restr'  restr!
Wheat germ n.r. restr* restr!
Wheat bran n.r. restr'  restr!
Wheat flour n.r. restr!  restr!
Peeling of potato
Potato tuber n.r. n.T. n.r.
Potato peel n.c. restr? restr’
Sugar beet processing
Sugar restr restr* restr’
Sugar factory lime n.c. n.c. n.c.
Sugar beet molasses n.c. restr'  restr!
Sugar beet pulp n.c. restr'  restr!
Crushing of rapeseed
Rapeseed oil n.r. n.r. restr
Rapeseed meal n.c. restr'  restr
Industrial feed processing
Grinding of wheat Ground wheat grain n.c. restr? restr?
Chopping of wheat straw Chopped Vﬁg& n.c. n.r. n.c.
Heating of potatoes Potatoes n.c. restr>  restr?
Cutting of sugar beet Cut sugar beet n.c. restr*  restr?
Cutting of sugar beet tops & Cut sugar beet tops n.c.  restr? n.r.
tails & tails
Grinding of rapeseed Ground rapeseed n.c. restr?  restr?
Chopping of rapeseed straw Chopped rap:ffaev(\l] n.c.  restr? n.c.
Feed or food processing
Brown beans n.r restr'  restr!
Ensilaging
Silage maize n.c. n.r. n.c.
Silage grass n.c. n.r. n.c.
No processing
Fresh grass n.c. n.T. n.c.

Note: n.c. = not consumed, we did not allow this product to be consumed; n.r. = not restric-
ted, this product could be consumed without dietary restriction, restr = restriced, consump-
tion of this product was restricted; *Van Kernebeek et al (2016); 2Section Animal production
system in Supplementary Material S4.
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is the P content (kg ton™ DM) in variable crop residue (j), Crp,,, is the volume of crop
product (k) returned back to the land (ton DM ha), Nutrcont, is the P content of crop
product (k) returned back to the land. HumanexcProcWater, is the amount of P (kg
ha) from recycled human excreta and industrial processing water. WasteAnimal, |
is the amount of P (kg ha) from recycled waste of ASF, and Animalmealu is the
amount of P (kg ha) from recycled animal meal. We did not allow fertilisation of
grassland by crop residues or crop products returned back to the land.

Table S2 Total requirement (TR) of phosphorus (P) by crop rotation and soil type (kg ha®)

TR (kg ha™)
Rotation® Land type P
G Clay 47
M Clay 32
WOWB Clay 25
PWSW Clay 29
PBSW Clay 25
WOWBS Clay 26
WOWBWP Clay 26
G Sand 44
M Sand 33
WOWB Sand 24
PWSW Sand 27
PBSW Sand 24
WOWBS Sand 24
WOWBWP Sand 25
G Peat 45

aG=grass, M=silage maize, W= wheat, O= oilseed, B=beans, P = potato, S = sugar beet.
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Supplementary Material S4 Dietary requirements and intake restrictions of
animals

Dietary requirements of each PU regarding energy and protein intake, digestibility,
structure and intake restrictions are described in detail in Van Kernebeek et al
(2016). In addition to these feed restrictions, we also accounted for feed restrictions
for products that resulted from feed processing (Table S3).

Table S3 Feed restrictions per cow and pig production unit (PU) for products that resulted
from feed processing

CowPU PigPU Based on source

Manx. feed intake (ton DM) per animal PU year’
Potato 1.78 0.43 Feedipedia (2017)
Wheat grain 3.67 Feedipedia (2017)
Sugar beet tops&tails 1.23 Feedipedia (2017)
Rapeseed 0.90 Emanuelson et al. (1991) and
Rymer and Short (2003)
Rapeseed straw 0.14 Vestjens (2017)

Max. fraction of total dry matter intake

Wheat grain 0.4 Feedipedia (2017)
Rapeseed 0.05 Pharazyn (2016)
Beans 0.2 Feedipedia (2017)

Sugar beet 0.4 0.056 Feedipedia (2017)
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Supplementary Material S5 Phosphorus retention in animals

P retention per animal PU was fixed, and was computed from P concentrations in
body tissue and milk (Groenestein et al, 2008, RVO, 2010), and production data
(Van Kernebeek et al, 2016) (Supplementary Table S4). P retention in body tissue
per cowPU included retention in replaced dairy cow, surplus calves, and deceased
replacement calves. Retention in human non-edible products was computed as
‘retention in body tissue minus retention in meat’. Retention in milk for human
consumption was computed as ‘retention in raw milk minus retention in milk for
replacement calves’.

Table S4 Production of meat and milk per pig and cow production unit (PU) per year,
phosphorus (P) retention in body tissue, meat, milk, and human non-edible products, and P
content of meat and milk

Retention Content
(kg) kg’
kg? P P
PigPU
Body tissue 2.0
Of which meat 171 0.51 3.0
Of which human non-edible products 1.5
CowPU
Body tissue 1.8
Of which meat 74 0.20 2.7
Of which human non-edible products 1.6
Raw milk 8 120 7.9
Of which for replacement calves 79.2 0.08
Milk for human consumption (FPCM) 8 502 7.8 0.92

Note: FPCM = Fat and protein corrected milk. ?See Online resources IIT and VI in Van Ker-
nebeek et al (2016) for herd composition and meat and milk production per animal PU, "P
contents of meat were taken from RIVM (2013). P content of milk for human consumption
was computed from production (kg) and P retention. P content of our milk for human con-
sumption was comparable with the content of full fat milk as presented by the Dutch Food
Composition Table NEVO (RIVM, 2013) (i.e. 1.02 g P kg™).
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Supplementary Material S6 Nutrient balances in crop processing

To assure nutrient balances in crop processes that involved separation of harvested
crop into multiple crop products, we compared the nutrient content (kg of P and N
per ton DM) of each harvested crop before processing (PDV, 2011) with the nutrient
content of the sum of output products (including wastes), which we computed
from nutrient content per ton dry matter (PDV, 2011) and output/input ratios (Van
Kernebeek et al, 2016). We computed N content as 16% of crude protein (PDV, 2012).
In those cases where the nutrient content in the sum of output products was lower
than in the harvested crop, we assumed that the remaining nutrients were dissolved
in industrial processing water. This was the case for two processes, i.e. potato and
sugar beet processing. During potato processing, 0.46 kg of 2.50 kg P ton* DM, and
1.42 kg of 16.32 kg N ton DM potato tuber ended up in industrial processing water.
During sugar beet processing, these quantities were 0.51 kg of 1.6 kg P ton* DM, and
1.04 kg of 6.56 kg N ton* DM sugar beet. In those cases where nutrient content in
the sum of output products was higher than in the harvested crop, we lowered the
nutrient content of output products by solving a system of linear equations such that
the initial nutrient ratio (PDV, 2011) between output products remained unchanged.
This was the case for the remaining two food processes that involved separation of
harvested crop into multiple crop products, i.e. dry milling of wheat, and crushing
of rapeseed. The nutrient contents of the output products of the dry milling of wheat
were lowered from 2.8% to 2% N, and from 0.68% to 0.35% P. The nutrient contents
of the output products from rapeseed crushing were lowered with less than 1%. To
account for the relation between N and protein, we lowered the contents of intestinal
digestible protein and rumen degradable protein in feed ingredients for cows with
the same percentage as the percent-change in N.
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Supplementary Material S8 The effect of assuming higher phosphorus surplus
(13 kg ha* year™)

MacDonald et al. (2011) reported that top quartile fields with surpluses globally had
P surpluses of more than 13 kg P ha year*. We explored the effect of assuming P
surpluses or P accumulation of 13 kg P hayear™ while all other parameters were
equal to that in the baseline situation (Figure S1). In this situation, mineral P in-
put varied roughly between 21 000 ton (at 10% PA) and 35 000 ton (at 80% PA).
The absolute difference in mineral P input between our baseline situation (P loss
through leaching and run-off is 2.2 kg ha*year!) and the situation with 13 kg P
loss ha* year® through leaching and run-off or equivalent enhanced accumulation
of P in soils, varies roughly between 8 400 and 18 000 ton P (i.e. 67 to 105% more
mineral P input requirement in the situation with higher P surplus). In P-saturated
soils, an important strategy therefore would be to lower P surplus. If P surplus is
not lowered, mineral P input was minimised by minimising land use (Supplemen-
tary Material S7). The P use efficiency (P consumed by humans (Supplementary
Material S7) over mineral P input) in the situation with higher P surplus ranged
between 27% (at 80% PA) and 38% (at 15% PA).

40000
35000
30000
25000 /
20000

15000

Mineral P input (ton year)
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Figure S1. Mineral phosphorus (P) input (ton year?) in relation to percentage of protein
from animals (% PA) assuming P surpluses of 13 kg P ha* year* while all other parameters
are equal to that in the baseline situation.
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Abstract

Our food system highly depends on the input of fossil energy. As using fossil energy
contributes to climate change, and fossil energy is becoming increasingly scarce,
reducing the input of fossil energy to the food system is essential to sustain food
security. The aim of our modelling exercise was to assess the potential of preventing
waste, recycling waste as animal feed or fertiliser and recovering waste as bioenergy,
via anaerobic digestion, to reduce the overall energy input in the food system.
We assessed the potential of these strategies across human diets differing in the
percentages of protein from animals (%PA). We defined energy input as the difference
between energy that is used during activities in the food system, and energy that is
recovered through anaerobic digestion. We modelled a hypothethical food system
designed to produce sufficient food for a fixed population with minimum energy
input. This model included representative crop and animal production systems,
and was parameterised using data from the Netherlands. We assessed a baseline
situation, and an alternative situation in which waste was prevented. To avoid the
cultivation of crop biomass exclusively for bio-energy production, we first minimised
land use for food self-sufficiency in both the baseline and the alternative situation
without anaerobic digestion. Subsequently, we assessed the impact of introducing
anaerobic digestion in both the baseline and the alternative situation.

We concluded that energy input into the food system was reduced by anaerobic
digestion and waste prevention as single interventions. If waste was not prevented,
the effect of anaerobic digestion was strongest in situations where animals did not
compete for food waste and inedible crop products (at 0% PA, i.e. a vegan diet),
and feed waste (i.e. at 80% PA) with anaerobic digestion. If waste was prevented,
the relatively high potential to recover bio-energy from waste at 0 and 80% PA was
lacking. We furthermore concluded that in situations with anaerobic digestion and/
or waste prevention, energy input continuously increased with increasing %PA, and,
hence, a vegan diet was most energy efficient. In the baseline situation where none
of these strategies were applied, however, energy input showed a minimum at about
15% PA. This implies that, depending on whether or not strategies of anaerobic
digestion and waste prevention are applied, a vegan diet or a diet with a modest
amount of animal protein is most energy-efficient. Our study shows that, to reduce
energy input to a food system, it is essential to account for the combined effects of
waste prevention, anaerobic digestion and dietary shifts.
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feeding animals with human inedible crop products, therefore, could also reduce
energy use in the food system. However, as mentioned above, animal production
and bio-energy production compete for the same human inedible biomass. Feeding
these resources to animals, and not to the anaerobic digester, therefore reduces the
potential to produce biogas.

Third, besides from food waste we can also produce biogas via anearobic digestion
from manure and other co-products. Biomass suitable for anaerobic digestion
includes crop residues, co-products from the food and feed industry, food waste, and
animal manure (Achinas et al., 2017; RVO, 2013). Currently, some crops are also
cultivated specifically for the production of renewable energy via anaerobic digestion
(CBS, 2016). However, crop products used for energy production compete for land with
crop products that can be consumed directly by animals or humans (De Vries et al., 2012;
Tonini et al., 2016; Valin et al., 2015; Van Stappen et al., 2016), and it may be argued
that crops should not be cultivated just for energy production. Besides bio-energy,
anaerobic digestion also yields digestate, which can replace mineral fertiliser (Miranda
et al., 2015; Tufvesson et al., 2013). The production of mineral fertiliser is among the
main contributors to energy use in crop cultivation (Bos et al., 2014; Pelletier et al., 2011;
Williams et al., 2010). Substitution of mineral fertiliser by digestate, therefore, could
reduce energy use in crop cultivation.

So far, it is unclear how preventing waste, recycling waste as animal feed or fertiliser and
recovering waste as bioenergy, via anaerobic digestion, will ultimately affect the overall
energy input in the food system. We deem this a relevant knowledge gap as energy input
in the food system is mainly acquired from fossil energy sources (Monforti-Ferrario et
al., 2015; Sims and Dubois, 2011). The aim of our modelling exercise, therefore, was to
assess the potential of preventing waste, recycling waste as animal feed or fertiliser, and
recovering waste via anaerobic digestion to reduce energy input to the food system. We
defined energy input as the difference between energy that is used during activities in the
food system, and energy that is recovered through anaerobic digestion. To investigate
our knowledge gap, we modelled a hypothethical food system designed to produce
sufficient food for a fixed population with minimum energy input. This model included
representative crop and animal production systems, and was parameterised using data
from the Netherlands. We assumed no import or export of feed and food.
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2.1 System definition

Our hypothetical food system included the following processes: crop production,
crop processing, animal production, MCP production, animal processing, storage in
warehouse and retail, home consumption, anaerobic digestion, and transportation
(Figure 1). The system was designed to produce sufficient dietary energy and
protein to feed a population of 17 million people, which is approximately the current
population size in the Netherlands. Daily per capita nutritional requirements were
defined as 2,000 kcal and 57 g protein (EFSA, 2009, 2012), and sugar intake was
limited to the maximum recommended intake level of 32.9 kg per capita per year
(EFSA, 2009). The model included seven types of crops, i.e. wheat, potato, sugar
beet, rapeseed, beans, silage maize and grass. These crops were included as they
have the largest cultivated area per food crop group (i.e. grains, roots and tubers, oil
crops and legumes) in the Netherlands (Van Kernebeek et al., 2016). Furthermore,
the model included two types of animals, i.e. pigs and dairy cows. These animals
were included as they have the largest contribution to protein in the Dutch human
diet within the groups of monogastrics and ruminants respectively (Van Kernebeek
et al., 2016). The hypothetical food system was parameterised using data for the
Netherlands (Van Kernebeek et al., 2016). Our system was assumed to be a closed,
self-sufficient system, hence we assumed no imports and exports of food and feed.

2.2 Strategies to reduce energy use in the food system

We computed energy input to the system for a Dbaseline situation,
and an alternative situation in which waste was prevented (Table 1).
In the baseline situation, we assumed that crop products, meat and milk were
wasted at rates equal to current rates in the Netherlands (Van Kernebeek et al.,
2018). In compliance with current recycling rates of food waste in the Netherlands
(Soethoudt and Timmermans, 2013), we assumed that 50% of wasted crops, meat
and milk were recycled. These waste streams could be recycled as animal feed,
fertiliser, or bio-energy source. Wasted feed could only be recycled as fertiliser
or bio-energy source. To treat crop and animal production sub-systems equally,
we also assumed 50% recycling of slaughterhouse waste as feed, fertiliser or bio-
energy source, despite EU regulation hindering this (European Commission, 2009).
To avoid trade-offs between energy production and land use, we first
minimised land use for the baseline and alternative situation. We subsequently
minimised energy input for both situations while keeping the number of
hectares per type of crop rotation equal to that when minimising land use.
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Figure 1. Included activities in the food system. Arrows indicate transport. Note: Dig
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wasted crop products, meat and milk

monocalcium phosphate, WCMM
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2.3 Crop production

Our model included five food crops cultivated in rotations, i.e. wheat, potato, sugar
beet, rapeseed and brown bean, and two feed crops for dairy cattle, i.e. silage maize
and grass (Van Kernebeek et al., 2016). All above ground biomass could potentially
be harvested, except for wheat and maize stubble, potato haulms, sugar beet leaves
and bean straw. We assumed that these crop residues stay behind on the field as
source of soil organic carbon and nutrients. Crops were fertilised with nitrogen (N),
phosphorus (P) and potassium (K) at levels that are normally sufficient to achieve
the yield levels presented by Van Kernebeek et al. (2016). This implies that the
amount of nutrients that are lost from one ha, whether that is through harvesting of
crops, or through (unavoidable) losses via leaching, run-off, ammonia volatilisation
or denitrification, were compensated by inputs (Supplementary Material S2). The
various sources of inputs included animal manure, crop residues, crop products
recycled as fertiliser, wasted ASF, animal meal, digestate and mineral fertiliser
(Supplementary Material S2).

We accounted for energy use for the production of inputs, including seeds, pesticides,
artificial lime, and mineral fertiliser (Figure 1). We assumed fixed quantities and,
hence, fixed energy use for the production of seeds and pesticides per ha of crop
rotation (Supplementary material S3). The required quantities, and, hence, energy
use for the production of artificial lime and mineral fertiliser were variable, and
depended on the availability of lime and N, P and K by other sources (Supplementary
material S3).

We accounted for energy use during field operations, i.e. soil preparation, seeding,
crop protection, fertilisation and harvesting (Figure 1). We assumed fixed field
operations for soil preparation, seeding, crop protection and harvesting per ha
of crop rotation, including production and maintenance of machinery for field
operations (Vellinga et al., 2013) (Supplementary material S3). As a result, energy
use for these operations is also fixed (Supplementary material S3). Field operations
for fertilisation of crops were variable, and dependent on the types of fertilisers
applied to the land (Supplementary Material S2 and S3).

2.4 Crop processing

We assumed that harvested crops (i.e. wheat grain, potatoes, sugar beets, rapeseeds
and beans) were cooled and dried during post-harvest storage for conservation
purposes. Storage of wheat grain requires 169 MJ ton* DM, whereas storage of
rapeseed requires 178 MJ ton* DM (Williams et al., 2010). We assumed that energy
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use for storage of sugar beets and beans are equal to that for wheat grain. We
furthermore assumed that storage of potatoes requires 3143 MJ ton* DM (Williams
et al., 2010).

We assumed that all crop products, except for grass and maize, were industrially
processed. We distinguished between feed and food processing. We defined feed
processing as an activity resulting in only feed for animals. Included processes were
grinding, chopping and cutting of crop productstoreduce particle size (Supplementary
material S4). We also included heating of potatoes fed to pigs, and heating of beans
fed to both cows and pigs (Van der Poel et al., 1991; Whittemore et al., 1975; Yu et
al., 1998) (Supplementary material S4). Moreover, we included pelleting of 85% of
processed feed fed to pigs and cows (dry matter basis) Supplementary material S4)
(Bikker, 2016; Dijkstra, 2016). We find it reasonable to include the above described
feed processes, as they are assumed to increase digestibility of feed and growth
performance of animals (Liu et al., 2013; Wondra et al., 1995; Woyengo et al., 2014).
We defined food processing as an activity resulting in at least one human edible
crop product. Included processes were milling of wheat grain, peeling of potatoes,
sugar beet processing and crushing of rapeseed (Supplementary material S1 in Van
Kernebeek et al. (2018)), and Supplementary material S4). Some output products
from food processing can also be consumed by animals (Supplementary material
S1 in Van Kernebeek et al. (2018)). Dry milling of wheat, for example, resulted in
wheat middlings (which we assumed available for animals only), and wheat germ,
bran and flour (which we assumed edible for humans and animals) (Supplementary
material S1 in Van Kernebeek et al. (2018)). For each food process, we assured N, P
and K balances between the input crop product and the sum of output crop products
(Supplementary Material S5).

2.5 Animal production

Our model included dairy production as representative for ruminants, and pig
production as representative for monogastrics (Van Kernebeek et al., 2016). We
modelled dairy and pig production based on animal production units (PUs). One
pig PU consisted of 3.3 fattening pigs, 0.12 sows and 0.07 gilts (Van Kernebeek et
al., 2016). One cow PU consisted of a dairy cow and its replacement stock, i.e. 0.31
replacement heifers aged 1-2 years, and 0.34 replacement calves aged 0-1 year (Van
Kernebeek et al., 2016). Moreover, one cow PU provided 8120 kg unprocessed milk
(Van Kernebeek et al., 2016). Feed requirements for pigs and cows were described by
Van Kernebeek et al. (2016) and Van Kernebeek et al. (2018). These feed requirements
were met by consumption of (recycled) crop products (Supplementary Material S1
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in Van Kernebeek et al. (2018)), recycled waste of milk and meat, recycled animal
meal, and monocalcium phosphate (MCP) (Van Kernebeek et al., 2018) (Figure 1).
The assumed nutritional values of these feed ingredients, as well as feed restrictions,
are presented in Van Kernebeek et al. (2016), Van Kernebeek et al. (2018), and
Supplementary Material S6. To determine N, P and K concentrations in manure,
we computed nutrient intake and nutrient retention in animals, and assumed fixed
quantities of manure production per PU per year (Supplementary material S6 and S7).
We assumed non-grazing systems, and, hence, all manure was produced inside (Van
Kernebeek et al., 2018).

Housing of pigs required 761 MJ primary energy per pig PU per year for heating,
ventilation, lighting, mechanical feeding and manure handling (Blanken et al., 2017).
Housing of cows, including milking, cooling of the milk tank, and manure handling,
required 3641 MJ primary energy per cow PU per year (Blanken et al., 2017). In
addition, we accounted for on-farm energy costs related to ensilaging of grass (744 MJ
primary energy ha*) and maize (710 MJ primary energy ha) (Vellinga et al., 2013).

2.6 Animal processing

Meat processing included slaughtering, removal of hides, hair and offal, cutting,
deboning and cooling (Supplementary material S4). One slaughtered pig PU yielded
171 kg pork (of which part will be wasted, see section on waste), and 208 kg human
inedible products (Hejnfelt and Angelidaki, 2009; Van Kernebeek et al., 2016). One
slaughtered cow PU provided 74 kg beef (of which part will be wasted, see section
on waste), and 161 kg human inedible products (Van Kernebeek et al., 2016). We
assumed that human inedible animal products, and wasted meat and milk, require
processing before being recycled as animal feed or crop fertiliser (Supplementary
material S4). Once human inedible animal products were processed, we refer to it as
animal meal. Milk processing included standardisation, pasteurisation and cooling
(Supplementary material S4). Standardisation of unprocessed milk resulted in 8502
kg fat-and-protein-corrected-milk (FPCM) per cow PU per year (Van Kernebeek et
al., 2016). We included pasteurisation as pasteurised milk is the most dominant type
of milk consumed in the Netherlands (Productschap Zuivel, 2010).

2.7 MCP production

Monocalcium phosphate (MCP) was potentially available as feed additive for pigs
and cows to better enable a positive P balance in feed (Van Kernebeek et al., 2018).
Production of MCP required 60.7 MJ/kg P (Nielsen and Wenzel, 2007).
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2.8 Warehouses and retail

We assumed that milk and meat were cooled in warehouse and retail for conservation
purposes (Figure 1). We accounted for 0.432 MJ kg fresh matter (FM) for cooling
of milk in warehouses and retail (Broekema and Kramer, 2014). We assumed equal
energy use for cooling of meat (MJ kg* FM). We furthermore assumed that crop
products were stored at ambient temperatures without requiring energy.

2.9 Home consumption

We assumed that milk was cooled in the refrigerator at home for conservation
purposes, requiring 0.17 MJ kg* FM, and we took equal energy use for cooling of
meat (Figure 1) (Broekema and Kramer, 2014). We furthermore assumed that crop
products were stored at ambient temperatures without requiring additional energy
(Foster et al., 2006).

We assumed that wheat products, potatoes, beans and meat require home cooking
before consumption. Energy use for home cooking of food vary largely, depending
on e.g. portion size and type of cooking facility (Braschkat et al., 2003; Carlsson-
Kanyama and Bostrom-Carlsson, 2001; Foster et al., 2006; Gronroos et al., 2006).
We assumed generic energy use of 3.5 MJ kg FM for boiling of crop products, and 7.5
MJ kg FM for frying of meat (Foster et al., 2006). We further assumed that wasting
of food at home occurred prior to food preparation, based on Van Westerhoven

(2013).

2.10 Anaerobic digestion

We distinguished two types of digesters, i.e. a high-productive (HP) and a low-
productive (LP) digester. We made this distinction to account for the relation between
the carbon to nitrogen (C:N) ratio of the input mixture and biogas yield (Wang et al.,
2014). Biogas yield is optimal for an input mixture with C:N ratio between 20 and
30 (Wang et al., 2014). For the HP digester, therefore, we restricted the C:N ratio of
the input mixture to this range, whereas for the LP digester we did not restrict the
C:N ratio of the input mixture. We assumed that the biogas yield of the LP digester
was 50% of that of the HP digester, based on Wang et al. (2014). Energy recovery
from digestion of crop products and meat and milk was computed from their digestible
carbohydrates, crude fat and crude protein (Supplementary Material S8). In the HP
digester, anaerobic digestion yielded 886 litre biogas (with 50% methane content) per
kg of digested carbohydrates, 1535 litre biogas (with 70% methane content) per kg
of digested fat, and 587 litre biogas (with 84% methane content) per kg of digested
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protein (Chandra et al., 2012). The energy density of methane gas equalled 36 MJ
per m3 of methane (Banks, 2009). Energy recovery from anaerobic digestion of crops,
meat and milk, manure and slaughterhouse waste in a HP digester is presented in
Supplementary Material S8. We assumed that sugar factory lime could not be
allocated to the digester. We furthermore assumed that 62% of the produced energy
was actually used (RVO, 2013). We refer to this as “recovered energy”. Twelve percent
of the recovered energy was used by the digester for processes such as particle size
reduction, heating, pumping and mixing of biomass (RVO, 2013).

In addition to biogas, the anaerobic digestion also yielded digestate, a residual that
can be applied to crops as a source of fertiliser (Supplementary material S2). We
assumed that all digestate was applied to crops without separation of the dried and
liquid fraction, as is most common in The Netherlands (RVO, 2013). The amount (in
ton dry matter) of digestate was computed from the organic matter fraction, and one
minus the digestibility rate of organic matter, plus ash content. We assumed that all
N, P and K entering the digester ended up in the digestate (Jones and Salter, 2013;
Moller, 2015).

2.11 Transport

To account for energy use during transport, we distinguished three transport
distances, i.e. 20 km, 35 km and 100 km: Assuming a high density of crop production,
animal production and anaerobic digesters in the Netherlands, we accounted for a
20 km distance between crop and animal production, between animal processing
and crop production, and between any step in the chain and an anaerobic digester,
based on Zwart et al. (2006). We also assumed a distance of 20 km between human
consumption and crop and animal production for recycled waste of crop products,
meat and milk. We furthermore accounted for a distance of 35 km between animal
production and animal processing (Head et al., 2011). Moreover, we took a distance
of 100 km between crop production and crop processing, between crop processing
and wholesale, and between animal processing and wholesale. We also assumed a
distance of 100 km to transport crop inputs to crop production, of MCP to animal
production, and to transport any waste to the landfill. We assumed that transport
required 0.94 MJ/tonkm (BioGrace, 2011). We did not include energy use for
transport between wholesale and retail, as this does not influence the relation
between consumption of crop versus animal products.
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3. Results

The results section includes three parts. We first present energy use for the main
activities in the food system in the baseline situation without digester (Baseline_no_
AD). In this situation, the potential of recovering energy through anaerobic digestion
of biomass is not used. Therefore, in the subsequent part, we explore the potential of
recovering energy through anaerobic digestion, assuming recycling of 50% of waste
in the baseline situation with anaerobic digester (Baseline_AD). In both baseline
situations, food is wasted throughout the system. In the third part of this section, we
therefore discuss the consequences of preventing food waste on the overall energy
input into a food system in a situation without anaerobic digestion (WPREV_no_
AD) and in a situation with anaerobic digestion (WPREV_AD).

3.1 Baseline situation without anaerobic digestion (Baseline_no__
AD)

In the baseline situation without anaerobic digestion (Baseline_no_AD), energy
input into the food system is defined only by the energy use for the various activities
in the food system, as in this situation no energy is recovered through anaerobic
digestion (Figure 2).

Energy use by the food system slightly decreased as %PA increased from o to 15%,
and subsequently increased (Figure 2). To unravel the observed relation between
%PA and energy use, we present key parameters describing energy use in the food
system for varying %PA in Table 2 and Supplementary material S9. We first explain
the difference in energy use between a diet with 0% PA (i.e. a vegan diet) and a diet
with 15% PA. Second, we explain the difference in energy use between a diet with
15% PA and one with 60% PA.

The slight decrease in energy use for a diet that contained 0% PA to a diet that
contained 15% PA is the result of two opposite effects (Table 2). On the one hand,
a diet with 15% PA required less land and less crop biomass, contributing to lower
energy use for crop production, cooling and drying of crop products, food processing,
and boiling of crop products than a diet with 0% PA (Figure 3). The lower land use
of a diet with 15% PA results from the conversion of human inedible crop products
(HIE) and recycled human edible crop products by animals into human edible
protein (Supplementary material S10 and S11). These animals, therefore, provide
ASF with no or little additional arable land (Van Kernebeek et al., 2016). Compared
to a vegan diet, a diet with ASF from animals fed predominantly with leftovers, thus,
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needs less crop land, contributing to lower energy use from crop cultivation Van
Kernebeek et al. (2016). On the other hand, a diet with 15% PA required more animal
production, resulting in higher energy use for feed production, animal production
and processing, MCP production, cold storage of meat and milk in warehouse and
retail, cold storage of meat and milk at home, and frying of meat (Supplementary
material S9). Overall, a diet with 15% PA had slightly lower energy use than a diet
with 0% PA.

Table 2. Energy use (TJ) by various activities in the food system in the baseline situation
without digestion (Baseline_no_AD) for diets varying in percentage of protein from animals
(%PA).

% PA

o 15 60

Crop production 15887 14304 18747

Crop processing 12526 12313 15063

Cooling and drying 5215 4865 5185

Feed processing 0 225 435

Food processing 7311 7222 9443

Animal production 0 756 4211

MCP production 0 1 0

Animal processing 0] 1355 7060

Cold storage meat & milk in warehouse 0 742 3880
and retail

Home consumption 15009 14010 13286

Cold storage meat & milk 0] 289 1512

Boiling crop products 15009 13617 11298

Frying meat o) 104 476

Anaerobic digester 0 o] 0

Transport 2521 2451 4018

Total energy use 45943 45932 66265
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Figure 2. Energy use, input and recovery (TJ) in (a) Baseline_no_AD (solid line) and
WPREV_no_AD (dashed line), (b) Baseline_AD) and (c) WPREV_AD, against diets varying
in percentage of protein from animals (%PA). Note: in (a) energy use is equal to energy input.
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When increasing PA from 15 to 60%, energy use increased as a result of two opposite
effects (Table 2). On the one hand, a diet with 60% PA required more land and
more crop biomass, contributing to higher energy use for crop production and crop
processing (Figure 3). We expected this increase in land use and crop production
as from 15% PA upwards, human inedible crop products and crop waste were not
sufficiently available to sustain animals, and therefore additional land was used to
produce crops for animals. Furthermore, energy use for animal production, animal
processing, cold storage of meat and milk, and frying of meat increased following
logically from the increased consumption of animal products (Supplementary
material S12). On the other hand, less energy was required for boiling of crop
products, as less crop products which need boiling were consumed (Supplementary
material S12).

We moreover observe that in this baseline situation more than 50% of the wasted
crop products are allocated to the landfill, rather than being recycled as fertiliser or
as feed (Supplementary material S10). This is especially the case for diets with o0 and
15% PA. Crop products that have a low dry matter content, i.e. potato peel and sugar
beet pulp, and crop products that do not contain N, P and K, i.e. sugar and rapeseed
oil, are not recycled as fertiliser, implying that applying these products on the land as
a substitute for mineral fertiliser is not energy efficient. Furthermore, at 15% PA, not
all wheat straw and rapeseed straw is recycled as feed, as the utilisation by animals of
this fibrous feed ingredient is restricted by digestibility and intake capacity.

In Baseline_no_AD, cows appear more energy-efficient than pigs (Supplementary
material S12). Although husbandry of cows required more energy per PU than
husbandry of pigs, especially during milking, total energy use per unit of edible
protein appeared lower for milk and associated beef than for pork. As a result, milk
and associated beef were the main sources of animal protein in the human diet
(Supplementary material S12).

3.2 The effect of anaerobic digestion in the baseline situation (Base-
line_ AD)

Energy input into the food system in Baseline_AD is the net result of energy use and
energy recovery (Figure 2). Energy input was 14 — 40% lower compared to Baseline_
no_AD. Energy input increased with increasing %PA in the human diet, from about
28,000 TJ for a diet with 0% PA to slightly over 60,000 TJ for a diet with 80% PA. To
unravel the increase in energy input, we will discuss energy use and energy recovery
in the following sections.
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Energy use in Baseline_AD is equal to that in Baseline_no_AD for most of the
activities in the food system (Supplementary material Sg). This can be explained
from the fact that we assumed the same land use for the baseline situation with
and without an AD (i.e. we fixed the land use), resulting in the same crop rotations,
and, therefore, equal amounts and types of crop products, processing volumes, and
number of animals (Figure 3 and Supplementary material S13). Small differences
in energy use between Baseline_AD and Baseline_no_AD can be explained from the
substitution of recycled crop products as fertiliser, by digestate. As digestate had a
higher N-fertiliser replacement value compared to crop products, a higher percentage
of crop products, and, hence, nutrients, was recycled and less mineral fertiliser was
used in Baseline_ AD (Supplementary material S10 and S13). Moreover, in Baseline__
AD about 1,000 — 2,500 TJ was used for the process of anaerobic digestion. As a
net effect, energy use was up to four percent higher in Baseline_AD compared to
Baseline_no_ AD (Supplementary material S9).

The potential to recover energy through anaerobic digestion in Baseline_AD is
presented in Figure 2 (for more details see Figure 4 and Supplementary material
S14). We first discuss energy recovery for a diet containing 0% PA, and subsequently
discuss energy recovery for diets containing higher percentages of PA. At 0% PA,
about 20,000 TJ of energy is recovered from crop products (Figure 4). Approximately
60% of the recovered energy originated from human-inedible (HIE) crop products
that were directly allocated to the digester (Figure 4). These HIE crop products are
co-produced with HE crop products destined for humans, such as wheat straw co-
produced with wheat. Large shares of HIE crop products did not get wasted, and these
non-wasted products were therefore directly allocated to the digester (Supplementary
material S10). The remainder of recovered energy originated predominantly from
human-edible (HE) crop products that were recycled after being wasted along the
food chain (Figure 4).

As %PA increased from 0 to 15% PA, energy recovery from crop products decreased to
about 6,000 TJ (Figure 4). This decrease is due to the competition for crop products
between digester and animals. At 15% PA, animals demand large shares of HIE
and recycled HE crop products (Supplementary material S10). The energy recovery
from manure of approximately 2,000 TJ, however, was larger at 15% PA, because at
0% PA there are no animals in the food system (for more details see Figure 4; and
Supplementary material S14).
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Figure 4. Energy recovery (TJ) from crop products and manure in a) the Baseline situation
with anaerobic digester (Baseline_AD) and in b) the alternative situation where waste is
prevented (WPREV_AD). Crop products are allocated to the digester either direct or through
recycling. HIE = human inedible, HE = human edible. Energy recovery from recycled meat,
milk and animal meal was negligible and not included in the figure.

As %PA increased from 15% up to 60%, energy recovery from crop products further
decreased (Figure 4). This decrease is the result of two opposite effects. On the one
hand, energy recovery decreased from directly allocated HIE and recycled HE crop
products, because of an increasing demand for these crop products by animals
(Figure 3 and Supplementary material S10). On the other hand, energy recovery
increased from recycled HIE crop products. This increase is due to increased volumes
of wasted HIE crop products in animal husbandry as a result of conservation and
feeding losses. As we assumed that these losses cannot be recycled as feed, these
wastes are being recycled as source of energy through anaerobic digestion. Overall,
as %PA increased from 15 to 60%, the increase in energy recovery from manure
compensates the decrease in energy recovery from crop products (i.e. by ca 1,200
TJ) (Figure 4).

3.3 Alternative situations where waste is prevented

Energy use by the food system in situations WPREV_no_AD and WPREV_AD
increased with increasing %PA (Figure 2). Energy use did, hence, not follow the same
trend as land use, which decreased as %PA increased from o to 15% PA (Figure 3).
This can be explained as follows. We first minimised land use. Land use decreased
as %PA increased from o to 15% (Figure 3). However, the crop rotations that were
selected in the food system at 15% PA, required more energy per hectare than the
crop rotations that were selected in the food system at 0% PA. Moreover, the crops
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harvested at 15% PA required more energy in crop processing and transport.

Inthealternative situations where waste is prevented (WPREV_no_AD and WPREV_
AD) energy use by the food system is 3 - 20% lower compared to Baseline_no_AD
(Figure 2, and see Supplementary material S9 for more details). The lower energy
use is the net result of two effects of waste prevention. First, as no waste occurred,
less crops and ASF needed to be produced to meet nutritional requirements of the
human population compared to the baseline, and less crops needed to be produced
to meet nutritional requirements of animals. As a result, land use was 20 — 32%
lower in WPREV_no_AD compared to Baseline_no_AD, contributing to lower
energy use in crop production (Figure 3 and Supplementary material S9). Moreover,
as fewer animals were required, energy use in animal production was also lower
(Supplementary material Sg and 13). Second, in situations where waste is prevented
other ratios and/or types of crop rotations were selected than in the baseline
situation. This implies that waste prevention affects the land use efficiency of crop
rotations, because in the baseline situation, waste percentages are different for
different crops (and thus crop rotations). As a result, the composition of the human
diet was different in situations where waste was prevented compared to the baseline,
affecting energy use for crop production and processing, and human consumption
(Supplementary material Sg and S12).

We note that in WPREV_no_AD for diets containing 0, 15 and 30% PA, up to about
4% percent of the crop products were allocated to the landfill, rather than being
used as food, feed or fertiliser (Figure 3 and Supplementary material S10). At 0%
PA, these products refer to potato peels and sugar beet pulp. These products have
a low dry matter content, implying that applying these wet products to the land is
not energy efficient. At 15 and 30% PA, the product allocated to landfill is sugar.
This sugar is not used as food or feed, implying that this product is produced in
abundance. Sugar is not used as fertiliser, as it does not contain N, P and K, and is,
therefore, no substitute for mineral fertilier.

The potential to recover energy through anaerobic digestion in the alternative
situation WPREV_AD is presented in Figure 2 and 4 (see Supplementary material S14
for more details). We first discuss energy recovery for a diet containing 0% PA, and
subsequently discuss energy recovery for diets containing higher percentages of PA.

At 0% PA, about 9,000TJ of energy was recovered from crop products, originating
fully from HIE crop products that were directly allocated to the digester (Figure 4
and Supplementary material S14). These HIE crop products are co-produced with
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HE crop products destined for humans. Energy recovery was approximately 50%
lower compared to Baseline_ AD (Figure 4). This can be explained from two factors.
First, as no wastes occurred in WPREV_AD, no energy was recovered from recycled
crop products. In Baseline_AD, recycled crop products contributed about 7,400 TJ
to recovered energy (Figure 4). Second, as no waste occurred in WPREV_AD, less
crop products needed to be produced to feed the human population, and, hence, less
directly allocated HIE crop products were available for energy recovery compared to
Baseline_ AD (Supplementary material S10).

As %PA increased, energy recovery from directly allocated HIE crop products
decreased due to increased competition for these crop products between energy and
feed (Supplementary material S10). At 15 and 30% PA, energy was also recovered
from HE crop products (i.e. sugar). At these percentages of PA, the maximum intake
level of total sugar in the human diet is reached, and, hence, part of the sugar is
available for energy recovery. Furthermore, as %PA increased, energy recovery from
manure also increased from approximately 1,800 TJ at 15% PA to approximately
7,400 TJ at 80% PA (Figure 4; and Supplementary material S14 for more details).

4. Discussion

4.1 Using a modelling approach to assess reduction of energy input
to the food system

We quantified energy use, energy recovery and energy input in a hypothetical food
system using an optimisation approach. The total energy use of the food system in
our baseline situation ranged between about 45 and 74 PJ, depending on the %PA in
the diet. This is equivalent to about 2.6 — 4.1 GJ per capita per year. As we used an
optimisation (minimisation) approach, energy use for our diets was lower compared
with estimates found in other studies on (representative) European diets, which
ranged between 6.9 and 21 GJ per capita per year (Carlsson-Kanyama et al., 2003;
Monforti-Ferrario et al., 2015; Mufioz et al., 2010). Furthermore, estimates on energy
use were higher in these studies as they included drinks, tropical fruits, sweets and
snacks, which require a considerable amount of energy, included diets with higher
calorie intake, or applied other system boundaries which included waste treatment.

In our modelling approach, we optimised energy input for a baseline situation, and an
alternative situation in which waste was prevented. Within both situations, we studied
the effects of anaerobic digestion. These 2x2 situations were established as follows:
To avoid the cultivation of crop biomass exclusively for bio-energy production (EU,
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2018), we first minimised land use for food self-sufficiency in the baseline situation
and in the alternative situation, both without anaerobic digestion. In each of these
situations we subsequently assessed the impact of introducing anaerobic digestion,
at different levels of animal-source food in the human diet. The consequence of
optimising land use for the baseline and alternative situation separately and before
optimising energy input, is that we cannot compare the results of the baseline
situations with those of the alternative situations. This can be explained from the
following: Waste prevention changed the mutual differences in land use efficiency
of selected crop rotations and crops along the food system, as waste percentages
differed for different crops in the baseline. This resulted in selection of other ratios
and/or types of crop rotations in the alternative situation where waste was prevented
than in the baseline. This selection of other crop rotations between the baseline
situation and alternative situation hinders a direct comparison of their energy inputs.
Despite our aim to minimise energy input for food self-sufficiency, in some situations
some crop products were produced in surplus. This was an artefact of our selection
of crop rotations, which limited the possibility to provide human edible proteins
and calories precisely in the required ratio of 57 grams of protein and 2000 keal.
Abundancy of crop production can be avoided by inclusion of more (single-) crop
rotations, which provides the model with more flexibility to produce precisely the
right ratio of protein and energy.

4.2 Strategies to reduce energy input to the food system

Our modelling exercise of a hypothetical food system provided innovative insights
into the potential of preventing waste, recycling waste as animal feed or fertiliser, and
recovering waste via anaerobic digestion to reduce energy input to the food system.
In our baseline situation in which half of wasted crop and animal products could
be recycled as feed or fertiliser a diet with 15% PA had the lowest energy input. By
introducing anaerobic digestion to the baseline situation, energy input was reduced
by 14-40%, depending on the %PA. This reduction potential was largest for a diet
with 0% PA (40% reduction) This relatively strong reduction potential at 0% PA can
be explained as follows. First, when producing a vegan diet, a substantial amount
of food waste is generated because humans consume only food crops, and waste
percentages of food crops are high compared to waste percentages of feed crops.
Second, in case of a vegan diet, animals do not compete for food waste and human
inedible crop products with anaerobic digestion, and these products could thus all
be recovered as bio-energy. As a result, in the baseline situation with anaerobic
digestion, a vegan diet had a lower energy input than diets with animal protein.
Furthermore, energy recovery slightly increased from 30 to 80% PA as a result of
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increased production of manure and feed waste.

In the alternative situation in which waste was prevented, energy use was 3 - 20%
(depending on the %$PA) lower than in the baseline situation, both without anaerobic
digestion (Fig. 2a). The potential of waste prevention to reduce energy use was limited
as the crop rotations and crops selected in the alternative situation where waste was
prevented appeared less energy efficient along the food chain compared to those
selected in the baseline situation. Moreover, when waste was prevented, energy use
was lower for a vegan diet compared with diets with animal protein. This was again
caused by the lower energy-efficiency of the crop rotations and crops selected in case
of a vegan diet than those selected with diets with animal protein. By introducing
anaerobic digestion to the situation where waste was prevented, energy input was
reduced by 10 — 23%, depending on the %PA (Fig. 2a (dashed line) compared with
Fig 2¢). This reduction potential was largest (i.e. 23%) for a vegan diet, as in this
situation no competition for human inedible crop products between feed and bio-
energy occurred, and these products could thus be exclusively recovered as bio-
energy.

We demonstrated that, to reduce energy input to a food system, it is essential to
account for the interaction effects of waste prevention, anaerobic digestion and
dietary shifts. We conclude that energy input into the food system is reduced by
anaerobic digestion and waste prevention as single interventions. We also conclude
that anaerobic digestion reduced energy input both in a situation with and without
waste prevention. Moreover, the effect of anaerobic digestion was strongest in
those situations where substantial amounts of human inedible crop products, and
food and feed waste were produced, and where animals did not compete for these
resources with anaerobic digestion (Fig. 2b). We furthermore clearly show that in
situations with anaerobic digestion and/or waste prevention, energy input increases
with increasing %PA.

We demonstrated the competition between food, feed, fertiliser and bio-energy in a
food system. As we minimised land use, crop products that could not be consumed
by humans were allocated to animals to meet the requirement for feed. Therefore,
as animal production increased with increasing %PA, less crop biomass was
available as fertiliser (in situations without anaerobic digestion) or as bio-energy
source (in situations with anaerobic digestion), with the exception of feed waste.
We furthermore demonstrated that when adding a digester to either the baseline
situation or the alternative situation with waste prevention, crop biomass that was
previously recycled as fertiliser was now allocated to the digester, yielding both
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bio-energy and digestate. In that situation, digestate substituted crop products as
fertiliser. As digestate had higher N-fertiliser replacement value than crop products,
less mineral fertiliser was required in a situation with anaerobic digestion than
without anaerobic digestion. This effect was limited, however, as we minimised land
use, and, hence, the availability of crop products as a source of fertiliser or bio-energy
was limited in the first place.
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Supplementary Material S1 Primary energy

When quantifying energy input, we accounted for efficiencies in the production of
energy carriers. We assumed that diesel was produced with an efficiency of 86.2%
(i.e. 1.16 MJ fossil fuel was required to produce 1 MJ diesel for end-use) (BioGrace,
2011). We furthermore assumed a 44% efficiency in the production of electricity from
fossil fuel (Seebregts and Volkers, 2005) and a 88.6% efficiency in the production of
natural gas from fossil fuel (BioGrace, 2011).
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Supplementary Material S2 Crop fertilisation

Total amount of P required per ha for each crop rotation was computed from the P
content of all crops in that rotation and assumed unavoidable losses through leach-
ing and run-off (Eq. 1) (Table S1). Wheat and maize stubble, potato haulms, sugar
beet leaves and bean straw were not included, as we assumed that these parts of the
crops stayed behind on the field as a source of P for the subsequent crop.

TR;) = ZYj’i‘l x DM;j x Pcont; + ULy, Eq.1
=1

Where TR, is the total requirement of P per ha (in kg ha), for crop rotation (i)
on land type (1), based on the sum of all harvested products (j) from that rotation,
including main and co-products; Y is the fresh matter yield of a harvested product
(ton ha) (Online resource I in Van Kernebeek et al, (2016)), DM is the dry matter
content of a harvested product (Online Source I in Van Kernebeek et al, (2016)),
Pcont is the nutrient content of a harvested product (kg ton* DM) (PDV, 2011),
and UL is the unavoidable P loss (kg ha*) through leaching and run-off, which was
assumed 2.2 kg P ha™ on all soil types and crop rotations (Rijksoverheid, 2014).

Total amount of P required per ha for each crop rotation was provided by variable
sources according to Eq. 2. For all recycled and organic fertiliser sources we assumed
a P fertiliser replacement value relative to mineral fertiliser of 100% (De Haan and
Van Geel, 2013; Severin et al., 2014).

2 41
TRU = MFi,l + Z Z Mani_l,alb X Mal’lCOI'lCa’b + Z VCRU,]' X Nutrcont]-

a=1b=1 j=1

+ Z Crpj)x X Nutrconty + HumanexcProcWater;; + WasteAnimal;) Eq 2
k=1
2

+ Animalmeal;; + Z Digestate;)¢
f=2

Where TR, is the total fertiliser requirement of P for crop rotation (i) and soil type
(D (kg ha™), MF,, is the amount of P from mineral fertiliser (triple superphosphate)
(kg ha™). Man,
produced in animal production system type (a) (See Supplementary Material S7),
ManConc, is the P concentration in manure (kg/ton DM), which differed per
manure type and animal production system type (See Supplementary Material S7),
VCR, ;is the amount of variable crop residue (defined here as co-products that could

is the volume of applied manure (ton DM) of manure type (b)
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either be left on the field or be harvested as feed, i.e. wheat straw, sugar beet tops
and tails, and rapeseed straw) (ton DM) (j) left for crop rotation (i) on soil type (1).
Lk 18 the
volume of crop product (k) returned back to the land (ton DM ha™), Nutrcont, is

Nutrcont; is the P content (kg ton® DM) in variable crop residue (j), Crp

the P content of crop product (k) returned back to the land. WasteAnimal, | is the
amount of P (kg ha™) from recycled waste of ASF, and Animalmeal,, is the amount of
P (kg ha) from recycled animal meal. Digestate,
digestate produced in digestate type f. We did not allow fertilisation of grassland by

is the amount of P (kg ha™) from

crop residues or crop products returned back to the land.

Crop fertilisation with potassium (K) (Table S1) was modelled using the same
method as described for phosphorus (P), with one exceptions. This exception is that
we assumed atmospheric deposition of 5.3 kg K (LEI and CBS, 2012). Deposition
of K was considered a fixed source for each hectare (ha) of crop rotation and soil
type. Therefore, deposited K replaced the requirement of K from variable sources.
Fertilisation with nitrogen (N) (Table S1) was modelled in a different way as we did
for P and K fertilisation. For N, we assumed economic optimum fertilisation rates
(De Haan and Van Geel, 2013; Hoeks et al., 2012). These fertilisation rates account
for two important assumptions. The first assumption is that fixed amounts of N are
provided via atmospheric deposition and biological fixation. As these fixed sources
are already accounted for, we assumed that economic optimum fertilisation rates
had to be provided by variable sources only. The second assumption is that N is lost
due to nitrate leaching, ammonia volatilisation and denitrification, and that these
N losses are compensated by accounting for N fertiliser replacement values (NFRV)
of the various variable sources. The NFRV of variable sources relative to mineral
fertiliser were: 60% on cropland and 90% on grassland for both cattle and pig slurry
(Gutser et al., 2005; Schroder et al., 2007); 50% for crop residues returned back
to the land (Gutser et al., 2005); 40% for crop products returned back to the land
(Based on De Haan and Van Geel (2013), 60% for animal products returned back to
the land (Gutser et al., 2005), 60% on cropland and 90% on grassland for digestate
(Lembke et al., 2012; Schroder et al., 2007). To account for N-loss from volatilisation
from manure in stable and storage, we converted gross excreted N to net excreted
N. These N-losses were 11% of gross excretion for dairy and 15% of gross excretion
for pigs (based on RVO (2010), RVO (2016) and Van Kernebeek (2016)). We verified
whether the provision of N from the combination of fixed and variable sources was
sufficient to meet N-uptake. N-uptake was computed from fresh matter yield (Y),
dry matter content (DM) and N-content of harvested product, in analogy with Eq.
1. N application from the fixed sources of deposition and biological fixation were
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computed from the following assumptions: atmospheric deposition totals 25,6 kg/
ha (LEI and CBS, 2012), with NFRV of 75% on grassland (Schréder and Van Keulen,
1997) and 60% on cropland (Asman, 1992). N-fixation by legumes (i.e. beans) is 50
kg per ha of beans on all soil types (Beukeboom, 1996). N-fixation per ha of crop
rotation was computed from the frequency of beans in the rotation. We concluded
that only in the case of grass production on peat soil, N from these two sources was
lower than N-uptake. For grass production on peat soil, we modelled therefore that
instead of the economic optimal fertilisation rate, the amount of N taken up should
be provided by variable sources.

Table S1. Total requirement (TR) of nutrients (N, P, K) by crop rotation and soil type (kg/
ha), Fixed provision (FP) of N (kg/ha) from fixed sources, and N-uptake (kg N/ha)

TR (kg/ha) FP (kg /ha) Uptake (kg/ ha)
Rotation®* Land type N P K N N
G Clay 340 47 380 19 332
M Clay 185 32 188 15 191
WOWB Clay 183 25 75 33 159
PWSW Clay 203 29 144 40 197
PBSW Clay 185 25 131 57 188
WOWBS Clay 176 26 89 44 171
WOWBWP  Clay 198 26 111 31 170
G Sand 340 44 353 19 308
M Sand 185 33 191 15 194
WOWB Sand 155 24 70 33 149
PWSW Sand 178 27 137 40 184
PBSW Sand 175 24 127 57 181
WOWBS Sand 154 24 87 44 162
WOWBWP  Sand 172 25 107 31 161
G Peat 268 45 366 19 321

aG=grass, M=silage maize, W= wheat, O= oilseed, B=beans, P = potato, S = sugar beet.
Note: Fertiliser requirements of plant available N were dependent on mineral soil N con-
tents, which we assumed 20 kg N/ha (0-30 cm) and 30 kg N/ha (0-60 cm) for arable soils
(Schroder et al., 2004), 140 kg N/ha for grasslands on clay and sandy soils, and 250 kg N/ha
for grasslands on peat soils (Hoeks et al., 2012).
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Supplementary material S3 Primary energy use for the production of inputs?,
and primary energy requirement for fixed field operations per hectare of crop rota-
tion (MJ ha™).

Crop rotation Land type Seeds Pesticides Fixed field
operations

G Clay 573 46.9 487
M Clay 543 119 7593
WOWB Clay 588 381 4489
PWSW Clay 2696 1203 7376
PBSW Clay 2696 1107 7209
WOWBS Clay 476 427 5273
WOWBWP Clay 1935 858 5665
G Sand 573 46.9 487
M Sand 543 105 7593
WOWB Sand 557 310 4489
PWSW Sand 2754 1236 7376
PBSW Sand 2769 1175 7209
WOWBS Sand 452 338 5273
WOWBWP Sand 2086 883 5665
G Peat 573 46.9 487

G = grass, M = maize, W = wheat, O = rapeseed, B = beans, P = potato, S = sugar beet

Note: Seed requirements per ha of sugar beet, silage maize and grass were taken from Vellinga
etal. (2013). Pesticide requirements per ha of grass were taken from LEI (2015). Requirements
for seeds and pesticides per ha for other crops were averages from PPO (2009, 2012). Energy
requirements for production of seeds and pesticides (MJ/kg) were taken from Weidema et
al. (2013). Energy use per ha for fixed field operations were computed from Vellinga et al.
(2013). Field operations for fertilisation of crops were variable, and dependent on the types
of fertilisers applied to the land. Application of mineral N required 0.4 MJ/kg N (Dalgaard
et al., 2001; Nguyen et al., 2010). We assumed equal energy requirements for application of
mineral P and K. Furthermore, application (loading and spreading) of manure and digestate
required 21 and 27 MJ per ton fresh matter (FM) respectively (Berglund and Borjesson, 2006;
Nguyen et al., 2010). We assumed that application (loading and spreading) of crop products
also required 27 MJ per ton FM.

aPrimary energy use for production of artificial lime and mineral N, P, K fertiliser per ha is
variable. We assumed application of 380 kg lime per ha of crop rotation (Vellinga et al., 2013).
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Lime could be provided by two sources, i.e. artificial lime and sugar factory lime, the latter
which is a co-product from sugar beet processing. Use of artificial lime was thus dependent on
the availability of sugar factory lime. Energy requirements for the production of artificial lime
and mineral fertiliser N,P,K (MJ/kg) were taken from Weidema et al. (2013). We assumed
that sugar factory lime had a CaCO N concentration of 70% on DM basis (Hoeks et al., 2012;
Paleckiene et al., 2007; Royal Cosun and Suikerunie, 2016). We assumed no effect of the type
of lime on crop yield (Draycott and Messem, 1979). Furthermore, use of mineral N, P and K
depended on the availability of other sources of N, P and K fertiliser (Supplementary Material
S2). As a consequence, energy use for production of mineral N, P and K is, therefore, also
variable.
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Supplementary material S4 Primary energy requirement for crop and animal
processing (MJ primary energy per unit)

Table S2d. Primary energy requirement for crop and animal processing (MJ primary
energy per unit)

MJ primary energy

per ton DM per ton FM
Feed processing
Grinding wheat grain®¢ 38
Chopping wheat straw® 21
Heating potatoesf 286
Cutting sugar beets 244
Cutting sugar beet tops & tails" 244
Grinding rapeseed! 37
Chopping rapeseed straw® 18
Heating beans? 70
Pelleting 82
Food processing
Dry milling wheat? 552
Peeling potatos 2484
Sugar beet processing? 2417
Crushing rapeseed? 1181
Animal processing
Beef* 3283
Porkk 3903
Milk! 712
Human inedible animal products, wasted meat and milk™ 1960

aVellinga et al. (2013), PComputed with the assumption that one ha of grassland is mown
twice a year for silage, “Marian et al. (2013), Dziki 2012, “Tumuluru et al. (2014), fenergy use
for heating of potatoes was assumed equal that for industrial heating of beans, #Sikirica et

al. (2003), "energy use for cutting sugar beet tops & tails was assumed equal that for cutting
sugar beet, lenergy use for grinding rapeseed was assumed equal that for grinding of wheat
grain, 'Wondra et al. (1995). "Ramirez et al. (2006b) energy use for slaughtering, removal

of hides, hair and offal, cutting and deboning up to and including cooling. 'Ramirez et al.
(2006a) energy use for pasteurisation and cooling of milk. ®energy use for processing wasted
meat and milk was assumed equal that for processing human inedible products as taken
from Schreurs (2004).
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Supplementary Material S5 Nutrient balances in crop processing

To assure nutrient balances in crop processes that involved separation of harvested
crop into multiple crop products, we compared the nutrient content (kg of P, K
and N per ton DM) of each harvested crop before processing (PDV, 2011) with
the nutrient content of the sum of output products (including wastes), which we
computed from nutrient content per ton dry matter (PDV, 2011) and output/input
ratios (Van Kernebeek et al., 2016). We computed N content as 16% of crude protein
(PDV, 2012). In those cases where the nutrient content in the sum of output products
was lower than in the harvested crop, we assumed that the remaining nutrients were
dissolved in industrial processing water. This was the case for two processes, i.e.
potato and sugar beet processing. During potato processing, 0.46 kg of 2.50 kg P/
ton DM, 9.88 kg of 22.10 kg K/ton DM and 1.42 kg of 16.32 kg N/ton DM potato
tuber ended up in industrial processing water. During sugar beet processing, these
quantities were 0.51 kg of 1.6 kg P/ton DM, 2.27 kg of 8.0 kg K/ton DM and 1.04 kg
of 6.56 kg N/ton DM sugar beet.

In those cases where nutrient content in the sum of output products was higher than
in the harvested crop, we lowered the nutrient content of output products by solving
a system of linear equations such that the initial nutrient ratio (PDV, 2011) between
output products remained unchanged. This was the case for the remaining two food
processes that involved separation of harvested crop into multiple crop products, i.e.
dry milling of wheat, and crushing of rapeseed. The nutrient contents of the output
products of the dry milling of wheat were lowered from 2.8% to 2% N, from 0.68% to
0.35% P and from 0.85% to 0.43% K. The nutrient contents of the output products
from rapeseed crushing were lowered with less than 1%. To account for the relation
between N and protein, we lowered the contents of intestinal digestible protein and
rumen degradable protein in feed ingredients for cows with the same percentage as
the percent-change in N.
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Supplementary S6 Feed restrictions and nutrient retention in animals

In addition to feed restrictions described by Van Kernebeek et al. (2016) and Van
Kernebeek et al. (2018), we also restricted intake of wheat products for pigs to 40%
of dry matter intake (Feedipedia, 2018).

Nutrient retention per animal PU was fixed, and was computed from nutrient
concentrations in body tissue and milk (Groenestein et al., 2008; RVO, 2010), and
production data (Van Kernebeek et al., 2016) (Supplementary Table S5). Retention in
body tissue per cowPU included retention in replaced dairy cow, surplus calves, and
deceased replacement calves. Retention in human inedible products was computed
as ‘retention in body tissue minus retention in meat’. Retention in milk for human
consumption was computed as ‘retention in raw milk minus retention in milk for
replacement calves’.

Table S5. Production of meat and milk per animal production unit (PU) per year (kg),
nutrient retention in body tissue, meat, milk, and human inedible products (kg), and
nutrient contents of meat and milk (g kg™")

Retention (kg) Content (g kg")®

kg P K N P K N

PigPU
Body tissue 379 2.0 0.86 9.2
Of which meat 171 0.51 0.80 8.7 3.0 4.7 51

Of which human inedible products 208 1.5 0.06 0.50 71 0.3 2.4

CowPU
Body tissue 235 1.8 0.48 5.51
Of which meat 74 0.20 0.36 3.56 2.7 4.8 48
Of which human inedible products 161 1.6 0.12 2.0 9.7 0.7 12
Raw milk 8120 7.9 13.1 44.5

Of which for replacement calves  79.2 0.08 0.13 0.43

Milk for human consumption 8502 7.8 12.9 44.1 0.92 1.5 5.2
Note: FPCM = Fat and protein corrected milk. * see Online resources III and VI in Van
Kernebeek et al. (2016) for herd composition and meat and milk production per animal PU.
Weight (kg) of human inedible products were computed as ‘weight of body tissue minus
weight of meat’. "Nutrient contents of meat were taken from RIVM (2013). However, to create
positive K-retention in animal meal per cowPU, we lowered K-content of beef as presented
by RIVM (2013) by an arbitrary 8%, from 0.527% to 0.485% K. For the same reason, we also
lowered K-content of pork as presented by RIVM (2013) by an arbitrary 8%, from 0.568%
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to 0.466% K in pork. Nutrient content of milk for human consumption was computed from
production (kg) and nutrient retention. Nutrient contents of our milk for human consumption
were comparable with the contents of full fat milk as presented by the Dutch Food Composition
Table NEVO (RIVM, 2013) (i.e. 1.02 g P/kg; 1.65 g K/kg; 5.28 g N/kg). For human edible
animal products (meat and milk) and human inedible products (animal meal), contents of net
energy for pigs and cows, intestinal digestible protein (IDP), rumen degradable protein (RDP),
structure value and saturation value were not found in literature. Net energy (MJ/kg) for pigs
and cows were therefore computed from crude protein contents, which we computed from
N-contents as presented in the table above, contents of fat, fibre and other carbon-containing
components as presented by PDV (2011), and the energy equations provided by PDV (2011).
Contents of intestinal digestible protein (IDP), rumen degradable protein (RDP), structure
value and saturation value, were assumed equal to those of potato peel.
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Energy recovery (GJ/ton DM) from crops, crop products, manure, meat, milk and

slaughterhouse waste in a high productive digester

GJ/ton dry matter Reference

Crops Wheat grain 14.3 This study

Wheat straw 6.15 This study

Potato 13.2 This study

Sugar beet 11.6 This study

Sugar beet tops & tails 10.0 This study

Rapeseed 22.8 This study

Rapeseed straw 7.59 This study

Brown beans 12.6 This study

Silage maize 11.4 This study

Silage grass 11.4 This study

Fresh grass 13.2 This study

Crop Wheat middlings 12.6 This study
products

Wheat germ 13.9 This study

Wheat bran 10.6 This study

Wheat flour 14.1 This study

Potato tuber 12.8 This study

Potato peel 13.2 This study

Sugar 15.9 This study

Sugar beet molasses 13.4 This study

Sugar beet pulp 13.1 This study

Rapeseed oil 36.7 This study

Rapeseed meal 12.6 This study

Animal Pig manure 7.00 Berglund and

products Borjesson

Cow manure 6.20 Berglund and

Borjesson

Pork 13.0 This study

Beef 14.7 This study

Milk 12.7 This study

Slaughterhouse waste 9.4 Berglund and

Borjesson
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Supplementary material S11 Composition of the cow ration

Table S9. Composition of the cow ration for human diets varying in percentage of protein
from animals (%PA) in the baseline situation without digester (Baseline_no_AD)

% PA o 15 30 60 8o
gr DM/cow PU/day

Feed processing

Grinded wheat grain o) 632 299 828 3423
Chopped wheat straw 0 3621 2513 2045 1748
Potatoes o 604 198 128 95
Cut sugar beet 0 0] 385 261 110
Cut sugar beet tops&tails o 688 383 260 110
Grinded rapeseed 0] 8 0 0o 198
Chopped rapeseed straw 0 371 371 0 207
Heated beans 0 9 767 0 247
Silage maize 0 0 0 620.46 3152
Silage grass 0 617 4574 7113 5852
Fresh grass 0 277 2052 3248 2626
Food processing

Wheat middlings 0 3621 1715 507 86
Wheat germ o] 68 0 82 14
Wheat bran o) 569 193 515 87
Wheat flour 0 3339 1472 470 80
Potato 0 2061 926 420 311
Potato peel 0o 756 369 153 113
Sugar 0o o 1797 2670 1297
Sugar beet molasses 0 1297 722 489 207
Sugar beet pulp 0 2201 1277 896 379
Sugar beet tops&tails o] 0 0 0 0
Rapeseed oil 0] 0 0 0 8
Rapeseed meal 0 1479 552 0 214
Beans 0 90 0 0 0
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Supplementary material S12 Composition of the human diet

Table S12a. Composition of human diets varying in percentage of protein from animals
(%PA) in the baseline situation (Baseline_no_AD and Baseline_AD)

% PA o 15 30 60 80
gr/cap/day

Wheat germ 6 5 5 0 0
Wheat bran 39 35 34 0 0]
Wheat flour 239 213 207 156 38
Potato 591 551 550 582 617
Sugar 62 72 61 26 3
Rapeseed oil 17 13 11 0 14
Beans 87 66 0

Pork 0 0.28 2.65

Beef 0 2 4 10 15
Milk 0o 254 519 1328 1899

Table S12b. Composition of human diets varying in percentage of protein from animals
(%PA) in the alternative situation where waste is prevented (WPREV_no_AD and WPREV _AD)

% PA o 15 30 60 8o
gr/cap/day

Wheat germ 6 6 o (o]

Wheat bran 39 36 29 0

Wheat flour 240 220 202 123

Potato 654 686 722 747 896
Sugar 61 73 60 29 1
Rapeseed oil 14 o}
Beans 70 0
Pork 0]
Beef 0 2 5 11 17

Milk 0 246 541 1273 1944
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Supplementary material S13

Number of animal production units (PU) (1,000) included in the food system, and amount
of mineral fertiliser N (1,000 ton) applied to land for all four situations for diets varying in
percentage of protein from animals (%PA).

%PA o 15 30 60 8o

Baseline_no_AD CowPU 0 204 417 1066 1523
PigPU 0o 13 119 0o 0
Mineral fertiliser 131 117 124 162 186
N

Baseline_ AD CowPU 0 204 417 1066 1523
PigPU 0 13 119 0o 0
Mineral fertiliser 119 115 121 155 175
N

WPREV_no_AD CowPU 0 179 394 929 1419
PigPU o] 0] o] 0] o
Mineral fertiliser 90 84 95 123 151
N

WPREV_AD CowPU 0 179 394 929 1419
PigPU o] o] o] 0] 0]
Mineral fertiliser 85 83 91 119 146

N
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Supplementary material S14 Energy recovery

At 15% PA, approximately 25% of the recovered energy originates from manure
(Figure 4 in main manuscript). This manure is digested in high productive (HP)
digesters. The mixture of relatively large volumes of crop products with manure
results in an input mixture with a C:N ratio between 20 and 30, as is required for
a HP digester. As PA increases from 15% upwards, manure was allocated to the HP
digester up to the point where it could be mixed with large enough quantities of crop
products to create an input mixture for the digester with an C:N ratio above 20.
From 60% PA upwards, manure is predominantly digested in low productive (LP)

digesters, as not enough crop products are available to meet the required C:N ratio
for the input mixture of a HP digester.
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Energy recovery (TJ) in a) Baseline_AD and b) WPREV_AD through anaerobic digestion in
high productive (HP) and low productive (LP) anaerobic digester for diets varying in percen-
tage of protein from animals (%PA). Note: energy recovery of less than 50 TJ (i.e. from crop
products in LP digester, and meat, milk and animal meal) were not shown.
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excreta (Boqvist et al., 2018), and facilitating dietary change towards diets lower in
their content of animal-source food (de Boer and Aiking, 2019). It will thus require
social and economic efforts from all actors to develop a food system that is able to
supply the global population with safe and healthy food within environmental limits.

3. The consequences of technical and consumption strategies
on resource use efficiency

3.1 Minimal use of resources

In this thesis, efficiency is defined as the quantity of natural resources land, mineral
phosphorus and energy required to feed a fixed population. This thesis demonstrated
that a food system is most efficient in terms of land use and phosphorus under the
following conditions (Chapters 3 and 4, and Figures 1a and b; situation Full waste
prevention (without anaerobic digestion (AD)):

1. The occurrence of food and feed waste is fully prevented;

2. Crop production is directed at producing crops for direct consumption by
humans;

3. Inedible co-products from crop production are used as feed;

4. Human excreta, manure and animal meal are used as fertiliser (either
directly or indirectly via anaerobic digestion);

5. Marginal land not suitable for crop production is used for the production of
roughage for livestock in case not enough food can be produced from cropland.

In a land and phosphorus efficient food system, the livestock sector contributes to
efficiency by converting inedible co-products into animal-source food (Chapters 3
and 4). Along with these inedible co-products, these animals also consume a small
amount (i.e. 20% of dry matter) of food products, and grass produced on crop land,
causing food-feed competition (Chapter 4). The availability of food products as feed
results from the fact that in some situations some crop products were produced in
surplus. This was an artefact of our selection of crop rotations, which limited the
possibility to provide human edible proteins and calories precisely in the required ratio
of 57 grams of protein and 2000 kcal. Abundancy of crop production can be avoided
by inclusion of more (single-) crop rotations, which provides the model with more
flexibility to produce precisely the right ratio of protein and energy. Furthermore,
the production of grass as feed implies that 1) the inedible co-products can only be
converted into animal-source food, when their relatively low nutritional quality is
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compensated for by supplementation with highly nutritious feed, and 2) producing
some feed intentionally for animals, with the aim of valuing inedible co-products
as feed, results in higher land and P efficiency compared with not producing this
feed, and, consequently using inedible co-products as fertiliser. There is a need for
supplementation due to the fact that only highly productive animals were modelled
here. Highly productive animals need high productive feed to stay within their feed
intake capacity. Supplementation can largely be avoided by inclusion of animals
with low or moderate productivity. The nutritional requirements of these animals
can largely be met by human-inedible co-products (Hal et al., 2019). However,
the effects of including animals with low or moderate productivity on nutrient use
efficiencies and greenhouse gas emissions are yet unknown. Assessing these impacts
is important in the light of overall sustainability of food systems.

As a consequence, and in contrast to what is concluded in LCAs (Chapter 2), livestock
is an essential component in a land and phosphorus efficient food system. However,
the number of livestock in such a system is limited by the availability and quality of
inedible co-products (Van Zanten et al., 2018). Consequently, the amount of animal-
source food available for human consumption is also limited. In the modelling
exercises in this thesis, land use and phosphorus input was minimal if approximately
10-15% of total protein was derived from animal-source food (Chapters 3 and 4, and
Figure 1; situation Full waste prevention). The fact that both land and phosphorus
are used optimally with the same percentage of animal protein follows from the
fact that phosphorus is assumed to be lost via leaching and run-off only, and, these
processes are directly associated with land use. Consumption of 10-15% PA equals
about 6-9 gram of animal protein per capita per day. This is considerably lower than
the current average consumption of animal protein in Dutch diets, which equals 60%
of total protein, i.e. 48 gram of animal protein per capita (RIVM, 2019). It is also
lower than the estimated 9-23 gram of animal protein available from livestock fed on
inedible feed sources in global food systems (Van Zanten et al., 2018).
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Figure 1. Land use (102 ha) (a), P input (ton) (b) and energy input (TJ) (c) for diets differing
in their percentage of protein from animals (%PA) in various situations. AD = anaerobic
digestion. To put the results of Chapters 3, 4 and 5 in one figure, the names of the situations
as mentioned in the various chapters have been changed. Baseline (without AD) includes:
reference situation (Chapter 3), baseline situation (Chapter 4), Baseline_no_AD (Chapter 5);
Baseline (with AD) includes: Baseline_AD (Chapter 5); Full waste prevention (without AD)
includes: Combi_1 (Chapter 4) (for both land use and P input), WPREV_no_AD (Chapter
5); Full waste prevention (with AD) includes: WPREV_AD (Chapter 5); Full waste recycling
(without AD) includes: Combi_2 (Chapter 4) (for both land use and P input).

If not enough cropland is available to sustain the population due to population growth,
marginal land will be needed to provide additional animal-source food via conversion
of roughage (Chapter 3). In Chapter 3 it was demonstrated that in case of population
growth, the optimal percentage of animal-source food is affected by the share of
marginal land (represented by peat soil in the Netherlands, which is only used for
grassland), crop productivity, and population size. In the reference situation that was
parameterised for the Netherlands, 12% of total agricultural land consists of peat soil.
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This system could sustain a maximum of 41.3 million people if the diet contained 22%
animal protein (Chapter 3). If the food system would have had a lower share of peat
soil (i.e. 5%), and thus more clay and sandy soils, it would be able to sustain more
people (i.e. 43.6 million), as more crops could be produced for direct consumption
by humans (Chapter 3). However, this population could only be sustained if the diet
contained ca. 16% animal protein. This percentage of animal protein was lower than
in the reference situation, as less grass from peat soils was available as source of
animal feed, and, hence, fewer animals could be produced (Chapter 3). If the food
system would have had a higher share of peat soil (i.e. 40%), a maximum of 31.5
million people could be sustained with a diet containing ca. 44% of animal protein
(Chapter 3). Hence, the higher the share of marginal land in the food system, the
fewer people it can sustain, and the higher the optimal share of animal-source food
in the diet (Chapter 3). Moreover, if the human population approaches its maximum,
the population can only be sustained if marginal land is taken into use, and, hence,
sustaining this population requires consumption of animal-source food (Chapter 3).

If due to low soil quality, crop productivity is low, a food system can sustain fewer
people than if it had high crop productivity (Chapter 3). Moreover, in case of low crop
productivity, the range of feasible shares of animal protein in the human diet declines
more rapidly with increasing population size (Chapter 3). In case of a population
of 35 million people, for example, feasible diets ranged between 0 and 39% PA in
the reference situation. In the alternative situation with lower crop productivity,
however, feasible diets ranged between 10 and 23% PA (Chapter 3). This implies
that in the alternative situation with lower crop productivity, not enough crop land is
available to provide sufficient food crops for direct consumption by humans (in case
of a vegan diet) and to provide sufficient feed crops for animals (in case of diets with
more than 23% PA).

In contrast to a land and phosphorus efficient food system, an energy efficient
food system does not prevent waste and does not produce livestock (Chapter 5 and
Figure 1c; situation Baseline (with AD)). In fact, the food system is most energy
efficient in case of a vegan diet where waste does occur, and where this waste, along
with inedible co-products, is used to recover energy via anaerobic digestion. This
may imply that recovering energy from waste, and producing additional crops to
compensate for this waste, is more energy efficient than preventing waste. However,
we could not draw conclusions on this, as the results in the baseline situation in
which waste does occur, and the alternative situation in which waste was prevented,
cannot be compared directly. This is because we first minimised land use for
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food self-sufficiency in the baseline and alternative situation, and subsequently
minimised the energy input. This resulted in selection of other ratios and/or types
of crop rotations in the alternative situation where waste was prevented than in the
baseline. This selection of other crop rotations between the baseline situation and
alternative situation hinders a direct comparison of their energy inputs. Moreover,
the food system is most energy efficient at 0% PA for two reasons: First, diets low
in %PA (0-20%) have low energy use compared to diets higher in %PA, because
production, processing and storage of animal products, and production of feed, are
not energy efficient. Second, at 0% PA, energy recovery from crop waste and inedible
co-products is high compared to diets with PA, as there is no livestock to compete for
these products with anaerobic digestion (Chapter 5).

3.2 Inefficient use of resources

From Section 3.1 it is concluded that minimising resource use in a food system
requires a combination of technical and consumption strategies. The technical
strategies determine the availability of waste and inedible co-products for use as
feed, fertiliser or fuel. Subsequently, the consumption strategy determines the
extent to which these resources are used optimally. As a consequence, for effective
implementation of strategies to increase resource use efficiency in the food system,
it is important to assess the combined effect of technical and consumption strategies
on the entire food system, rather than combining the effect of isolated strategies.
Therefore, in this subsection, the implications of consumption strategies within
given technical strategies are discussed. Subsequently, the implications of technical
strategies within a given consumption strategy are discussed.

The effect of consumption strategies within a given technical strategy is demonstrated
by discussing land and P use efficiency across different %PA while fully preventing
and fully recycling waste. When fully preventing waste, as suits the most land and
P efficient food system (Section 3.1), consumption of animal protein is optimal at
10-15% in terms of land and P (Chapters 4 and 5, and Figures 1a and b; situation
Full waste prevention (without AD)). If, however, less than 10% PA is consumed, not
enough animals are available to utilise all inedible co-products. As a consequence,
part of the inedible co-products (or all, in case of 0% PA) is used as fertiliser (either
directly or via anaerobic digestion). As these co-products are thus not used as food
(via conversion of animals), additional land and P is required to meet the energy
and protein requirements of the population (Chapters 4 and 5, and Figure 1a and
b; Situation Full waste prevention (without AD)). Consequently, land and P use for
diets with less than 10% PA is higher than for diets with 10-15% PA. Moreover, when
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consuming more than 15% PA, inedible co-products are not sufficiently available to
sustain the animals. As a consequence, additional land and P will be required for the
production of feed, resulting, again, in higher land and P use compared to diets with
10-15% PA (Chapters 4 and 5, and Figures 1a and b; Situation Full waste prevention
(without AD)). These principles also apply to a situation where waste is not prevented,
butis, instead, recycled (Chapter 4, and Figures 1a and b; Situation Full waste recycling
(without AD)). In this situation, in addition to inedible co-products, also food waste
is available for livestock. Consequently, the optimal consumption of animal-source
food in the human diet, in terms of land and P, is higher (i.e. 20%) if food waste is
recycled than if food waste is prevented (i.e. 10%) (Chapter 4). However, as wasted
food has to be compensated, recycling waste is a less land and P use efficient strategy
than preventing waste (Chapter 4, and Figures 1a and b).

The effect of technical strategies within a given consumption strategy is demonstrated
by discussing the effect of fully preventing and fully recycling waste on land use
efficiency at 0% PA. At 0% PA, preventing waste reduced land use with 33% compared
to the baseline situation (Chapters 4 and 5, and Figure 1a; situation Full prevention
of waste (without AD)). However, at 0% PA, land use was not reduced by recycling
waste (Chapter 4 and Figure 1a; situation Full waste recycling (without AD)). This
is because in the absence of animals, wasted food crops could not be recycled as
feed, and, hence, could not be used for the production of animal-source food. Hence,
although the technical strategy of recycling waste increases the availability of wasted
food crops for use as feed, fertiliser or fuel, the consumption strategy hinders the
use of wasted food crops as feed. As using wasted food crops as feed is optimal,
excluding this option by adopting a vegan diet hinders optimal use of this waste. In
case of 0% PA, recycled crop waste is instead used as fertiliser (either directly or via
anaerobic digestion), which reduces the input of mineral P compared to the baseline
situation (Chapter 4 and Figure 1b; situation Full waste recycling (without AD)). The
above implies that, if the objective is to reduce land use in case of a vegan diet, waste
recycling is not an effective strategy, whereas waste prevention is.

The importance of technical and consumption strategies to reduce resource
use compared to the baseline situation with 60% PA differs between the types of
resources (Figures 1a, b and c¢). For land and energy, the importance of consumption
strategies is higher than it is for P. In fact, 95% of the maximum reduction in P use
can be achieved by technical strategies alone. Moreover, the higher the waste of P
from a particular subsystem, the more important technical interventions to prevent
P waste from this subsystem become. For example, because in the baseline about
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half of P waste from the food system was due to wasting human excreta, recycling
P from waste water treatment plants was by far the most effective single strategy
(Chapter 4). Also, the higher the share of P loss through leaching and run-off, the
more effective it was to reduce land use (Chapter 4).

The potential to increase resource use efficiency depends on modelling choices. In
case of energy, for example, the potential to increase use efficiency was limited by the
choice to avoid production of crop biomass exclusively for bio-energy production,
which is in line with European ambitions (EU, 2018). If production of crop biomass
exclusively for bio-energy production would have been permitted, then all the
cropland not required for food production would have been taken into use for the
production of bio-energy crops. In that case, energy input would have been negative,
implying that the system would be a net producer of energy. This would, however,
negatively affect land and phosphorus use efficiency. As there are no substitutes
for land and phosphorus, whether there are substitutes for energy production from
biomass, e.g. solar and wind energy, I deem it undesirable to allow the use of land
and P for production of biomass for energy production.

4. Closing the cycle is only part of the narrative

Inthisthesis, Puseefficiency wasinverselyindicated by mineral Pinput. Thisindicator
was chosen as long-term dependency on fossil minerals is unsustainable (Godfray et
al., 2010a). Mineral P input can be reduced by closing the P cycle. It is argued here
that, on top of minimising P input, also the P-flow through the food system should
be minimised, as inspired by the ‘narrowing the loop’ concept presented by Bocken
et al. (2016). The P-flow should be minimised for two reasons. The first reason to
minimise the P-flow is to minimise the risk of large P losses throughout the system
in case of inaccurate implementation of technical strategies. If the P-flow is minimal,
the risk of large losses is also minimal. The second reason for minimising the P-flow
is to minimise land use and energy input to the food system. As shown in Table 1,
the P-flow, represented by P output from harvested crops, is substantially lower at
0 - 15% PA than at 60% PA (the current average consumption level of animal protein
in Western-oriented countries). This implies that even if mineral P input could be
strongly reduced by technical strategies (Figure 1b), a reduction in consumption
of animal protein contributes to a lower P flow through the system. As shown in
Section 3, a reduction in consumption of animal protein from the current 60% to
0-15% PA furthermore results in a higher land and energy use efficient food system.
It is concluded therefore that, in addition to technical strategies, a reduction in the
consumption of animal protein is required to contribute to a sustainable food system.
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Table 1. P input (ton) and P harvested (ton) for various situations and percentages of pro-
tein from animal (%PA).

Baseline Full waste prevention
%PA 0 15 60 0 15 60
P input (ton) 11898 12708 16103 1087 1059 1763
P-flow (ton) 24486 20631 31268 12839 13097 28308

Note: P-flow is represented by the amount of P from harvested crops. Results for the Baseli-
ne situation and situation Full waste prevention were taken from Chapter 4. Results for the
situation Closed P cycle were generated for this general discussion.

5. Conclusions

Assessing resource use efficiency in the food system requires a food systems
approach which integrates all agro-ecological activities related to food production,
and accounts for the total use of resources across all these activities. The best unit
to express the use of resources in the food system is the yearly food production for
the population. To compose healthy diets, the overall nutritional quality should
be accounted for. Increasing resource use efficiency in the food system requires a
combination of technical strategies to prevent and recycle waste, and consumption
strategies to reduce the consumption of animal-source food. The technical strategies
determine the availability of waste and inedible co-products for use as feed, fertiliser
or fuel. Subsequently, the consumption strategy determines the extent to which
these resources are used optimally. Land and phosphorus use is minimised if the
occurrence of waste is prevented, if crop production is directed at producing crops
for direct consumption by humans, if inedible co-products from crop production are
used as feed, and if human excreta, manure and animal meal are used as fertiliser
(either directly or indirectly via anaerobic digestion). In the theoretical food system
modelled in this thesis, this implies full prevention and recycling of waste and
inedible co-products, in combination with consumption of 10-15% protein from
animals (compared to 60% in current Western-oriented diets). Furthermore, if the
population size approaches the maximum capacity of the food system, marginal
land not suitable for crop production is essential to provide animal protein through
conversion of roughage by livestock. The use of mineral phosphorus can be
significantly reduced (i.e. by about 95%) by fully preventing and recycling waste.
This potential is foremost achieved by recycling P from human excreta. In contrast
to a land and phosphorus efficient food system, an energy efficient food system
requires a vegan diet in which waste does occur, and in which this waste, along with
inevitable inedible co-products, are used to recover energy via anaerobic digestion.
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Summary

It is generally acknowledged that we should use natural resources more efficiently
in order to secure food availability for future populations. The availability of natural
resources for food production, such as land, phosphate rock and fossil energy, is
limited. At present, however, these resources are inefficiently used in the food
system. The effect of several technical and consumption strategies such as preventing
and recycling waste, recovering waste as bio-energy, and reducing consumption of
animal-source food on resource use efficiency in food production has been assessed.
So far, however, studies that have evaluated the effects of these strategies on the use
of natural resources do not account for the nutritional quality of human diets, do not
consider the food system as a whole, and do not account for the combined effects
of strategies in the entire food system. The objective of this thesis was therefore to
understand the combined effects of technical and consumption strategies, to reduce
the use of natural resources in a food system.

To explore whether accounting for nutritional quality affects the comparison of the
environmental impacts of human diets varying in their percentage of animal-source
food products (ASFP), we reviewed 12 studies that used a life cycle assessment to
quantify environmental impacts of human diets, including (average) daily diets or
meals (Chapter 2). For each diet described in the reviewed studies, we expressed
the global warming potential (GWP) and land use (LU), as provided by the review, in
four functional units: per day, per daily protein intake uncapped or per daily protein
intake capped to the recommended intake level of 57 g, and per composite nutrient
score of a diet (NRD9.3) We concluded that the unit meal is unsuitable to compare
the environmental impact of diets. Furthermore, diets that had higher percentages
of ASFP were associated with higher GWPs and LU’s per gram protein capped, and
per composite nutrient score of a diet (NRD9.3). Without capping protein to the
recommended intake level, GWP and LU per gram of protein were generally lower
for diets that had higher percentages of ASFP, showing the impact of the definition
of the functional unit. The effect of using NRD9.3 rather than day as functional unit
was small for GWP. For LU we found no effect.

Based on the outcomes of Chapter 2, we decided to further explore natural resources
needed to feed a growing human population with diets differing in their percentage of
animal protein (%PA). We focussed on land (Chapter 3), phosphorus (Chapter 4),
and energy (Chapter 5), and used an integrated food systems approach. The food
systems approach integrates all agro-ecological activities related to the production,
processing, distribution and utilisation of food and related biomass, and the
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outcomes of these activities in terms of energy and protein provision to people and
natural resource use. The material and nutrient flow model developed for this thesis
is a conceptual representation of a food system that was parameterised with crop and
animal production data from the Netherlands. The model included grain (wheat),
root and tuber crops (potato, sugar beet), oil crops (rapeseed), legumes (brown
bean), and animal-source food from ruminants (milk and meat) and monogastrics
(pork). It was assumed there was no import and export of food and feed. The model
was designed to produce sufficient energy and protein for a fixed population without
exceeding the maximum intake level of sugar. Linear programming was used to
minimise the use of resources for diets varying from 0% PA (i.e. a vegan diet) to diets
containing 80% PA. The Dutch food system is not representative for many other
food systems in the world. Yet, sensitivity analysis demonstrated that the principles
included in the model also hold for other food systems.

Chapter 3 studied the relation between land use, the share of animal protein in the
human diet, population size, and land availability and quality. Land is used most
efficiently if people would derive ca. 12% of dietary protein from animals, especially
from milk. The role of animals in such a diet is to convert co-products from crop
production and the human food industry into protein-rich milk and meat. Below 12
%PA, inedible co-products were wasted (i.e., not used for food production), whereas
above 12 %PA, crops had to be cultivated to feed livestock. Large populations (40
million or more) could be sustained only if a modest amount of animal protein was
consumed. This results from the fact that at high population sizes, land unsuitable for
crop production (peatland in our system) was necessary to meet dietary requirements
of the population, and contributed to food production by providing animal protein
without competing for land with crops. The optimal %PA in the human diet depended
on population size and the relative share of land unsuitable for crop production.

In Chapter 4, the potential of preventing and recycling phosphorus (P) waste in a
food system, in order to reduce the dependency on phosphate rock was assessed. In
our baseline situation, in which 42% of crop waste is recycled, and humans consume
60% PA, about 60% of the P waste in this food system resulted from wasting P in
human excreta. Therefore, recycling of human excreta showed most potential to
reduce P waste, followed by prevention and finally recycling of agricultural waste.
Fully recycling P could reduce mineral P input by 90%. The optimal amount of
animal protein in the diet depended on whether P waste from animal products was
fully prevented or recycled: if it was fully prevented or recycled, then a small amount
of animal protein in the human diet resulted in the most sustainable use of P; but if
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it was not fully prevented or recycled, then the most sustainable use of P would result
from a complete absence of animal protein in the human diet.

Chapter 5 assessed the potential of preventing waste, recycling waste as animal
feed or fertiliser and recovering waste as bioenergy, via anaerobic digestion, to
reduce energy input in the food system. Energy input was defined as the difference
between energy that is used during activities in the food system, and energy that
is recovered through anaerobic digestion. Energy input into the food system was
reduced by anaerobic digestion and waste prevention as single interventions. If
waste was not prevented, the effect of anaerobic digestion was strongest in situations
where animals did not compete for food waste and human inedible crop products (at
0% PA, i.e. a vegan diet), and feed waste (i.e. at 80% PA) with anaerobic digestion. If
waste was prevented, the relatively high potential to recover bio-energy from waste
at o and 80% PA was lacking. In situations with anaerobic digestion and/or waste
prevention, energy input continuously increased with increasing %PA, and, hence,
a vegan diet was most energy efficient. In the baseline situation where none of these
strategies were applied, however, energy input showed a minimum at about 15% PA.
To reduce energy input to a food system, it is essential to account for the combined
effects of waste prevention, anaerobic digestion and dietary shifts.

In Chapter 6, methodological choices and challenges are discussed. The discussion
addressed the importance of accounting for combined effects of technical and
consumption strategies for the total food system. This Chapter furthermore
discussed the importance of reducing animal protein consumption in Western-
oriented countries to increase land, phosphorus and energy use efficiency in the food
system. It was furthermore demonstrated that reduction in consumption of animal
protein will lower the P-flow through the system, and, hence, will lower risks of large
P losses.

Itis furthermore emphasised that the modelling work in this thesis did not attempt to
formulate healthy diets. Models aiming at formulating healthy diets should account
for nutrient quality and bioavailability, and should include a wider range of crop
and animal products compared to the selection of products included in this thesis.
Moreover, besides the use of land, phosphorus and energy, also other environmental
impacts, as well as social and economic impacts will have to be accounted for. It will
require social and economic efforts from all actors to develop a food system that is
able to supply the global population with safe and healthy food within environmental
limits.
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Samenvatting

Het wordt algemeen erkend dat natuurlijke hulpbronnen efficiénter moeten worden
gebruikt om de beschikbaarheid van voedsel voor toekomstige generaties veilig te
stellen. De beschikbaarheid van natuurlijke hulpbronnen zoals land, fosfaaterts
en fossiele energie is beperkt. Toch worden deze bronnen momenteel inefficiént
gebruikt in het voedselsysteem. Diverse studies hebben zich gericht op het effect
van verschillende technische en consumptiestrategieén op het efficiént gebruik van
natuurlijke hulpbronnen in het voedselsysteem, zoals het vermijden en recyclen van
afval, hetterugwinnen van afval als bio-energie en het verminderen van de consumptie
van voedsel van dierlijke oorsprong. Deze studies hielden tot dusver echter geen
rekening met de voedingswaarde van diverse voedselproducten voor de mens, keken
niet naar het gehele voedselsysteem (geen voedselsysteemperspectief), en keken niet
naar de gecombineerde effecten van strategieén in het hele voedselsysteem. Het
doel van dit promotieonderzoek was dan ook te begrijpen wat de gecombineerde
effecten zijn van technische en consumptiestrategieén op het gebruik van natuurlijke
hulpbronnen in een voedselsysteem.

We hebben onderzocht of rekening houden met de voedingswaarde van invloed
is op de vergelijking van de milieueffecten van humane voedingspatronen met
variérende percentages voedingsproducten van dierlijke oorsprong (animal-
source food products, ASFP). Daarbij hebben we 12 onderzoeken geévalueerd
waarin een levenscyclusanalyse werd gebruikt om de milieueffecten van humane
voedingspatronen te kwantificeren, waaronder die van de (gemiddelde) dagelijkse
voeding of maaltijden (hoofdstuk 2). Voorieder voedingspatroon dat werd beschreven
in de geévalueerde onderzoeken hebben we het broeikasgaspotentieel (global
warming potential; GWP) en landgebruik (Iand use; LU), zoals vermeld in de studies
zelf, uitgedrukt in vier functionele eenheden: per dag, per dagelijkse eiwitinname
zonder aftopping, per dagelijkse eiwitinname afgetopt op de aanbevolen inname
van 57 g (afgetopt), en per samengestelde nutriéntenscore van een voedingspatroon
(Nutrient Rich Diet 9.3, NRD9.3). We kwamen tot de conclusie dat de eenheid
‘maaltijd’ ongeschikt is om de milieueffecten van voedingspatronen te vergelijken.
Bovendien hingen voedingspatronen met een hoger percentage ASFP samen
met hogere GWP en LU-waarden per gram eiwit (afgetopt) en per samengestelde
nutriéntenscore (NRD9.3). Zonder de eiwitinname af te toppen op het aanbevolen
innameniveau waren de GWP- en LU-waarden per gram eiwit over het algemeen
echter lager voor voedingspatronen met een hogere percentage ASFP. Hieruit blijkt
dat de definitie van de functionele eenheid invloed heeft op de vergelijking van
milieueffecten van diéten. Het effect van het gebruik van NRD9.3 in plaats van ‘dag’
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als functionele eenheid was beperkt voor GWP. Voor het landgebruik hebben we
geen effect gevonden.

Op basis van de resultaten van hoofdstuk 2 besloten we om nader te onderzoeken
hoeveel natuurlijke hulpbronnen er nodig zijn om een groeiende bevolking te voorzien
van voedingspatronen met verschillende percentages dierlijk eiwit (percentage of
animal protein; %PA). We richtten ons op land (hoofdstuk 3), fosfor (hoofdstuk 4) en
energie (hoofdstuk 5) en pasten een geintegreerde voedselsysteembenadering toe. In
de voedselsysteembenadering wordt rekening gehouden met alle agro-ecologische
activiteiten die samenhangen met de productie, verwerking, distributie en het
gebruik van voedsel en daarmee samenhangende biomassa, evenals met de effecten
van deze activiteiten op de energie- en eiwitvoorziening voor mensen en het gebruik
van natuurlijke hulpbronnen. Het voor dit promotieonderzoek ontwikkelde massa-
en nutriéntenstromen model is een conceptuele weergave van een voedselsysteem
waarbij gewas- en dierproductiegegevens uit Nederland zijn gebruikt als parameters.
Het model bevatte graan (tarwe), wortel- en knolgewassen (aardappel, suikerbiet),
oliegewassen (koolzaad), peulvruchten (bruineboon) endierlijke producten atkomstig
van herkauwers (melk en vlees) en eenmagigen (varkensvlees). Aangenomen werd
dat er geen sprake was van in- en export van voedsel en diervoeder. Het model
werd ontworpen om voldoende energie en eiwitten te produceren voor een vaste
bevolking zonder de maximale suikerinname te overschrijden. Met het model werd
het minimale gebruik van natuurlijke hulpbronnen berekend voor de productie van
voedingspatronen variérend van 0% PA (i.e. een veganistisch voedingspatroon) tot
80% PA. Het Nederlandse voedselsysteem is niet representatief voor veel andere
voedselsystemen elders ter wereld. Toch bleek uit de gevoeligheidsanalyse dat de
principes voor circulariteit, die 0.b.v. modelresultaten gedefinieerd kunnen worden,
breder geldig zijn dan enkel voor Nederland.

In hoofdstuk 3 is het verband tussen het landgebruik, het aandeel dierlijk eiwit
in humane voedingspatronen, de bevolkingsgrootte en de beschikbaarheid en
kwaliteit van land onderzocht. Land wordt het effectiefst gebruikt als mensen ca.
12% van hun eiwitinname halen uit dierlijke producten, in het bijzonder melk.
De rol van dieren in zo’n voedingspatroon is het omzetten van co-producten van
de gewasteelt en de voedselindustrie in eiwitrijke melk- en vleesproducten. Bij
minder dan 12% PA werden oneetbare co-producten verspild (d.w.z. niet gebruikt
voor voedselproductie), terwijl er bij meer dan 12% PA gewassen specifiek geteeld
moesten worden als veevoer. Grote populaties (40 miljoen mensen of meer) konden
alleen in stand worden gehouden als er een bescheiden hoeveelheid dierlijk eiwit
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werd geconsumeerd. Dit is een gevolg van het feit dat bij een grote bevolkingsomvang
land dat niet geschikt is voor gewasproductie (veengrond in ons model) noodzakelijk
was om in de voedingsbehoefte van de bevolking te voorzien. Dit land draagt bij aan
de voedselproductie door dierlijk eiwit te leveren zonder concurrentie met gewassen.
Het optimale %PA in het humane voedingspatroon hing af van de omvang van de
bevolking en het relatieve aandeel van land dat niet geschikt is voor gewasproductie.

In hoofdstuk 4 hebben we gekeken naar de mogelijkheid om door het vermijden
en recyclen van fosforafval (P) in een voedselsysteem onze afhankelijkheid van
fosfaaterts te verminderen. In onze basissituatie, waarbij 42% van het gewasafval
wordt gerecycled en mensen 60% PA consumeren, is ongeveer 60% van het P-afval
in dit voedselsysteem het resultaat van P-verlies via humane uitwerpselen. Het
recyclen van humane uitwerpselen bood daarom het grootste potentieel voor de
vermindering van P-afval, gevolgd door het vermijden en recyclen van gewasafval.
Door P volledig te recyclen kan het verbruik van minerale P met 90% verminderd
worden. De optimale hoeveelheid dierlijk eiwit in het voedingspatroon bleek
afthankelijk van het vermijden of recyclen van P-afval van dierlijke producten. Werd
dit volledig vermeden of gerecycled, dan bleek een kleine hoeveelheid dierlijk eiwit
in het humane voedingspatroon het duurzaamste P-gebruik op te leveren. Werd het
P-afval van dierlijke producten echter niet volledig vermeden of gerecycled, dan
zou een complete afwezigheid van dierlijk eiwit in het humane voedingspatroon het
duurzaamste P-gebruik opleveren.

In hoofdstuk 5 is geévalueerd in hoeverre energie-input in het voedselsysteem
verminderd kan worden door het vermijden van afval, het recyclen van afval als
diervoeder of meststof, en het terugwinnen van afval als bio-energie via anaerobe
vergisting. Energie-input werd gedefinieerd als het verschil tussen de energie
die werd gebruikt tijdens activiteiten in het voedselsysteem en de energie die
werd teruggewonnen door middel van anaerobe vergisting. Energie-input in het
voedselsysteem werd verminderd door anaerobe vergisting en afvalpreventie
als afzonderlijke maatregelen. Werd afval niet vermeden, dan was het effect
van anaerobe vergisting het sterkst in situaties waarin dieren niet met anaerobe
vergisting concurreren om voedselafval en voor mensen oneetbare gewasproducten
(bij 0% PA, dus een veganistisch voedingspatroon) en diervoederafval (bij 80% PA).
Werd afval wel vermeden, dan ontbrak het relatief hoge potentieel om bio-energie
terug te winnen uit afval bij 0% en 80% PA. In situaties met anaerobe vergisting
en/of afvalpreventie nam de energie-input voortdurend toe bij toename van het
%PA. Een veganistisch voedingspatroon was daarom het meest energie-efficiént. In
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de basissituatie, waarin geen van deze strategieén werd toegepast, was de energie-
input minimaal bij ongeveer 15% PA. Om de energie-input van een voedselsysteem
te verminderen, moet er rekening worden gehouden met de gecombineerde effecten
van afvalpreventie, anaerobe vergisting en veranderingen in voedingspatronen.

In hoofdstuk 6 zijn de methodologische keuzes en uitdagingen besproken. Het
belang om rekening te houden met de gecombineerde effecten van technische en
consumptiestrategieén voor het totale voedselsysteem kwam aan bod. In dit hoofdstuk
is ook het belang besproken van het verminderen van dierlijke eiwitconsumptie in
westers georiénteerde landen voor efficiénter gebruik van land, fosfor en energie
in het voedselsysteem. Daarnaast hebben we aangetoond dat de P-stroom in het
voedselsysteem lager wordt bij een vermindering van de consumptie van dierlijk
eiwit, waarmee het risico op grote P-verliezen afneemt.

Verder benadrukken we dat we met het modelleren in dit promotieonderzoek niet
hebben geprobeerd om gezonde voedingspatronen te formuleren. In modellen gericht
op het formuleren van gezonde voedingspatronen moet rekening worden gehouden
met kwaliteit en biologische beschikbaarheid van zowel macro als micronutriénten.
Verder moeten dergelijke modellen meer verschillende plantaardige en dierlijke
producten omvatten dan het model dat in dit promotieonderzoek is gebruikt.
Naast het gebruik van land, fosfor en energie moeten ook andere ecologische,
maatschappelijke en economische effecten worden meegenomen. Alle betrokkenen
zullen zich moeten inzetten op maatschappelijk en economisch gebied om een
voedselsysteem te ontwikkelen dat de wereldbevolking kan voorzien van veilig en
gezond voedsel binnen de grenzen van het milieu.



Dankwoord| 221

Dankwoord

De grootste geneugte van mijn PhD-tijd vond ik de ruimte om te bevragen wat als feit
te boek staat. Deze tijd zie ik daarom als een verrijkende periode waar ik met plezier
op terugkijk. En voor het overige: what doesn’t kill you makes you stronger.

Ik dank mijn begeleiders Imke, Simon en Martin. Het is een voorrecht om begeleid te
worden door zo een multidisciplinair team. Jullie uiteenlopende expertises in plant-,
dier-, bodem-, systeem-, en alles-niet-vallend-onder-het-voorgaande-kunde dwon-
gen mij voortdurend om te schakelen van breed naar diep naar verbindend. Het was
een les in prioriteren en een oefening in zelfbehoud. Dank voor jullie kritische blik
op mijn manuscripten en jullie aanhoudende hang naar beter en meer. Mede dankzij
jullie veeleisendheid ben ik trots op het eindresultaat.

Naast mijn begeleiders wil ik ook mijn co-auteurs bedanken voor de prettige samen-
werking en de leerzame school: Edith Feskens, Pierre Gerber, Paul Bikker, Marcel
Lubbers en Raimon Ripoll-Bosch. Raimon, thank you for motivating me to finish the
energy-paper. As (only?) we say it: “We washed the pig!”

Ik dank mijn (voormalige) collega’s van APS voor het creéren van de randvoor-
waarden voor een fijne onderzoekstijd. In het bijzonder dank ik Laura, Linda, Akke
en Marion voor de vriendschap die op kantoor is ontstaan en die zich laat voortzetten
doordat we humor en openheid delen. Ook dank ik Iris, Ollie, Pim, Cindy, Raimon,
Abigail, Corina, Evelyne, Aart, Evelien, Hannah, Eddie, Theo, Fokje, Wenjuan, Aim-
able, Erwin, Titis, Windi, Lia, Margret, Henk, Sally en Brain voor alle goede dis-
cussies en gezelligheid.

Het is fantastisch om mij inmiddels ook omringd te weten door collega’s van Live-
stock Research. Veel dank voor de fijne samenwerking en leerzame sessies. Ferry en
Theun, voedt mij meer met jullie kennis! Geert en Reina, voedt mij meer met jullie
kunde! Marion en Karin, voedt mij meer met jullie power! Daarnaast ben ik Bastiaan
en Ingeborg zeer dankbaar voor het in mij gestelde vertrouwen dat dit proefschrift
tot een goed einde zou komen.

Angelique en Janet, bedankt voor de fijne vriendschap die wij al hebben vanaf groep
drie! Ik vind het bijzonder dat we elkaar nog altijd volgen door alle levensfasen heen.
Roos, Renate, Maaike en Iwanka, bedankt voor de gezellige spelletjesavonden en de
waardevolle inzichten die jullie mij geven. Dank ook aan mijn frietvriendjes John,
Marije, Zo€ en Luc die mij gezond houden ;). En natuurlijk mijn dispuutsmaatjes
Ditte, Sander, Joyce, Henka, Janne, Hedwig en Lilianne, met wie ik de missie deel



222 |Dankwoord

de wereld beter te maken. Ymkje, Rianne en Maayke dank voor de fijne vriendschap
en gezelligheid.

Linda en Luc, jullie zijn dierbare vrienden die mij al die jaren hebben bijgestaan. Ik
voel me vereerd dat jullie mijn paranimfen willen zijn. Dank jullie wel!

Tijdens mijn PhD werd ik warm onthaald door mijn bonusfamilie. Hans, Lide, Ni-
cole, Eino, Bas, Marleen, Matthijs en Jochem, dank voor alle liefde die ik van jullie
ontvang.

Ik dank mijn fantastische ouders. Lieve pap en mam, jullie onvoorwaardelijke liefde,
geduld, steun en toeverlaat zijn niet te overtreffen. Met de levenslessen die jullie mij
brachten, ontelbaar en onschatbaar van waarde, vormen jullie de eigenlijk referen-
ties van dit proefschrift. Frederik en Jeroen, lieve broers, van jongs af aan bouwen
wij scenes van een gekte die geen mens kan bevroeden, voel ik mij bevrijd door onze
gedeelde ironie die vlam vat uit jammerlijk vuur. Er is geen afstand die onze band
kan breken. Dank jullie wel voor al jullie liefde en steun. Juliet and Andrea, I love you
my dear sisters! Thank you for the joy and laughter you add to our family.

En ten laatste is daar te loven: Maxelle. Wat heb ik je lief. Jij bent mijn rots in de
branding en mijn luisterend oor. Je bezorgt me de lach en haalt het beste in mij
boven. Het is elke dag een plezier om met jou en onze veelnamige katjes samen te
mogen leven. Dank je wel dat je er altijd voor me bent.



About the author

About the author| 223

Heleen van Kernebeek was born in
Winschoten in 1981. She completed her
BSc study in Organic Agriculture (2006),
and her MSc study in Animal Sciences
(2008) at Wageningen University. Her
master thesis was carried out within the
Animal Production Systems group and
focussed on life cycle thinking in animal
production. After graduation she worked
as researcher at the Economic Research
Institute of Wageningen University and
Research, where she focussed on the
integration of environmental, economic

and social models to assess triple-P sustainability in plant and animal production

systems (2008 — 2010). She subsequently did her PhD at the Animal Production

Systems group of Wageningen University. For her PhD research she explored circular

principles and strategies to increase resource use efficiency in food systems. During

her PhD, she received the award for best oral presentation at the WIAS Science day in

2015. Since 2016 she works at Wageningen Livestock Research where she continues

her focus on the role that animals can play in circular food systems.



224 |Publications

Publications

Refereed scientific journals

Van Kernebeek HRJ, van Ittersum MK, Oosting SJ, Ripoll Bosch R, Lubbers MTMH,
de Boer IJM. Understanding the energy input into a food system — the combined
effects of waste prevention, anaerobic digestion and dietary shifts. Submitted

Van Kernebeek HRJ, Oosting SJ, van Ittersum MK, Ripoll-Bosch R, de Boer IJM
(2018). Closing the phosphorus cycle in a food system: insights from a modelling
exercise. Animal. 12, 8, 17551765

Van Kernebeek HRJ, Oosting SJ, van Ittersum MK, Bikker P, de Boer IJM (2016).
Saving land to feed a growing population: consequences for consumption of crop
and livestock products. The International Journal of Life Cycle Assessment. 21,
5, p. 677-687

Van Zanten HHE, Mollenhorst H, de Vries JW, van Middelaar CE, van Kernebeek
HRJ, de Boer IJM ( 2014). Assessing environmental consequences of using co-
products in animal feed. The International Journal of Life Cycle Assessment 19,
1, p. 79-88

Van Kernebeek HRJ, Oosting SJ, Feskens EJM, Gerber PJ, de Boer IJM (2014).
The effect of nutritional quality on comparing environmental impacts of human
diets. Journal of Cleaner Production. 73, p. 88-99

Abstracts in conference proceedings

Van Kernebeek HRJ, Oosting SJ, van Ittersum MK, Ripoll Bosch R, de Boer IJM
(2018). Exploring options to recycle and prevent phosphorus waste in a food
system. Book of abstracts of the 69th Annual Meeting of the European Federation
of Animal Science. Dubrovnik, Croatia, p. 420

Van Kernebeek HRJ, Oosting SJ, van Ittersum MK, de Boer IJM (2014). Optimising
land use and consumption of livestock products in the human diet with an
increasing human population in the Netherlands. Proceedings of the Life Cycle
Assessment Food Conference (LCA Food 2014) p. 1439-1444

Mollenhorst H, van Zanten HHE, de Vries JW, van Middelaar CE, van Kernebeek
HRJ, de Boer IJM (2012). Determining the optimal use of by-products in animal
production from an environmental perspective. Book of Abstracts of the 63rd
Annual Meeting of the European Federation of Animal Science, Bratislava,
Slovakia (pp. 224-224).

Van Kernebeek HRJ, Dolman MA, Westerhof EJGM (2010). Review of methodological
choices in LCA literature. Proceedings of the VII international conference on life
cycle assessment in the agri-food sector LCA (Vol. 2, pp. 15-20). Bari, Italy.

Other

Vellinga TV, Reijs JW, Lesschen JP, van Kernebeek HRJ (2018). Lange termijn
opties voor reductie van broeikasgassen uit de Nederlandse landbouw: Een
verkenning. Wageningen Livestock Research rapport; no. 1133, 41 p.

Scholten MCT, Bianchi FJJA, de Boer IJM, Conijn JG, Dijkstra J, van Doorn AM,
van den Ende JE, Fresco LO, Jongschaap REE, van Kernebeek HRJ, Lesschen
JP, de Olde EM, Schulte R, Termeer CJAM, van der Vorst JGAJ, de Vos JA,



Publications| 225

Woltjer GB (2018). Technische Briefing Kringlooplandbouw; Notitie opgesteld
op verzoek van de Tweede Kamer Commissie LNV: Wat mogen we verwachten
van een circulaire voedselproductie gebaseerd op een kringlooplandbouw, in het
perspectief van klimaat- en biodiversiteitdoelen? Wageningen University and
Research. 14 p.

Boone JA, Dolman MA, Jukema GD, van Kernebeek HRJ, van der Knijff A (2012).
Duurzame landbouw verantwoord: methodologie om de duurzaamheid van de
Nederlandse landbouw kwantitatief te meten. WOt-werkdocument; No. 316.
Wageningen: Wettelijke Onderzoekstaken Natuur & Milieu.

De Hoop DW, Bunte FHJ, Blokland PW, van Kernebeek HRJ, Vrolijk HCJ, Luesink
HH, de Koeijer TJ (2011). Economische analyse van de mestmarkt; Opties
voor het stimuleren van innovaties. Rapport / LEI : Onderzoeksveld Sector en
ondernemerschap. Den Haag: LEI, onderdeel Wageningen UR.

Danse MG, Eppink MM, van der Fels HJ, van Kernebeek HRJ, Immink VM,
Sterrenburg P (2011). Inzicht voor de consument in duurzaamheidslabels.
Rapport / LEI; No. 2011-033. Den Haag: LEI Wageningen UR.

Van Kernebeek HRJ, Splinter GM (2011). Ontwikkeling van een rekenmethodiek
voor broeikasgasemissies tijdens transport: toepassing binnen het project
Venlog. Nota / LEI : Onderzoeksveld Sector & ondernemerschap. Den Haag:
LEI Wageningen UR.

Dolman MA, van Kernebeek HRJ, ten Pierick E, van Staalduinen LC (2011). Trade-
off analyse van duurzaamheid op basis van het Bedrijven-Informatienet;
Methodologie en toepassing op de melkvee- en vleesvarkenshouderij. LEI-nota:
Onderzoeksveld, Sector en ondernemerschap. Den Haag: LEI, onderdeel van
Wageningen UR.

Groot JJ, Scheer FP, Wassenaar NN, Tromp SS, Rijgersberg H, van Kernebeek HRJ,
Jeurissen LJJ (2011). Venlo Europese Netwerk LOGistiek. Rapport / Wageningen
UR Food & Biobased Research; No. nr. 1214. Wageningen: Wageningen UR -
Food & Biobased Research.

Hoogeveen MW, Blokland PW, van Kernebeek HRJ, Luesink HH, Wisman
JH (2010). Ammoniakemissie uit de landbouw in 1990 en 2005-2008.
Achtergrondrapportage. WOt-werkdocument; No. 191. Wageningen: Wettelijke
Onderzoekstaken Natuur & Milieu.

Dagevos H, van Kernebeek HRJ, de Bakker E (2010). LEI-onderzoekers reageren
op interview minister Verburg: niet hekelen, maar heilige overtuiging.
Voedingsmiddelentechnologie, 43(5), 24.

Stegeman D, Janssen AM, Helsper JPFG, van der Meer IM, van Kernebeek HRJ
(2010). Technologie en grondstoffen voor vleesvervangers en hoogwaardige
eiwitten. Rapport / Wageningen UR Food & Biobased Research; No. 1179.
Wageningen: Wageningen UR - Food & Biobased Research.

Van Kernebeek HRJ, Luesink HH (2009). Naar een gesloten mestkringloop in de
biologische landbouw. Agri-monitor, feb. 2009.

Van Wagenberg CPA, van Kernebeek HRJ, Backus GBC (2009). Quick scan van de
directe economische consequenties voor Nederland door een importstop van
soja uit de VS van oktober 2009 tot en met maart 2010. Nota LEI / Werkveld
Consumenten en ketens; No. 09-070. Den Haag: LEI Wageningen UR.



226 |

Education certificate

Completed training and supervision plan*

The Basic Package (3 ECTS)
WIAS Introduction Course (2011)
WGS Course Ethics and Philosophy in Life Sciences (2011)

International conferences (3 ECTS)

LCA Food, Bari (2010)

Wageningen International Conference on Chain and Network Management (2010)
LCA Food, St. Malo (2012)

International Conference on Global Food Security, Noordwijkerhout (2013)

LCA Food, San Francisco (2014)

Seminars and workshops (1.7 ECTS)

WIAS Science Day, Wageningen (2011, 2012, 2014, 2015)

Seminar “Worldwide contribution of livestock products to human diets”, FAO,
Rome (2012)

Symposium “Solutions for climate change from animal production”, Wageningen
(2014)

Presentations (10 ECTS)

LCA Food, Bari, poster (2010)

PCF World Forum, Berlin, oral (2010)

Wicanem Congress, Wageningen, oral (2010)
Seminar “Worldwide contribution of livestock products to human diets”, FAO,
Rome, oral (2012)

WIAS Science Day, Wageningen, poster (2012, 2014)
LCA Food, St. Malo, oral (2012)

Global Food Security, Noordwijkerhout, poster (2013)
LCA Food, San Francisco, oral (2014)

WIAS Science Day, Wageningen, oral (2015)

In-Depth Studies (8.5 ECTS)

WGS Postgraduate course Hunger defeated? Long-term Dynamics of Global Food
Security (2013)



| 227

Course Quantitative Analysis of Land Use Systems, Wageningen University (2013)
PhD course: Environmental Impact Assessment of Livestock Systems, Wagenin-
gen University (2015)

PhD LCA discussion group, Wageningen University (2011 - 2015)

Professional Skills Support Courses (5.4 ECTS)

Course Acquire with confidence, Wageningen University (2009)

PhD Competence assessment, Wageningen University (2011)

Course Project and Time management, Wageningen University (2011)
Course Techniques for Scientific Writing, Wageningen University (2012)
Course Supervising MSc Thesis, Wageningen University (2014)

Research Skills Training (6 ECTS)
Preparing own PhD research proposal (2011)

Didactic Skills Training (12.8 ECTS)

Lecturing Global and Sustainable Animal Production (2011 - 2015)
Lecturing Systems Approach in Animal Sciences (2012 - 2015)

Tutorship Practical project IDW BSc (2012)

Lecturing Introduction days Animal Sciences (2012 - 2013)

Preparing course material Global and Sustainable Animal Production (2013)
Supervising BSc and MSc students (2014)

'With the activities listed the PhD candidate has complied with the educational require-
ments set by the Graduate School of Wageningen Institute of Animal Sciences (WIAS) of
Wageningen University & Research. One ECTS (European Credit Transfer and accumula-
tion System) equals a study load of 28 hours.



Colophon
Cover design by Remco Wetzels
Printed by ProefschriftMaken, De Bilt



		2020-04-07T10:15:46+0200
	Certified PDF 2 Signature




