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Dowe have the natural resource base to feed future populations? This study gives a quantification of global land
use, water use and fertilizer use for the year 2050, for a complete diet and four different futures. Agriculture will
need to develop substantially to feed future populations. It is shown that there is a negative correlation between
fertilizer use and land use, whichmakes the necessity of incorporating both in such assessments clear.Water use
increases relative to total production and this is going to be a problemunless drasticmeasures are taken. The high
wastage and high consumption of animal products in the developed regions are major contributors to the total
global demand. Developing countries' aspirations to such practices are amajor factor in increases in diet demand,
as are population increases in those regions. In creating amore sustainable food system, a one-solution approach
will not do and solutions should combine supply-side and demand-side options. Demand-side solutions should
targetwastage and animal product consumption. On the supply side, technological development and better feed-
ing efficiencywill increase yields. Feeding the future global population, which is necessary to increase living stan-
dards worldwide, will require a concerted effort.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Resource use and food are popular topics in the current sustainabil-
ity debate. Presently, a billion people are undernourished (UN, 2010)
and the FAO estimates that food production needs to increase by 70%
in 2050 to feed the global population (FAO, 2009). Population growth
and also the change seen in diet composition related to increased wel-
fare levels (e.g. Alexandratos et al., 2006; Gerbens-Leenes and
Nonhebel, 2005; Grigg, 1995; Keyzer et al., 2005; Lotze-Campen et al.,
2006; Rosegrant et al., 2001b; Smil, 2001; Vinnari and Tapio, 2009),
with increased demand for animal products in developing countries,
will increase future demandand resource utilization. Therefore, (future)
use of natural resources in agriculture has been of critical interest to
researchers, especially the use of water (e.g. Hoekstra and Chapagain,
2009; Hoekstra and Mekonnen, 2012; Van ham et al., 2013; WWF,
2012), land (e.g. Bruinsma, 2009; Fischer et al., 2002; Lotze-Campen
et al., 2006; Wackernagel et al., 2002) and fertilizers (e.g. Galloway
et al., 2007; Leach et al., 2012).

The aim of this study (Odegard, 2011) was to design four global
‘What if…?’ food scenarios for the year 2050 and to evaluate these
quantitatively with respect to their use of the three main natural re-
sources in agriculture: land, water and fertilizers. The question of
whetherwe have the resource base to support the growingdiet demand
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deserves special attention because of the substantial share agriculture
has in our use of natural resources and the major impact of agriculture
on our environment. Worldwide, agriculture is a main contributor to
environmental problems such as climate change, deforestation, eutro-
phication of water bodies, salinization of soils and depletion ofwater re-
sources (Foley et al., 2005; Nakicenovik et al., 2000; Tilman et al., 2001;
Vitousek et al., 1997). Several (scenario) studies concerning agriculture
and natural resources use have been done (e.g. Bruinsma, 2009; Ewert
et al., 2005; Liu and Savenije, 2008; Rosegrant et al., 2001a; Tilman
et al., 2001; Wirsenius et al., 2010). The aim of this scenario study,
which has not, to the authors' knowledge been done before, is to give
a quantification of global land use, water use and fertilizer use (N, P
andK) in 2050 for a complete diet for a global population, for four differ-
ent futures and compare it to resource use in the year 2005 and to the
total resource base.

This study integrates three sub-studies:

1) Four food scenarios were designed, based on the IPCC SRES
(Nakicenovik et al., 2000), quantified for the year 2050. The food sce-
narios include different trends related to population, economic de-
velopment, policy, technological development and diet. The 4 IPCC
regions also used here are: the OECD90 region (countries in the
OECD in 1990), the REF region (the countries under reform such as
the former Soviet Union), the ASIA region (Asia) and the ALM region
(Africa, Latin America and the Middle East).

2) A methodology was developed – virtual resource content – with
which the use of resources in agriculture was calculated. Factors
for virtual land content, virtual water content and virtual fertilizer

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolecon.2013.10.005&domain=pdf
http://dx.doi.org/10.1016/j.ecolecon.2013.10.005
mailto:odegard@ce.nl
mailto:voet@cml.leidenuniv.nl
http://dx.doi.org/10.1016/j.ecolecon.2013.10.005
http://www.sciencedirect.com/science/journal/09218009


52 I.Y.R. Odegard, E. van der Voet / Ecological Economics 97 (2014) 51–59
content (for N, P and K fertilizers separately) were established,
which are all quantifications of required input per output.

3) Amodel was created,withwhich the scenarioswere quantifiedwith
respect to their resource use. For a given diet demand the model
calculates resource use per commodity group, per region and per
scenario.

2. Material and Methods

2.1. Virtual Resource Content in Agriculture

To quantify resource use in agriculture in 2050 virtual resource con-
tent (VRC) factors were established (Odegard, 2011). The rationale for
the VRC factors is based on the ‘virtual water content’ concept devel-
oped by Hoekstra and Chapagain (2008), which refers to the volume
of freshwater needed to produce a product.

Virtual resource content factors were quantified to encompass
the required input of land (ha kg−1), water (m3 kg−1) and fertilizer
(kg N/P/K kg−1) per commodity group, per region and per scenario.
When coupled to consumption projections, actual resource utilization
can be calculated. This way, comparisons to e.g. total suitable land can
be made, showing requirement vs. availability.

The VRC concept is a component of footprint methodology. A ‘foot-
print’ is a very useful indicator of resource use, which illustrates our en-
vironmental impact and can be expressed as a share of the earth's
carrying capacity. Footprint methodology (e.g. the Ecological Footprint,
the Carbon Footprint, the Water Footprint and the Nitrogen Footprint)
takes a life cycle approach (Galli et al., 2012; Hoekstra, 2009; Leach
et al., 2012; Wackernagel et al., 2002). Because the (global or regional)
resource requirements calculated here refer to only part of the life
cycle we chose not to call these “footprints”.

2.1.1. Virtual Land Content (VLC)
Virtual land content (ha/tonne) is the inverse of yield. Scenario char-

acteristicswere assumed to influence future yields; it was assumed that
technological development and economic development would result in
a larger closure of the yield gap (the difference between the present and
the maximum attainable yield (MAY) of a certain crop) in 2050. Total
land use is compared to global estimates of land suitable for agriculture.

2.1.1.1. Virtual Land Content Data. Cereal yield projections were extract-
ed from (De Fraiture andWichelns, 2010). They assume that in an “op-
timistic scenario” 80% of the yield gap (difference between current yield
and maximum attainable yield) is bridged, while in a “pessimistic” sce-
nario 20% of the yield gap is bridged. Economic and technological devel-
opment is high in the A1 and B1 scenarios, thus for these scenarios a
bridging of 80% of the yield gapwas chosen. Development in the A2 sce-
nario is low, which makes bridging the yield gap with 20% reasonable.
The yield gaps were calculated using the 2005 yield (according to
FAOSTAT) and the maximum attainable yield (MAY) for high input
levels under rainfed conditions. Such MAYs were defined by the FAO
and the IIASA (Fischer et al., 2002). These MAYs are given for crops,
not for commodity groups. To estimate MAYs for commodity groups
in the different regions, the crop MAYs are averaged according to the
proportion of production of themain crops in the respective commodity
group in 2005, thereby assuming that the relative production stays the
same. As the MAYs for these crops were determined for rainfed condi-
tions, the upper boundary (representing the most productive cultivar)
was chosen to compensate for the lowermaximumyields under rainfed
conditions. NoMAY data was given for fruits and vegetables; maximum
attainable yields were based on the average of the regional ‘best prac-
tice’; the average of the highest three yields achieved regionally for
the whole commodity group.

The extent of land available in the four regions was estimated using
data from the Global Agro-Ecological Zones study by the FAO and the
IIASA Fischer et al., 2002. It is assumed that similar yields can be attained
on very suitable, suitable andmoderately suitable areaswhichmay lead
to overestimation of attainable production quantities, because yields are
most likely lower on less suitable areas.

2.1.2. Virtual Water Content (VWC)
The virtual water content factors are measured inm3/tonne, and are

based on the crop evapotranspiration rates calculated by Hoekstra and
Chapagain (2008). Scenario characteristics were assumed to influence
irrigation efficiency, which is included for cereals, the main irrigated
crop group. Total water use is compared to the regional renewable
water resources.

2.1.2.1. Virtual Water Content Data. Virtual water content is based on the
assessment of crop evapotranspiration rates as assessed by Hoekstra
and Chapagain (2008). These are based on current agriculturalmanage-
ment practices. For the commodity groups roots and tubers, pulses, veg-
etables and fruits, the global average water appropriations (m3/tonne)
are assumed to be reasonable estimates for regional water use because
of their relatively low contribution to total water consumption in agri-
culture. Adjustments were made to account for regional differences
for commodity groups which account for large shares of the total global
water use: the commodity groups cereals, oil crops and sugar crops.
These adjustments on the regional level were based on the different
production rates of five primary crops (i.e. rice, wheat, maize, soybeans
and sugar cane) in the regions. It was assumed that relative production
of these primary crops with respect to the total production of the com-
modity group will remain the same as it was in 2005. Irrigation is taken
into account for cereals; irrigation inefficiencies raise water require-
ments for cereals to higher levels in thedifferent scenarios. Cereal irriga-
tion efficiency is based on assumptions made by De Fraiture and
Wichelns (2010). Because pastures and such are generally not included
in water use calculations they are excluded here.

2.1.3. Virtual Fertilizer Content (VFC)
Virtual fertilizer content is defined in fertilizer requirement per kg of

crop output, for each of the three macro-fertilizers (N/P/K) separately.
Because phosphate rock and potash are finite resources, predictions of
years of use remaining (in 2050) are made if the management as de-
fined for 2050would continue, based on reserves of these resources. Re-
quirements were based on crop responses to nutrients or nutrient
removal by crops, converted to pure nutrient values (e.g. K instead of
K2O).

2.1.3.1. Virtual Fertilizer Content Data. Recommended fertilizer use varies
with crop, region, local soil characteristics and management practices.
Actual fertilizer use may, however, depend on factors that have nothing
to dowith proper agriculturalmanagement, e.g. subsidiesmay raise fer-
tilizer use well above recommended values. On the other hand, the
proper application methods and timing can significantly reduce use
rates, without reducing yields, and can thus increase efficiency (Smil,
2001). Fertilizer use is reported in FAOSTAT, for N, P2O5 and K2O fertil-
izers separately, but is not specified per commodity group or crop, and
is therefore only valuable as a measure for comparison of aggregated
values (FAOSTAT, 2011). The FAO does report fertilizer use per country
per crop in their FERTISTAT database (FERTISTAT, 2007). This gives
insight into regional differences in current fertilizer application rates,
but does not give insight into requirements and nutrient removal.
Furthermore, it does not give insight into input per output, as the
yields of these crops to which the fertilizer applications apply are
not reported.

In this scenario study the fertilizer requirements were based on fer-
tilizer response (in the case of N for cereals), or nutrient removal or up-
take by the crop (per tonne of product) as reported by the FAO (FAO,
1984, 2000, 2006). Data are given for different crops, not for cropgroups,
so fertilizer requirements for the cropgroups were based on differences
in the types of crops grown, and the share of the major crops in the
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group and region for cereals, sugar crops and roots and tubers. For these
cropgroups world production is represented by 2 or 3 crops, which
makes averaging in different regions possible. For the other cropgroups
fertilizer requirements were based on the weighted average (based on
the share in global production) of a few main crops. For the fodder
types a distinction was made between temperate grasslands (assumed
applicable to the OECD90 and REF regions) and tropical grasslands (as-
sumed applicable to the ASIA and the ALM regions). For both types of
grasslands the requirements were based on (IFA, 1992). The harvested
pasture feed types were assumed to be harvested, for which P and K ap-
plication is assumed necessary. ‘Pasture’ was assumed to be partially
fertilized by manure under grazing, with no extra need for P and K
fertilizer.

In case data for removal or uptake of nutrients by the crop are used,
projections may lead to underestimation of fertilizer use because of
losses in the field and uptake by other plant parts, e.g. leaves and
roots. On the other hand, use of manure1 or green manure was not
taken into account here. For leguminous crops, adjustments were
made to the N-requirements; N-requirements were lowered to account
for biofixation. Because, in the last decades, fertilization rates in the de-
velopedworldwere relatively high, soils may contain sufficient P to jus-
tify application of the amount removed by the crop (Sattari et al., 2012).
This is not true for the developed world, for which phosphate is often a
limiting factor in attaining higher crop yields (Sattari et al., 2012; Steen,
1998). Therefore, application rates higher than the removal rateswould
be necessary to increase yields according to the scenario characteristics
assumed.

2.2. Scenarios

This study describes four food scenarios: the AffluentWorld (A1), the
Full World (A2), the Vegetarian World (B1) and the Low-Input World
(B2). The design was based on the scenarios developed by the Interna-
tional Panel on Climate Change (IPCC) in their Special Report on Emis-
sion Scenarios (SRES) (Nakicenovik et al., 2000). The four scenarios
are aligned along 2 axes; the vertical indicating a focus on economy
(the ‘A’ scenarios) or environment (the ‘B’ scenarios), the horizontal in-
dicating a focus on globalization (the ‘1’ scenarios) or regionalization
(the ‘2’ scenarios). The food scenarios with a focus on globalization
(the Affluent World/A1 and the Vegetarian World/B1) are evaluated on
a global scale (trade is considered free). Four regions were defined by
the IPCC; the Full World/A2 and the Low-Input World/B2 scenarios are
evaluated on a regional level. Because trade between regions is not
modeled, the regional scenarios evaluate regional self-sufficiency.

Four driving forces defined by the IPCC were taken into account:
population, economic development, technological development and
policy. A quantitative description of the scenario characteristics and
assumptions is given in Table 1 and Sections 2.2.1 and 2.2.2.

The direction (a focus on economy or environment) and pace of
trends related to technological development and policy were based on
the IPCC trends, but interpreted to fit our food scenarios. This focus on
economy or environment is also assumed to be the main driver in pro-
jections concerning consumption patterns, which was added as a fifth
driving force. Awide variety of diet trends, from ‘Western’ to vegetarian,
is considered, to ensure a broad range of outcomes.

The scenarios are quantified for a complete diet. This includes the
seven vegetable commodity groups cereals (rainfed and irrigated),
1 Use of manure as a source of fertilizer seems to be stabilizing, according to an indica-
tion of the sources of phosphorus used as fertilizer by Cordell et al. (Cordell et al., 2009).
According to Cordell at al., phosphorus fertilizer use amounted to around 20Mtonnes in
2005, very close to the calculation made here for 2005. Of this amount, manure accounts
for around 3Mtonnes per year, and this value seems to be stable since around 1970. There
aremany reasonswhymanure is a less attractive nutrient source than synthetic fertilizers;
e.g. nitrogen inmanure ismore volatile,which leads to higher losses. Furthermore, it is not
attractive to transport manure over large distances, which limits the practical use.
fruit, oil crops (which includes vegetable oils), pulses, roots and tubers,
sugar crops (which includes sugar and sweeteners), and the animal
productsmeat (pork, beef and chicken),milk and eggs. The combination
of a varied set of the main vegetable commodity groups and animal
commodity groups ensures that calorically and nutrient-wise, a com-
plete diet is evaluated and the results can be interpreted as such.

2.2.1. Population, Economic Development and Diet
The basis for the diet demands are the projections made by the FAO

(Alexandratos et al., 2006). Global and regional diets were based on
these FAO projections for corresponding levels of economic develop-
ment and geographical location. In all scenarios and regions, caloric in-
take is increased to eliminate undernutrition. Adjustments to and
additional assumptions about the ‘apparent consumption’ of meat,
milk, eggs, sugar, oil crops, fruits, vegetables and pulses were made
(see Table 1). Quantification of meat consumption in the A scenarios is
based on the level of economic development, for which Keyzer et al.
found a relation tomeat consumption (Keyzer et al., 2005). The Vegetar-
ian World/B1 scenario presents a vegetarian scenario, while the Low-
Input World/B2 scenario cuts consumption of meat in half according to
the projection based on the ‘Keyzer equation’.

The quantitative projections for population growth were based on
the population projections by the UN in 2008 and IIASA in 2009 (Lutz
et al., 2008; UN, 2009) used in the IPCC scenarios. Since the release of
the IPCC report in 2000, the population projections have been updated
by the UN and by the IIASA; both updates were used in this study. The
UN projections are defined on a country level, and aggregated to the re-
gional and global scale. The IIASA projections are defined on a regional
level, for a total of 13 regions. Groups of IIASA regions correspond to
the IPCC regions. Updated projections for economic development
were obtained from the PBL (Van Vliet, 2010), for a total of 17 regions.
These projections of economic developmentwere used to project future
meat consumption in the A scenarios. The meat consumption projec-
tions were based on the set of equations given in (Keyzer et al., 2005),
which quantify the relationship between purchasing power parity
(PPP) andmeat consumption per capita. However, the 13 IIASA regions
do not correspond to the 17 regions in the projections of economic
development. Therefore meat consumption per capita was calculated
on a country level. GDP in PPP per country was assumed equal to the
projection for the region to which the country belongs. The proportion
between the national populations (for the high and low growth projec-
tions) in 2050, was assumed equal to the proportion in the regional
population in 2005. The type of meat consumed was not defined by
Keyzer et al. Therefore, the proportion bovine meat:poultry:pork in
2050 was assumed equal to that proportion in the year 2005; namely
26% bovine meat, 33% poultry and 41% pork (FAOSTAT, 2011).

2.2.2. Feed Mixes and Feeding Efficiency
Feed requirements for the animal products are taken into account,

and comprise twelve different inputs. Five of these are also foodcrops:
cereals, oil crops, roots and tubers, pulses and vegetables, one is a
feedcrop: whole maize. Three are by-products of harvesting, processing
or consumption and then there is pasture and harvested pasture. The
feedmixes and feeding efficiencies are based on (Wirsenius, 2000).
Household and retail waste is lower in the B scenarios because of higher
environmental consciousness, while it is lower in the Full World/A2 sce-
nario because of lower economic development.

Five animal product systems with product system specific feed
mixes were considered. Buffalo, sheep and goat meat are grouped
under ‘cattle, beef’, as they are similar in their requirements and effi-
ciency. Feed mixes and feeding efficiencies were obtained from
Wirsenius (2000). All phases of animal husbandry are included, e.g. re-
production, replacement, gestation and lactation. The feed mixes are
composed of 14 different ingredients. Not all of these are included in
the feedmix for each of the five animal systems; e.g. feed for cattle is as-
sumed to be primarily grass, poultry have a preference for cereals, while



Table 1
Qualification and quantification of scenario assumptions and characteristics for 2050.

Topic A1— The Affluent World A2— The Full World B1— The Vegetarian World B2— The Low-Input World

Global & economy Regional & economy Global & environment Regional & environment

Population growth
(pop. in 2050)

Low— 7.78 billion
(Lutz et al., 2008)

High — 9.9 billion
(Lutz et al., 2008)

Low— 7.78billion
(Lutz et al., 2008)

Medium — 9.15 billion
(UN, 2009)

Economic development
(av. global income per capita in PPP
(Van Vliet, 2010)

High — 28,400 US$-1995 Low— 11,900 US$-1995 Med-high — 22,200 US$-1995 Medium — 17,700 US$-1995

Technological development; relates to
productivity of foodcrops and
feedcrops and feeding efficiency

Rapid and global Slow and regional Medium and global Medium and regional

Diet demand
(Based on Alexandratos et al., 2006
p.25 and Keyzer et al., 2005)

Western diet. Basis: ‘industrial
countries in 2050’ (FAO).
Average global meat
consumption: 93kg/cap/year.
Share (in kcal) of animal based
foods in the diet: 26%.
Consumption of fruit, vegetables,
eggs, oil crops and sugar crops are
set to average global 2005 levels
(FAOSTAT, 2010)

Western diet. Basis: ‘diets in
2030’ (FAO). (OECD90:
industrial countries, REF:
transition countries, ASIA/ALM:
developing countries). Average
global meat consumption:
62 kg/cap/year. Share (in kcal)
of animal based foods in the
diet: 22%.
Consumption of fruit,
vegetables, eggs, oil crops and
sugar crops idem to A1

Vegetarian diet. Basis: ‘global
average in 2050’ (FAO). Share (in
kcal) of animal based foods in the
diet: 9%. Higher consumption of
milk, eggs, oil crops and pulses to
increase protein content. Also
higher in fruits and vegetables,
and lower in sugar because of
health considerations (based on
OECD, 2010)

Reduced meat diet. Basis: ‘diets
in 2050’ (FAO). Share (in kcal)
of animal based foods in the
diet: 17%. (OECD90: industrial
countries, REF: transition
countries, ASIA/ALM:
developing countries). Average
global meat consumption:
37 kg/cap/year, higher in fruits
and vegetables, and lower in
sugar

Apparent consumption
(based on Alexandratos et al., 2006)

Average N 2900 kcal cap−1 day−1 Regional average N 2900 kcal
cap−1 day−1

Average N 2800 kcal cap−1 day−1 Regional average N 2800 kcal
cap−1 day−1

Household & retail waste
(based on Kantor et al., 1997)

Levels correspond to 1995-USA
levels

Half of level in A1 Half of level in A1 Half of level in A1

Productivity foodcrops (based on De
Fraiture and Wichelns, 2010)

80% closure of yield gap 20% closure of yield gap 80% closure of yield gap Yields: half of A2 yields

Productivity feedcrops
(based on Wirsenius, 2000)

Due to intensive management,
the yield is the same as in
Western Europe

Some intensive management,
yields vary between global
average and Western Europe

No intensive management; yields
correspond to global average

No intensive management;
yields correspond to global
average

Feeding efficiency (based on reg.
efficiencies in Wirsenius, 2000)

Global efficiency equal to current
efficiency in North America
region

Highest efficiency
corresponding to
geographically nearest region

Idem to A1 Idem to A2

Irrigated area (cereals only)
(based on De Fraiture and Wichelns,
2010)

75% of 454million hectare under
irrigation for cereals.

75% of 453million hectare
under irrigation for cereals.

75% of 363million hectare under
irrigation for cereals.

75% of 363million hectare
under irrigation for cereals.

Cereal irrigation efficiency 60% (based on De Fraiture and
Wichelns, 2010)

60% (id) 65% (id) 65% (id)

Fertilizer efficiency gain 10% 0% 15% 15%
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pigs prefer forage crops. To include a measure of (technological) devel-
opment in the scenarios, the feed mixes defined by Wirsenius for the
‘North America and Oceania’ regionwere chosen to represent the global
feeding efficiency in 2050 in the A1 and B1 scenario because it is the
most efficient in terms of the weight of the feed input defined in dry
matter (DM). Four of the Wirsenius regions were chosen to represent
the four regions in the A2 and B2 scenarios, based on geographical cor-
respondence combinedwith highest efficiency. In themodel, for the ref-
erence year (2005), feedmixes and efficiencies were represented by the
global average in 1993 (as defined in Wirsenius, 2000). Some progress
and development have taken place since then, but it was found that
these data are a reasonable approximation to the situation in the year
2005, as reported by the FAO (FAOSTAT, 2011). Overall, in DM, the cal-
culated total feed was only 0.1% higher than the FAO estimate.
2.3. Food System Model

A physical input–output model was built in Matlab to quantify the
scenarios. It calculates natural resource requirements for production of
a certain diet demand. Fig. 1 shows the structure of the food system
model aswell as the linkages between the topics related to the different
driving forces (as qualified and quantified in Table 1).

The link between production and natural resource use is determined
by the ‘virtual resource content’ (see Section 2.1). As shown in Table 1,
yield projections per commodity group are determined per scenario. Ir-
rigation efficiency and fertilizer efficiency are incorporated as adjustable
parameters.
Three topics deserve further explanation; conversion factors for
sugar and oil, availability of by-products which are used as feed, and
the losses that occur in the food chain. Because virtual resource content
factors are defined for primary products (i.e. oil crops instead of vegeta-
ble oils) consumption of vegetable oils and sugar and sweeteners need
to be converted back to the primary product. It was assumed that cur-
rent (2005) global extraction rates for the FAO groups ‘vegetable oils’
from ‘oil crops’ and ‘sugar and sweeteners’ from ‘sugar crops’ remain
constant. This means an average extraction rate of 36wt.% for vegetable
oils from oil crops and 12 wt.% for sugar and sweeteners from sugar
crops.

Economically available amounts of harvest by-products, processing
by-products and non-eaten food, all used as feed, were assumed to be
limited to 50% of the produced total (a methodology also applied in
(Wirsenius et al., 2010)). Additional feed requirements were assumed
to be supplied by themost appropriate crop for the specific animal: pas-
ture for cattle, forage for pigs and cereals for poultry.

As for losses, because trade is not included in the scenarios and cur-
rent data provide insufficient insight into flows of foodstuffs and their
purpose, the fraction of food used for purposes other than food or feed
(i.e. seed, waste (during transport, storage and processing), processing
and other utilities) was assumed constant relative to the total produc-
tion quantity, across all regions.

3. Results

In this section the resultswith respect to resource use in the four sce-
narios will be given. Section 3.1 discusses land use in 2050, Section 3.2



FOOD SYSTEM MODEL
Population

(cap/region/scenario)

Diet demand 
(kg/cap/day/scenario)
Cereals, fruit, oilcrops, 

pulses, roots and tubers, 
sugar crops, sugar and 

sweeteners, vegetables, 
vegetable oils, eggs,

meat, milk 

Food Consumption
(kg/region/scenario/year)

Foodcrops Eggs, 
meat, 
milk 

Feeding 
Efficiency

(kg/kg 
product –
beef, pork, 

chicken, milk, 
eggs)

Availability feed
(50% of production)

Harvesting by-products, processing by-
products and non-eaten food.

Sugar and oil 
conversion

Conversion of 
sugar and 

vegetable oil 
to primary 
equivalent

Resource Use

Land/scenario
Water/scenario

Fertilizer (N,P,K)/scenario

Losses

(food + feed= 
% of total 

production)

VRC
Land Requirement
(yield/ha/scenario)

Foodcrops, 
feedcrops and 

pasturesWater Requirement
(m3/region/scenario/ton)

Foodcrops and feedcrops

Fertilizer Requirement
(kg N,P,K/kg)

Foodcrops, feedcrops, fodder

Feed Consumption
(kg/region/scenario/year)

Foodcrops
Feedcrops 

and
Pastures

Total Production
(kg/region/scenario/year)

Foodcrops
Feedcrops

and 
Pastures

Fig. 1. Linkages between driving forces and input parameters in the food system model.
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elaborates onwater use in 2050 and Section 3.3 on fertilizer use in 2050.
Section 3.4 will take a look at the whole picture of resource use per sce-
nario. All these quantifications are based on the quantification of total
production, as shown in Fig. 2.

Table 2 presents the composition of the total food supply per capita,
including feed,wastes and losses. This illustrates the relatively high con-
tribution of meat to the total production.

3.1. Land Use in 2050

Land is used to grow foodcrops (which are also used for purposes
other than food such as feed) and feedcrops (for which agriculturally
suitable land is required), and as pastures and grasslands to feed ani-
mals. Fig. 3.a shows the total global cropland use (in harvested area)
for the year 2005 and the four scenarios.

The horizontal lines indicate the area suitable for agriculture; aggre-
gations of the threemain quality classes of land: very suitable (VS), suit-
able (S) and moderately suitable (MS), were used as a reference. It was
assumed that between 70% and 90% of the land suitable may be avail-
able (in line with Fischer et al., 2002). The bars in the figure show the
harvested area,while the threshold-lines showactual available land. Ac-
tual land usemay be lower if the aggregated cropping intensity is higher
than 100%. Currently, the global average cropping intensity is lower
than 100%, because the total area of arable land and permanent crops
– around 1.5 billion ha in 2005 (FAOSTAT, 2011) – is a little higher
than the harvested area.

Themain factors which create the differences between the scenarios
are meat consumption, feeding efficiency and yield projections. For ex-
ample, average apparent consumption in kcal per capita is around 15%
higher in the Affluent World/A1 than in the Full World/A2. But even
though yields are much higher in A1 than in A2, harvested cropland
area per capita is around 17% higher in A1 than in A2.

Total land use – including pastures – shows that a combination of
high yields, high feeding efficiencies and intensive management of pas-
tures decreases total land use in A1. While aggregated total production
is higher in A1 than in A2, total land use is much higher in A2, as shown
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Fig. 2. Total production. Stack order: (left to right): cereals, fruit, oil crop
in Fig. 3.b. Due to a much lower consumption of animal products and
higher feeding efficiencies and yields, total land use in the Vegetarian
World/B1 – including pastures – is lower than cropland use in 2005
(land use excluding pastures and such).

When focusing on the four regions in the FullWorld/A2 and the Low-
Input World/B2 scenarios, it shows that land use increases in all regions
for both scenarios. In the Full World/A2, the ASIA region will not be able
to be self-sufficient, even when assuming a cropping intensity of 138%
on irrigated lands (current estimated average, based on AQUASTAT,
2011). The REF region comes very close to reaching the lower limit of
available suitable land. In the Low-Input World/B2 the demand exceeds
the available land area in all regions.

3.2. Water Use in 2050

Fig. 4.a shows the total global water use for the year 2005 and the
four scenarios. Directwater use by animals (i.e. drinkingwater) is insig-
nificant compared to the water needed to grow crops: it adds up to
around 0.1% of total water use (based on Smil, 2001), and is not
shown in the figure. The lines in Fig. 4.a indicate the global thresholds
(based on FAO criteria (Bruinsma, 2003)) for moderate water stress
(solid line, 20% of renewablewater resources) and critical stress (dotted
line, 40% of renewable water resources). In 2005, 23 countries experi-
enced moderate water stress, while 49 experienced critical water stress
(based on data from Hoekstra and Chapagain, 2008). As Fig. 4.a shows,
high feeding efficiencies come at a price: high water use in agriculture.

The fact that water use in 2050 in the Affluent World/A1 and the Full
World/A2 scenarios exceeds the moderate water stress threshold, and
that the Low-Input World/B2 scenario comes quite close to that thresh-
old, indicates that many countries will experience water stress in
2050. The slightly higher irrigation efficiency, a raise from 60% to 65%,
saves respectively 3% and 1.5% of total water use in the Vegetarian
World/B1 and the Low Input-World/B2.

Comparing global water use to global average water stress thresh-
olds may, however, underestimate regional issues. Fig. 4.b and c
shows the regional situations for the Full World/A2 and the Low-Input
9 12 15
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ugar crops
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Table 2
Food supply per capita per day (kcal) in 2005 and in the four scenarios in 2050.

Food supply (kcal/capita/day)

2005 A1 A2 B1 B2

Losses 865 1688 1035 909 931
Feed 1207 3847 1446 647 871
Household and retail waste 321 835 375 366 369
Consumption 2155 2541 2572 2386 2478
Total production 4549 8911 5428 4307 4648
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World/B2 scenario (note that the values on the y-axis differ). In the A2
scenario, the ASIA region exceeds the moderate water stress threshold
by 84%, and is only 8% short of the critical water stress threshold. Cur-
rently, this region already experiences moderate water stress. The
OECD90 region, the REF region and the ALM region come quite close
to the moderate water stress threshold. In the Low-Input World/B2,
water use in the ASIA region also exceeds the moderate water stress
level, by 47%. High water use in the ASIA region is mainly due to the
higher production rate of cereals, specifically irrigated cereals. Further-
more, population growth in this region is quite high, and current food
availability is inadequate. Population growth in the ALM region is also
expected to be high, but as can be seen in Fig. 4.b and c, regional
water availability is much higher there than in the ASIA region.
3.3. Fertilizer Use in 2050

It is important to distinguish between the three synthetic macro fer-
tilizers, because phosphorus and potassium fertilizers are based on fi-
nite resources. Agricultural practices can have a significant impact on
nutrient use; therefore fertilizer efficiencies are modeled higher in the
two B scenarios (with a focus on environment) and in the Affluent
World/A1 scenario in which technological development is high.
Fig. 5.a, b and c respectively shows N, P and K fertilizer used, quantified
in terms of the nutrientweight (e.g. kg N, P or K) in 2005 and in the year
2050 for the four scenarios.

As fertilizer use is linked to production, the fertilizer use figures look
like the figure showing total production (Fig. 2). The relative differences
are a little more extreme because of the contribution of feed categories.
The reserves, expressed in years of use at the 2050 level, are presented
in Table 3. To quantify use rates relative to the reserve base (USGS,
2009), the use levels were assumed to increase linearly between 2005
and 2050. Total use between 2005 and 2050was subtracted from the re-
serve base (which was assumed to be used only to produce fertilizers,
even though around 20% is used for different purposes (Steen, 1998)),
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Fig. 3. Landuse for food (a) and food and feed (b). (a) Stack order (left to right): cereals-i (irrigat
2005, land use for irrigated cereals and rainfed cereals is aggregated. The solid lines indicate
VS+S+MS land. (b) Stack order (left to right): food (the sum of the food groups shown in (
after which the remaining reserve in years was determined based on
use rates in 2050.

Surprising are the low potassium reserves. These low reserves in
2050 can be explained by the current gap between application of potas-
sium fertilizer and the recommended application used tomodel the sce-
narios for 2050. Recommended use rates were based on nutrient
removal by the crop, but potassium stored in the soil may be sufficient
to support cultivation in many places for some time. Yields will be
lower if potassium (or phosphorus or nitrogen) is available in limiting
amounts (either due to lack of application as fertilizer or deficient
soils). Furthermore, the known K resources are over 13 times the cur-
rent reserve base (Roberts, 2008). The reserve base is partially based
on economic availability. This means it is unlikely that we will run out
of potassium in the near future, but also that the resource will become
ever more expensive; another obstacle in reaching global food security.

3.4. Resource Use in 2050

As the analyses of resource use above have shown, land use is a prob-
lem in the Low-Input World/B2, while water use and fertilizer use is a
problem in both the Affluent World/A1 and the Full World/A2. In the re-
sults for the A scenarios and the B2 scenario one can clearly see the neg-
ative correlation between land use and fertilizer use;while land use falls
within global limits, fertilizer use exceeds desired rates (A1 and A2) or
vice versa (B2). Only in the Vegetarian World scenario (B1) does use of
natural resources stay within the earth's carrying capacity.

4. Discussion

The modeled water use compares well to figures given in the litera-
ture. Water use in agriculture in the year 2005 was modeled at a global
use of 6019 km3 per year, which is somewhat lower than the estimate
made by the Water Footprint Network of 6189km3 per year (Hoekstra
and Chapagain, 2008). The International Water Management Institute
estimates water use in agriculture to be even higher: 7130 km3 per
year (De Fraiture et al., 2007). This discrepancy can be due to two fac-
tors. Irrigation was not taken into account in modeling the 2005 situa-
tion, because irrigation data mainly focus on cereals (which is the
main irrigated cropgroup) and data is not available on a global scale.
This means that water use is slightly underestimated because irrigation
efficiency is around 60%. As can be seen in Fig. 4.a, in all scenarios the
bulk of water use is required for cereals production. Furthermore, be-
cause certain commodity groups, i.e. stimulants, nuts and spices (total-
ing only 5.5% of global water use in agriculture in 2000 (Hoekstra and
Chapagain, 2008)), are not taken into account, a lower modeled esti-
mate for 2005 is reasonable.
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There are several reasonswhy the results presentedhere can be seen
as optimistic. First of all, resources are assumed to be spread equally ei-
ther regionally or globally, e.g. the water stress levels are calculated as a
percentage of the total renewable resources either regionally or global-
ly. However, water use poses problems on local levels, which cannot be
gathered from the data presented. The water projections presented are
of the same order of magnitude as given in literature. For example, the
International Water Management Institute projects an increase of
70%–90% in crop water use, depending on e.g. population growth and
income, which would amount to an annual water consumption be-
tween 12,050 and 13,500 cubic kilometers (De Fraiture et al., 2007).
This is in line with the projections made here for the Full World/A2 sce-
nario (12,500km3/year) and the Affluent World/A1 (15,085km3/year).

Secondly, after the modeling of these scenarios, population projec-
tions have been updated and are estimated to be higher than what
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was assumed here (UN, 2011). Thirdly, in line with IPCC reasoning
(Nakicenovik et al., 2000), environmental degradation and climate
change were not taken into account (although the latter may also im-
prove agricultural conditions in certain areas), as well as (fossil) energy
use, on which agriculture is very reliant. And finally, potential yields
were assumed the same for all land qualities, which may lead to an
overestimation of attainable production.

On the other hand, in the Vegetarian World/B1 scenario the produc-
tion of beef products from milk cows and chicken products from hens
was not included. ‘Additional food’ is thus available in the Vegetarian
World/B1 and the final resource use in that scenario could be lower be-
cause themeat products could substitute part of the givendiet. Also,fish
was excluded from the analysis because the link to land use, water use
and fertilizer use is much weaker and fish does not contribute much
(in kcal per capita per day) to the global average diet. Regionally and
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, pasture. For 2005, fertilizer use for irrigated cereals and rainfed cereals is aggregated. Note



Table 3
Fertilizer reserves in 2050 for P & K at 2050-level.

Nutrient reserves left in 2050 — years of use at 2050 level
(based on USGS (2009) reserve base)

A1
The Affluent
World

A2
The Full
World

B1
The Vegetarian
World

B2
The Low-Input
World

P 101 130 249 204
K 17 23 66 50
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locally though, fish may be very important. Furthermore, even
though efficiency improvements have been incorporated into the
scenarios for which this was fitting, innovative technologies may
still improve the VRC-factors. Such technologies may take a while
to disperse globally though, and the results of this study further
stress the necessity to innovate in agriculture. And finally, more
resource-efficient foods may become more prevalent in the future,
such as insects (Van Huis et al., 2013) or cultured meat (Tuomisto
and Roy, 2012).

Total fertilizer consumption has been growing steadily, from
31Mtonne in 1961 to 141Mtonne in 2002 (FAOSTAT, 2012). Projections
concerning fertilizer use are difficult for various reasons. Historic and
current use rates do not supply information on requirements, and soil
quality can lower requirements on the short term. Furthermore, agricul-
tural practices are important to fertilizer efficiency and can lower de-
mand, for instance through proper crop rotations, planting green
manure and using manure for fertilization. In this study, in a number
of cases, fertilizer recommendations were based on nutrient removal
by the crop, which may underestimate fertilizer requirements. On the
other hand, manure applicationswere not taken into account. For phos-
phorus, the results presented here coincidewith other projections of fu-
ture phosphorus fertilizer availability (e.g. Cordell et al., 2009;
EcoSanRes, 2008; Steen, 1998), which is a well-described problem. Po-
tassium does not, however, get a lot of attention, even though potassi-
um fertilizer is, like phosphorus, based on a non-renewable resource.
There seems to be a gap between actual potassium use and potassium
use rate recommendations. This may be due to an overestimation of re-
quirements, although themethod used to determine requirements was
the same as for P and N, which have shown to be good approximations.
Otherwise, it is possible that current use rates are deficient in K; accord-
ing to Smil, specifically in China, applications have been deficient in P
and K (Smil, 2001). This may make it difficult to achieve substantial
long-term yield increases. The results are alarming enough to at least
deserve further elaboration in research and the attention of the food
sector, policymakers and industry. The scenarios results show an unde-
sirable future and emphasize the need to move towards a more cyclic
agricultural system.

In any study aiming to give results on a global level, data availability
and reliability is an issue. Therefore, when evaluating the results of the
scenarios it is important to keep inmind that they are ‘What if?’ scenar-
ios, based on a list of assumptions. If the quantifications to these
assumptions would change, naturally, so would the results. It is impor-
tant to remember that scenarios of this kind are notmade to assesswhat
will happen, but what could happen, given such a set of consistent as-
sumptions. The results should also be evaluated in this light. The as-
sumptions to which the results are especially sensitive are the
apparent consumption and the losses and wastes; changes in diets
and minimization of food losses and wastes could lower production
rates significantly, while securing regional and global food security
with equitable distribution. Unfortunately there does not seem to be a
trend in such a direction.

Because economic variables such as prices were not taken into ac-
count, the effects on resource use were modeled given the assumption
that a given demand is fulfilled. It is not reasonable, however, to assume
that if this creates an unsustainable situation, such a situationwould not
occur. Such situations do occur at present, e.g. in countries in theMiddle
East using more than 100% of their renewable water resources in ag-
riculture. The results show that trade-off issues are important and
need to be addressed when discussing the future of food. An assess-
ment of resource use is only valuable when a complete picture is
given. Therefore, the present study provides valuable input for
assessing problem areas, but also for identifying opportunities in
our agricultural system.
5. Conclusions

From a demand-side perspective it can be concluded that current
trends in animal product consumption cannot continue indefinitely
due to lack of natural resources to support such a system. Moreover, a
situation such as in the Affluent World/A1 where potassium fertilizers
run out around 2070 would never progress to such a stage because fer-
tilizer prices would have risen too much to justify such use. This study
clearly illustrates the inequity in the food system: the lifestyles of
many in the industrialized world cannot be supported on a global
scale. One potential development could be that as food prices increase
due to strains on natural resources, people's motivation to decrease
their food waste rises. However, food wastes in households and retail
are highest in the industrialized world — exactly where people can af-
ford such wastage. What this scenario study shows is that it is possible
to feed a growing world population a balanced and adequate diet, i.e.
a dietwith a lot lessmeat than the current average diet in the developed
world, while respecting the limitations our natural resources pose. It is,
however, unlikely that people will be willing to give upmeat consump-
tion on a large scale.

This study also points out opportunities in our agricultural system.
From a supply-side perspective it can be concluded that technological
development is of vital importance. Yield increases reduce land require-
ments and technological development can improve the efficiencies of ir-
rigation and fertilization. The potential for growth in the developing
countries is large, and also quite necessary in view of the population in-
creases that are to be expected. The current low yields inmanydevelop-
ing countries reflect the potential for development. Such development
is not something which will happen naturally; it will take long-term
dedication of such stakeholders as governments, industry, development
agencies and of course farmers. Furthermore, the Low-Input World/B2
scenario has shown that it is absolutely necessary to increase yields,
while theAffluentWorld/A1 scenario shows that evenmaximizing yields
and feeding efficiencies is not enough if a ‘Western’ diet is adopted on a
global scale. These results give a clearmessage to decisionmakers on all
levels of society — government, companies, retail and households. Be-
cause the current diet in the industrialized world cannot be sustained
on a global scale, people in the industrialized world will have to change
their lifestyles if theywant to have amore equitableworld, or accept the
fact that their food choices have large-scale consequences. Thismay be a
tenable situation for individuals, as long as they can afford what they
consume, however, governments will have to make far-reaching deci-
sions if they are serious about reaching global equity and eliminating
undernutrition.
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