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Abstract 

The surging demands of a growing and increasingly affluent world population are confronting the 
natural world with mounting pressures. Human use of the earth’s land for agriculture, forestry or 
infrastructure is degrading the ability of many ecosystems to deliver vital services to humanity. 
While modern agricultural technologies have resulted in rapid increases in yields and efficiencies, 
they have also caused significant and widespread negative environmental effects. Here, we aim to 
contribute to one of humanity’s grand challenges: assessing how we can feed and fuel the world 
sustainably, fairly and humanely in the future.  

Based on several large and consistent databases for the year 2000, we develop a biomass-balance 
model that calculates the balance between global biomass demand (food and fibre) and global 
biomass supply from cropland and grazing land for 11 world regions, 11 food categories, seven 
food crop types and two livestock categories as well as a global bioenergy potential from cropland 
and grazing areas. Forestry is beyond the scope of this study. We evaluate the possible effect of 
climate change on yields using a coupled plant growth and water balance model (LPJmL) to 
calculate the effect of climate change on cropland yields, thereby modelling both the inclusion 
and exclusion of the poorly understood CO2 fertilization effect. 

We develop a consistent set of assumptions to analyze the situation in the year 2050. We use the 
United Nations medium population forecast (9.16 billion in 2050) to project global demand for in-
frastructure areas and to calculate total food demand. We use FAO projections of world agricul-
ture in 2050 as a crop intensification scenario, where crop yields are forecast to grow by 54% on 
average and cropland area grows by 9%. This is compared with two other crop production sce-
narios: ‘wholly organic’ crop production and an ‘intermediate’ crop yield scenario, reflecting a 
mix of farming systems that create a mean yield between the ‘FAO intensive’ and ‘organic’ crop 
systems. We assess four different diets, ranging from a ‘western high meat’ diet – high calorie 
(3 171 kcal/cap/day), rich in animal protein (44% of protein intake) – to a nutritionally sufficient 
‘fair less meat’ diet with 2 800 kcal/cap/d, sufficient protein and fat and low in animal protein. We 
assume three different livestock rearing systems (‘intensive’, ‘humane’ (free range), and ‘orga-
nic’). We assess two estimates of land use for cropland expansion (+9%, +19%). This results in 72 
scenarios, each of which is classified as ‘feasible’ if calculated cropland demand is 95% or less of 
the cropland available in 2050, ‘probably feasible’ if cropland demand differs from available 
cropland by less than 5% and ‘unfeasible’ if cropland demand exceeds available cropland by 5% 
or more. 

Results suggest that feeding the world with organic crops and an organic livestock system is 
probably feasible. This would require a growth in global cropland area by approximately 20% and 
the adoption of a diet with on average 2 800 kcal/cap/day and 20% of protein from animal 
sources. While this diet is nutritionally sufficient, a high degree of equality in food distribution 
would be required to avoid malnutrition. The ‘western high meat’ diet outlined above is also 
probably feasible but providing so much food would require a cropland expansion of 20%, ‘FAO 
intensive’ yields and ‘intensive’ livestock production. The diet in 2050 that would result from a 
continuation of current trends is found to be ‘probably feasible’ in combination with +9% crop-
land expansion, ‘intermediate’ yields and ‘organic’ as well as ‘humane’ livestock rearing systems.  

We find that the potential for producing primary (mostly solid) biomass for bioenergy production 
in 2050 ranges from 58 to 161 EJ/yr. The bioenergy potential depends strongly on the choice of 
diet: it is lowest in the case of the richest diet and highest in the case of the ‘fair less meat’ diet. 
Climate change could have a positive or a negative impact on the global food and bioenergy 
system: In the absence of a CO2 fertilization effect, climate change could have a significant 
negative impact on food and bioenergy provision, whereas the effect could also be strongly 
positive if the CO2 fertilization effect is fully taken into account. 
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Executive summary 

Introduction 

The surging demands of a growing and increasingly affluent world population are confronting 
the natural world with mounting pressures. Increased land use is already degrading the ability 
of many ecosystems to deliver vital services to humanity (Millennium Ecosystem Assess-
ment, 2005). While modern agricultural technologies have resulted in rapid increases in yields 
and efficiencies, they have also caused significant and widespread negative environmental 
effects (IAASTD, 2009). As a result, the degradation of soil and ecosystems progresses 
around the world. Biodiversity is lost at a pace that exceeds natural rates of species loss by 
several orders of magnitude. Agriculture is both affected by, and can exacerbate, climate 
change. Providing sufficient food and fuel for the world sustainably, fairly and humanely in 
the coming decades is therefore one of the grand challenges humanity currently faces.  

This study analyzes several important objectives for global food and fuel production and use, 
as well as interrelations and possible trade-offs between these: 

• Feeding the world fairly: that is, aiming to reduce or even eradicate the contrast 
between overconsumption and malnourishment or even hunger in different world 
regions. 

• Reducing the environmental pressures resulting from agriculture by adopting organic 
or at least environmentally less demanding technologies. 

• Reducing the amount of animal suffering through adoption of humane methods of 
livestock rearing. 

• Providing plant biomass for energy provision as a substitute for fossil fuels if it can be 
sustainably produced and effectively reduces greenhouse gas (GHG) emissions. 

• Protecting areas of high biodiversity value such as pristine tropical forests. 

An analysis of these objectives needs to take the following global trajectories into account: 

• The growth in global population numbers is likely to increase the global socioecono-
mic use of biomass for food and fibre. 

• Growing affluence, and attempts at eradicating world hunger and improving human 
diets in poor countries, will push up biomass demand. 

• Climate change may have substantial and as yet highly uncertain consequences for 
agriculture and forestry. 

None of the global integrated assessment models incorporates sufficient detail on farming 
practices or biomass utilization pathways as would be needed to answer these questions and to 
analyze all the feedbacks that have to be understood in that context. This report provides a 
scoping study of the magnitude of the challenges, based on a data-driven approach. Using a 
highly detailed database for the year 2000, we derive scenarios for the situation around 2050, 
based on a set of assumptions on population growth, diets, agricultural technology, etc., as 
explained below.  

We use the UN medium population forecast (UN, 2007) and agricultural forecasts by the FAO 
(Bruinsma, 2003, FAO, 2006), which we interpret as a ‘business-as-usual’ scenario that des-
cribes a strong crop production intensification trajectory and is very optimistic in terms of 
future yields. We construct a biomass-balance model that allows us to build consistent scena-
rios of supply and demand of biomass based on a consistent set of data for 2050 on cropland 
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and grazing area, biomass yields on cropland and grazing land, feed conversion efficiencies of 
livestock, depending on livestock rearing system, and conversion losses in the biomass flow 
chain from production to final consumption. The biomass-balance model is used to assess the 
feasibility of combinations of diet, yields, feeding efficiencies and cropland expansions and to 
calculate the bioenergy potential in each scenario.  

Because this is a scoping study, in some cases, data were lacking to build the calculations on 
more than educated estimates. Therefore, the study results should be taken as fuel for thought 
and discussion. They demonstrate what the world might look like if our assumptions were 
correct. The authors will be grateful for any suggestions on how to further improve this work. 

 

Methods and data 

Study regions and biomass categories 

The regional grouping we use is based on the classification of the continental regions and 
geographical sub-regions as defined by the United Nations Statistical Division (UNSD 2006, 
see Figure S1). These regions vary considerably with respect to per-capita income/GDP, po-
pulation density, agricultural systems, soils, climate and many other important factors. 

 

 
Figure S1. World regions used in this study. 

 

Population density is low in the Americas, in Oceania, Africa, and in Central Asia and the 
Russian Federation. Population density is high in South, South-East and East Asia and in 
Europe. Incomes are high in North America, Europe and Oceania, intermediate in East Asia, 
Latin America, and North Africa and Western Asia, and low everywhere else. Agricultural 
intensity is highest in East Asia and Western Europe, very low in Sub-Saharan Africa and 
somewhere between these extremes everywhere else. 

We use the following categories when working with biomass production and consumption 
flows (for reference, see Erb et al., 2009). We distinguish 11 food categories (cereals; roots 
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and tubers; sugar crops; pulses; oil crops; vegetables and fruits; meat of ruminants (grazers); 
milk, butter and other dairy products; meat of pigs, poultry and eggs; fish; other crops). We 
use seven food crop aggregates (cereals; oil-bearing crops; sugar crops; pulses; roots and 
tubers; vegetables and fruits; others). We distinguish two groups of livestock: all animals 
capable of digesting roughage are grouped into the ‘grazers’ group (cattle, sheep, goats, etc.). 
All other animals (above all pigs and poultry) are grouped into ‘non-grazers’. All data are 
converted into dry matter. 

Data on land use and global biomass flows in the year 2000 

Our analysis is based on a global database for the year 2000 that integrates global land-use 
and socioeconomic data with data on plant growth (net primary production, abbreviated NPP; 
that is, the amount of biomass produced by green plants through photosynthesis) across a 
range of spatial scales, from grids to the country level (~160 countries; see http://www.uni-
klu.ac.at/socec/inhalt/1088.htm). The database covers three domains of data that were cross-
checked against one another and are consistent between scales (grid and country level) and 
domains (NPP, biomass harvest, byflows, livestock, biomass processing and use). The three 
main datasets used are: 

• A geographically explicit (10x10 km at the equator) land-use dataset (Erb et al., 2007), 
see Table S1. Cropland area and forest area are consistent with FAO data on cropland 
and the large forest resource assessments (the ‘Forest Resource Assessment’ [FRA] 
and the ‘Temperate and Boreal Forest Resource Assessment’ [TBFRA] of the FAO) 
on the country level. Grazing land is classified according to its suitability for grazing, 
discerning 4 classes (class 1 denoting the best suited, class 4 the least suited grazing 
areas). 

• A geographically explicit (10x10 km at the equator) assessment of the global human 
appropriation of net primary production (abbreviated HANPP; Haberl et al., 2007). 
HANPP is an indicator of land-use intensity that is defined as the difference between 
the net primary production (NPP) of potential vegetation and the amount of NPP 
remaining in ecosystems after harvest. The database includes, for each grid cell, NPP0 
(NPP of potential vegetation), NPPact (NPP of the currently prevailing vegetation), and 
NPPh (biomass harvested by humans, grazed by their livestock or destroyed during 
harvest or by human-induced fires). 

• A country-level assessment of socioeconomic biomass use that traces biomass flows 
from harvest to final consumption (Krausmann et al., 2008). Flows not covered in 
statistics were estimated (e.g., grazing of livestock) based on country-level feed 
balances of all major livestock species. Biomass harvest was calculated from the FAO 
agricultural production database (FAO 2004).  

The land-use data in Table S1 show that 75.5% of the earth’s land (excluding Greenland and 
Antarctica) is already used by humans. Land use ranges from very intensive to very extensive. 
1% of the land is used as infrastructure and urban area, 11.7% as cropland, 26.8% as forestry 
land, 36.0% as grazing land. Grazing land is characterized by four quality classes (1-4, with 1 
denoting the best grazing land and 4 the worst). Grazing land includes a large variety of 
ecosystem types, from intensively cultivated meadows to barely productive semi-natural 
landscapes that often have a very high ecological value. Of the remaining 24.5%, about one 
half is completely unproductive, often covered by rocks and snow or deserts with very low 
NPP (‘non-productive land’ in Table S1). The other half (‘unused productive land’) includes 
pristine forests (6 mio. km2, 4.6% of total area), including tropical rainforests as well as all 
other forests with almost no signs of human use (most of the latter in boreal regions). This 
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category also includes rather unproductive ecosystems such as arctic or alpine tundras and 
grasslands. Table S1 reveals that most of the earth’s land is already used by humans, and that 
the land that is not yet used has either very low productivity or should not be used due to its 
high conservation value (pristine forests). 

 

Table S1. Land use in the 11 study regions in the year 2000 

 
Infra-

structure Cropland Forestry 
Grazing 

land 

Non-
product-
ive land 

Unused 
product-
ive land Total 

 [1 000 km2] 

N. Africa and W. Asia 42 763 268 1 738 7 421 47 10 279 
Sub-Saharan Africa 111 1 781 5 828 11 867 3 443 945 23 975 
Central Asia and Russian Fed. 189 1 572 7 155 6 742 280 4 494 20 432 
E. Asia 140 1 604 2 121 5 146 2 075 448 11 533 
S. Asia 113 2 305 850 2 554 824 024 6 670 
S.-E. Asia 039 931 2 098 1 331 0 83 4 483 
N. America 337 2 240 4 741 4 473 1 549 5 169 18 508 
Latin America & the Carribean 64 1 685 8 733 7 932 256 1 624 20 295 
W. Europe 198 862 1 318 1 130 11 136 3 655 
E. & S.-E. Europe 103 941 630 482 0 2 2 158 
Oceania and Australia 23 540 1 216 3 484 305 2 817 8 385 
World 1 360 15 225 34 958 46 881 16 163 15 788 130 375 

 

Matching supply and demand: the biomass balance model 

The biomass balance model (for reference, see Erb et al., 2009) allows a calculation of scena-
rios for the supply and demand of biomass in 2050, based on assumptions discussed in the 
next section. The databases described above are used to build a model of biomass flows in the 
year 2000 in which the demand for final products is matched with gross agricultural prod-
uction and land-use data (Figure S2). Factors derived from data for 2000 are used to charact-
erize the conversion of biomass in agriculture, food and other industries as well as livestock 
input-output ratios. The model consists of two calculations: a food crop calculation for the 
demand for cereals, roots and tubers, sugar crops, pulses, oil crops, etc., and also for the 
demand for pig meat, poultry and eggs, and a roughage calculation for the demand for 
products derived from grazers (meat, milk, butter, etc.).  

In the food crop calculation, the regional demand for final biomass products (e.g. flour, 
vegetable oils, refined sugar) is converted to the amount of gross primary crop demand (e.g., 
cereals, oil crops, or sugar crops). Using global factors derived from the databases described 
above, the by-products accruing from the production of final products (e.g. brans in flour 
production from cereals, oil-cakes in vegetable oil production from oilbearing crops), seed 
requirements and the losses in the agricultural system are calculated (Figure S2).  

Non-grazers (pigs, poultry) are dealt with in the food crop calculation as well, because they 
are fed (mainly) from primary or secondary cropland products. From the demand for final 
products (e.g., meat from pigs and poultry, eggs), and data on market feed requirement (i.e. 
feed usually traded on markets; e.g., cereals; non-market feed is usually not traded; e.g., 
roughage, maize for silage, etc.), regional input-output ratios of the non-grazer livestock 
systems are calculated. The amount of market feed demand of non-grazers is added to the 
market feed demand of grazers calculated in the roughage calculation (see below), resulting in 
total regional market feed demand. This is then balanced against the regional supply of market 
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feed from food processing and industrial processing of cereals, oil-bearing crops, and sugar 
crops; i.e., the supply of brans, oil-cakes, molasses and bagasse (a by-product of sugarcane). 
Usage-factors for these categories are derived from the 2000 database and used to calculate 
the amount of market feed fed to animals. From the difference between market feed demand 
and the amount of by-products from processing fed to animals, the additional demand for feed 
grain (cereals) is calculated and added to the regional demand for cereals, taking seed demand 
and losses into account.  

 

 
Figure S2. Overview of the biomass-balance model used in this study. 

 

The roughage calculation refers to the demand for ruminant meat and milk, i.e. to a grazing 
livestock system. The grazing livestock system is characterized by a demand for market feed 
(e.g., brans, oil cakes, cereals) and a demand for non-market feed (roughage demand; i.e., the 
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sum of fodder, crop residues fed to grazers, and grazing). The amount of feed demand per unit 
of output (meat or milk), derived from the year 2000 database, varies between world regions 
by factors of up to ten, due to the differences in breed and animal husbandry systems. These 
factors depend particularly on the regional share of subsistence livestock systems (with high 
input-output ratios for roughage and low input-output ratios for market feed) and industrial 
intensive meat and milk production (with the opposite patterns and a much higher overall 
efficiency due to the higher nutritional value of market feed and a production system optimi-
zed for high outputs). For the scenario analysis 2050, these input-output ratios were modula-
ted in order to reflect technological change in this sector. 

Due to the large differences in input-output ratios of the regional grazing systems, it is not 
possible to apply global factors for calculating roughage demand from meat and milk con-
sumption. Instead, we applied the input-output ratios of the regional grazing systems to calcu-
late regional production of meat and milk from data on the amount of crop residues and 
fodder crops, combined with our estimate on biomass production of grazing lands in 2050 
(see below) and assumptions on grazing intensity (i.e. the ratio of the amount of grazed bio-
mass to total biomass production on grazing land). The gap between regional production and 
demand, for meat as well as for cropland products, is balanced by trade: for example, regions 
where the demand for primary products (e.g. cereals) exceeds regional supply are net impor-
ting regions; regions where biomass supply is larger than regional demand are net exporters.  

Overall, the level of uncertainty in the biomass flow model is satisfactory: modelled global 
demand for primary crops is at 98% of the actual 2000 cropland production, and modelled 
grazing is at 99% of the grazing amount given by Haberl et al. (2007). Discrepancies result 
from the usage of global average factors. In order to use the model to calculate bioenergy po-
tentials for the year 2050 and to assess the feasibility of diet changes and technologies in 
2050, we modify the original model for the year 2000 as described below. 

Changes in land use and agriculture until 2050 according to the FAO 

We explicitly take urban and infrastructure areas into account. In order to do so, we derive a 
forecast of these areas as follows. We start with population growth, based on the UN medium 
variant in which world population is forecast to be 9.16 billion in 2050 (UN, 2007). Urban 
areas are much smaller than rural infrastructure. Urban areas in 2050 are estimated by 
assuming that the per-capita amount of urban area would stay constant from 2000 to 2050. 
Globally, urban population is forecast to increase from 2.84 to 6.37 billion (UN, 2008). For 
East and South-East Europe, the UN forecasts a shrinking urban population; in this region we 
keep the urban areas constant. We are aware that such simple assumptions can only serve to 
derive first-order approximations that might be too low, therefore the results may be conser-
vative. According to our calculation, urban areas grow from 279 180 km2 to 532 880 km2. 
This is not much when compared with existing cropland areas (Table S1), so possible errors 
introduced by our estimation method are small, too. Assuming that rural infrastructure areas 
are mostly driven by the need to transport agricultural inputs and produce and by the need to 
house agricultural population and machinery, the area of rural infrastructure is calculated as a 
percentage of cropland area in each region, using factors derived by Erb et al. (2007). 

FAO forecasts (Bruinsma, 2003, FAO, 2006) are used to derive estimates for cropland area 
change and crop yields until 2050. Our ‘business-as-usual’ assumption on cropland expansion 
(+9%) is taken from these sources. Assumptions on cropland yields in the ‘FAO intensive’ 
scenario (for details, see Erb et al, 2009) are also taken from there. The FAO provides project-
ions of crop production for selected important food crops (cereals, oil crops, sugar crops) for 
industrialised countries and five regional groups of developing countries. Annual growth rates 
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are applied to the data as reported by the FAO to derive total production volumes and area 
changes for crops and regions explicitly covered by the FAO (Figure S3). 

 

Figure S3. Cropland production 1961-2050 in the ‘FAO intensive’ scenario. Development of (a) product-

ion and (b) arable land area 1960 – 2050 of food crops. 
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The FAO does not report projections for fodder crops. To fill this gap, it is assumed that the 
share of fodder crops to the overall area of arable land remains constant and that the yields of 
fodder crops grow with the same rate as the aggregate ‘other crops’ (with small exceptions; 
see Erb et al., 2009). The assumptions deviate from the FAO forecast only marginally, espe-
cially when compared to the level of uncertainty in such a projection. Overall, in the ‘FAO 
intensive’ crop yield scenario, it is assumed that cropland area will grow by 9% and yields by 
54%. These assumptions are in line with recent work by the International Institute of Applied 
Systems Analysis (IIASA) suggesting that the growth of global cropland area will be between 
+6% and +12% until 2050 (http://www.iiasa.ac.at/Research/GGI/). Most global agricultural 
scenarios assume that growth in agricultural production will depend mostly on increases of 
yields and only to a smaller extent on a growth of cropland areas (e.g., IAASTD, 2009). 
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As this study focuses on agriculture and excludes forestry, the conservative assumption is ma-
de that growth in cropland and urban/infrastructure area reduces the area of grazing lands 
only, while forest areas remain constant. This assumption does not affect the evaluation of the 
feasibility analysis because grazing areas are not found to be limiting because the biomass 
production on grazing areas is under all assumptions sufficient to provide the required amount 
of roughage. It is assumed that the area expansion of cropland and infrastructure consumes the 
best grazing areas, i.e. that of class 1 and in regions where sufficient grazing land of that 
quality class is available, and class 2 where this is not the case (i.e. North Africa and Western 
Asia). The biomass-balance model calculates grazing intensity on grazing land (i.e. the ratio 
of biomass grazed to biomass production (NPPact) on grazing land) as discussed above. The 
pattern of cropland expansion (Table S2) seems reasonable when compared with studies on 
global cropland potentials (IIASA and FAO, 2000) and cropland suitability maps (Ramankut-
ty et al., 2002).  

The ‘massive cropland expansion’ scenario 

Global studies of land suitable or potentially available for cropland (IIASA and FAO, 2000, 
Ramankutty et al., 2002) suggest that cropland potentials are considerably larger than those 
assumed in the ‘FAO intensive’ scenario discussed above. This study therefore also explores a 
‘massive cropland expansion’ scenario in which it is assumed that cropland expansion 
doubles in each region for which the FAO forecasts an expansion of cropland and is kept 
constant elsewhere (Table S2). 

 

Table S2. Cropland areas and changes in 2000 and 2050, according to estimates based on the FAO 

‘business as usual’ land use (’bau’) scenario and the ‘massive cropland expansion’ scenario. 

 
Cropland in year 

2000 
Cropland in year 2050  

FAO / BAU 
Cropland in year 2050 

massive change 

 [1000 km²] [1000 km²] [change] [1000 km²] [change] 

Northern Africa and Western Asia 763 819 +7.2% 874 +14.5% 
Sub-Saharan Africa 1 781 2 283 +28.2% 2 785 +56.3% 
Central Asia and Russian Federation 1 572 1 635 +4.0% 1 699 +8.1% 
Eastern Asia 1 604 1 694 +5.7% 1 785 +11.3% 
Southern Asia 2 305 2 428 +5.3% 2 550 +10.6% 
South-Eastern Asia 931 930 -0.1% 931 0.0% 
Northern America 2 240 2 335 +4.3% 2 430 +8.5% 
Latin America & the Carribean 1 685 2 037 +20.9% 2 388 +41.7% 
Western Europe 862 880 +2.1% 899 +4.2% 
Eastern & South-Eastern Europe 941 890 -5.4% 941 0.0% 
Oceania and Australia 540 696 +28.8% 851 +57.7% 

World 15 225 16 627 +9.2% 18 134 +19.1% 

 

This cropland expansion scenario is still lower than the cropland expansion assumed to occur 
in some other global scenario studies (IAASTD, 2009). The largest expansion of cropland 
areas is assumed to occur in Sub-Saharan Africa and Latin America, as these are the regions 
generally assumed to have the largest cropland potentials (IIASA and FAO, 2000, Raman-
kutty et al., 2002). How well-suited this land is for large-scale, intensive cultivation is highly 
contested and uncertain, however. Assessments of cropland potentials are based on scarce 
data that are extrapolated for large areas. Much of the cultivable land in Sub-Saharan Africa 
and South America is under valuable forests or in protected areas. Tropical soils could 
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potentially lose fertility rapidly if taken into cultivation and are highly vulnerable to climate-
change impacts (Ramankutty et al., 2002). It is estimated that only 7% of the cultivable areas 
in Sub-Saharan Africa and only 12% of those in Latin America and the Caribbean are free 
from severe soil constraints that limit sustainable and profitable production (IAASTD, 2009). 

Crop yields in the ‘wholly organic’ and ‘intermediate’ scenarios 

The ‘FAO intensive’ crop yield scenario assumes large increases in yields, i.e. 54% on avera-
ge for all cropland. In particular, in Western Europe and North America, cropland yields have 
already reached very high levels. It is difficult to judge to what extent these yield gains can be 
realized and what the environmental costs of trying to achieve these yields might be (e.g., soil 
erosion, nitrogen leaching, water pollution or GHG emissions). It has been argued that many 
options to achieve yield gains have already been discovered and are approaching physiologi-
cal limits, that the best agricultural lands are already in use and area expansions may result in 
the use of less well-suited land, and that soil erosion and depletion of nutrient stocks in soils 
may pose challenges for future yield growth (Cassmann, 1999). On the other hand, improved 
management could help to sustain yield growth, for example due to improved stress tolerance, 
avoidance of nutrient and water shortages, or improvements in pest control, in particular in 
those regions where yields are still lower than they could be due to lack of required inputs. 
Substantial investments would be indispensable for maintaining such growth in crop yields. 

In order to evaluate options for alternative pathways of agricultural development, we derive 
two additional sets of assumptions. We conduct an in-depth review of the literature on crop 
yields in organic agriculture and used this to derive an estimate of crop yields in 2050 under 
‘wholly organic’ conditions (i.e., 100% cropland area planted according to standards of 
organic agriculture). We calculate the arithmetic mean between the ‘FAO intensive’ and the 
‘wholly organic’ scenarios to derive an ‘intermediate’ estimate of future cropland yields. 

From the literature review documented in Erb et al. (2009) we conclude that organic yields 
per harvest event (i.e. the yield of a wheat field harvested once) are only slightly (approxima-
tely 10%) lower than those of industrialised agriculture (see also IAASTD, 2009). However, 
organic agriculture requires additional area for planting of leguminous crops and other 
intercrops that are required to maintain soil fertility; most of these crops have to be ploughed 
into the soil and are not, or only to a limited extent, available as feed. We estimate that yields 
in organic agriculture are about 40% lower than those of industrialised agriculture, if 
calculated over the whole crop rotation cycle. This comparison is only valid for regions with 
highly intensive cropland systems. In developing countries, we conclude from our review of 
the literature that organic agriculture could allow for considerable increases in yields, because 
the nutrient status of croplands is often very poor and can be improved significantly with 
organic techniques. Accordingly, we assume that yield increases are possible in the ‘wholly 
organic’ scenario in regions where yields are low (Figure S4). 

The ‘intermediate crop yield’ scenario was derived by calculating the arithmetic mean bet-
ween the ‘FAO intensive’ and ‘wholly organic’ scenarios. This provides a numerical estimate 
that could reflect a diversity of mid-range scenarios, such as a situation in which half of the 
area is managed with organic techniques and the other half with intensive high-yield systems; 
a situation where cropland agro-ecosystems are not pushed to their very limits due to environ-
mental considerations; or a trajectory in which FAO yield expectations cannot be met for eco-
nomic (lack of investment) or biophysical (physiological limits, soil degradation, etc.) rea-
sons. 
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Figure S4. Agricultural crop yield development 1960 – 2050 under three yield estimates: a) FAO intensive, 

b) wholly organic yields; c) intermediate. 

 

Livestock feeding efficiencies in intensive, humane and organic agriculture 

Based on statistical data reported by the FAO, we derive trajectories of the input-output ratios 
of livestock for the time period from 1961 to 2000 at the regional level (Krausmann et al., 
2008), which we project until 2050 based on data on feeding efficiencies of different livestock 
rearing systems. We conducted a literature review on the feeding efficiencies of optimised 
(intensive/humane/organic) livestock rearing systems (Erb et al., 2009), from which we con-
clude that producing one ton of dry matter of animal product (meat and eggs in the case of 
non-grazers, meat and milk in the case of grazers) requires 10% more feed input in the case of 
humane (free-range) systems and 20% in organic livestock rearing systems (as the latter have 
stricter standards). We assume that cattle and other grazers do not require additional area for 
roaming because we assume that they need some minimum amount of grazing land for their 
roughage supply on which they can also roam. For non-grazers, we calculate the additional 
land demand for free-range systems according to UK government Department for Environ-
ment, Food and Rural Affairs (DEFRA) and similar standards for animal welfare. 

In all scenarios, we assume a reduction of the respective regional subsistence fractions by 
50% in favour of optimised or extensive, market oriented production systems, depending on 
area availability. Whereas two thirds of all livestock was kept in subsistence and extensive, 
market-oriented livestock systems in 2000, we assume that the share of these less intensive 
livestock systems will drop below 50% in 2050 (subsistence below 20%). The share of the 
less intensive livestock systems (subsistence and market-oriented extensive) is kept constant 
in all livestock rearing scenarios. The livestock rearing scenarios differ with respect to three 
different kinds of systems (intensive, humane and organic) in which feeding efficiency (that 
is, the ratio between feed input and output of animal products) is optimised. In the ‘intensive’ 
animal production scenario, we assume that most optimised livestock rearing systems will 
adopt intensive, industrial techniques and the share of organic and humane livestock rearing 
systems will be low. In the ‘humane’ scenario, we assume that all livestock in optimised 
systems is kept with access to the outdoor (free-range) according to standards of free-range 
livestock rearing. In the ‘organic’ scenario we assume that all livestock in optimised systems 
is managed according to organic standards, such as those of IFOAM. 
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Diet scenarios for 2050 compared to the situation in 2000 

Total food demand is derived from forecast population numbers (UN, 2007), assuming chan-
ges in regional diets which we derive as follows. Four diets are defined, based on different 
calorie counts and varying proportions of animal products. Countries with high gross domes-
tic product (GDP) per capita on average consume more food and have a higher proportion of 
animal products in the diet than countries with low GDP. For example, the average North 
American consumes twice as much protein as an average Sub-Saharan African, with almost 
two-thirds of protein coming from animal products, compared to just one-fifth in the case of 
an average Sub-Saharan African. 

•••• The ‘western high meat’ scenario assumes a fast acceleration of economic growth 
and consumption patterns in the coming decades, leading to a globalization of western 
diet patterns and increases in the shares of animal products, sugar and vegetable oil. 
All the regions attain diets at or above 3 000 kcal/cap/d, an extreme increase for most 
regions. The protein consumption also increases dramatically, with all regions at or 
above 80 grams/cap/d.  

•••• The ’current trend’ scenario maintains current growth trends and strong regional dif-
ferences in the diet levels and compositions. All the regions attain diets above 2 700 
kcal/cap/d, and the world average is almost 3 000 (compared to 2 788 in 2000). The 
per-capita consumption of sugar and oil crops increases by 19% globally, while ani-
mal products increase by 7%. All regions attain protein levels of almost 70 grams per 
capita per day (compared to 60 g in 2000). This scenario represents a quantitative and 
qualitative improvement in diets for the poorest areas, while the richest areas do not 
significantly increase or change their diets.  

•••• The ‘less meat’ scenario is based on the idea of satisfying growing food demands, 
both from population growth and better nutritional levels, by a lower meat diet. The 
diet levels attain the same level as in the ‘current trend’ scenario, but with 30% of the 
protein coming from animal products. The total protein levels are nutritionally suffi-
cient, but the average protein consumption of North America and Western Europe de-
creases, and the distribution of food categories changes. The cereals, roots, pulses, 
vegetables and fruits categories rise above 1 700 kcal/cap/d for all regions, even for 
the richer regions where they were lower in 2000, while the animal products, sugar 
and oil crops shares decrease, in particular in rich regions, and the level of protein con-
sumption decreases compared to the business-as-usual scenario.  

•••• The ‘fair less meat’ scenario goes beyond the ‘less meat’ scenario, reducing the fract-
ion of protein from animal sources to 20%. Moreover, a universal diet level of 2 800 
kcal/cap/d is imposed. In order to maintain adequate nutrition, protein consumption is 
close to 75 g/cap/d, or higher. These values are close to the 2000 global average le-
vels. These constraints leave very little room for diet variation between the world re-
gions. In particular, the richest regions reduce their share of animal products, sugar, 
and vegetable oil, reductions which are considered beneficial both for human health 
and the environment.  

All four diets (Table S3) are nutritionally adequate, in an average sense, in terms of energy, 
protein content and diversity of food sources. The ‘fair less meat’ scenario models a level of 
food supply at which it would be possible to avoid malnutrition if a fair and equal distribution 
of food is achieved: at that level of calorie supply, any significant inequality in food supply 
would cause malnutrition. The two scenarios with lower animal protein are based on environ-
mental concerns: the lower the percentage of animal product consumption, the more en-
vironmentally sustainable a diet is, because of the inefficiency of meat production and the 
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environmental pressures associated with livestock. Both the ‘less meat’ and ‘fair less meat’ 
scenarios are would require significant cultural and attitudinal change and policy intervention. 
They are included here to understand how substantial the environmental and food security 
benefits could be from a shift away from animal products. 

 

Table S3. Diet scenarios for 2050 compared to the situation in the year 2000.  

  Dietary energy Protein 

Share of 
protein from 

animal 
products 

Business-
as-usual 

evolution 
of diet 

Globally 
equitable 

distribution 
of food 

  
[kcal/cap/ 

day] 

[fraction 
of 2000 
value] 

[g/cap/ day] 
 

[fraction 
of 2000 
value]       

Status in 2000 2 788  75  37%    
Western high meat 3 171 (114%) 92 (122%) 44% X   
Current trend 2 993 (107%) 79 (106%) 38% X   
Less meat 2 993 (107%) 74 (98%) 30%    
Fair less meat 2 800 (100%) 75 (100%) 20%   X 

 

In terms of the global quantity of animal products consumed, the scenarios differ considerab-
ly. Under ’current trend’, the total amount of animal products increases by 62% compared to 
2000, and it more than doubles with the ‘western high meat’ scenario. The ‘less meat’ sce-
nario leads to a 20% increase in animal products, despite the lower consumption levels of 
industrialised countries, because of the increase in consumption levels and population in the 
poorest areas. In contrast, the ‘fair less meat’ scenario leads to a decrease of 23% in animal 
products compared to 2000. 

Global fish yields are not expected to increase; in fact it is assumed that they will decrease 
due to overfishing. In all scenarios, we assume that overall fish consumption remains con-
stant, resulting in a decreasing per-capita fish consumption. The lower fish fraction in the diet 
is compensated by increases among the other food categories. 

Calculation of bioenergy potentials 

We calculate bioenergy potentials by distinguishing three fundamentally different production 
pathways: (1) bioenergy crops on cropland, (2) bioenergy crops on grazing land, and (3) resi-
due potentials on cropland. We calculate gross potentials for bioenergy supply by assuming 
that the entire aboveground NPP of bioenergy crops can be used to produce bioenergy, assu-
ming a gross calorific value of dry-matter biomass of 18.5 MJ/kg. This calculation does not 
take conversion or production losses into account. 

In order to calculate the bioenergy potential on cropland, we subtract the area required in each 
region for food, feed and fibre (calculated using the biomass-balance model) from each re-
gion’s cropland area according to the respective scenario estimate. This gives the area of crop-
land available for bioenergy crops. We calculate the bioenergy potential by assuming that the 
productivity of the bioenergy plants equals potential net primary production (NPP0, see 
above) on cropland and that the entire aboveground biomass can be harvested and used to pro-
duce bioenergy. NPP0 data are taken from Haberl et al. (2007). 

To calculate the potential to grow bioenergy crops on grazing areas, we assume that grazing 
land of quality class 1 is also suitable for producing of bioenergy crops such as switchgrass 
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(Panicum virgatum), other perennial grasses such as Miscanthus sp., short-rotation coppice or 
similar bioenergy crops. We assume that grazing on land in grazing quality class 1 can be 
intensified, assuming an exploitation rate of 67% of NPPact in developing and 75% in 
industrialised regions. This allows use of a significant fraction of the area in grazing land of 
quality class 1 for bioenergy crops without reducing regional roughage supply. On the area 
that becomes available for bioenergy crops through intensification, the bioenergy potential is 
estimated to be equal to the current actual productivity (NPPact) of these areas (taken from 
Haberl et al., 2007). 

The energy potential from unused residues on cropland is calculated by applying harvest in-
dices and usage factors as used in the biomass-balance model. Crop residues are used as feed-
stuff and for bedding. The bedding requirement is estimated by calculating the amount of 
manure produced by livestock and applying factors to estimate bedding demand from manure 
production in the optimised systems (Krausmann et al., 2008). We assume that 50% of the 
remaining residues are required to maintain soil fertility and should therefore not be used to 
produce bioenergy. We are aware that this is a crude assumption and that higher or lower sha-
res of the residues might be required to maintain soil fertility in different regions, depending 
on soil and climate conditions (WBGU, 2008). 

Modelling of climate change effects with LPJmL 

We employ the ‘LPJmL’ model (Bondeau et al., 2007) to estimate the effects of changes in 
temperature, precipitation and CO2 fertilization on yields of major crops globally at a spatial 
resolution of 0.5°x0.5°. Yield simulations are based on simulations of 11 agricultural crops in 
the mechanistic coupled plant growth and water-balance model LPJmL that is able to calcu-
late the dependence of plant growth on climate, soil etc. in a ‘process-based’ manner; that is, 
based on plant physiological characteristics of different plant types. 

We calculate percent changes in agricultural productivity between two 10-year periods: 1996-
2005 and 2046-2055, representing the average productivity of the years 2000 and 2050. 
Management intensity is calibrated to match national yield levels as reported by FAO sta-
tistics for the 1990s (FAO 2004). National and regional agricultural productivities are based 
on calorie- and area-weighted mean crop productivity of wheat, rice, maize, millet, field pea, 
sugar beet, sweet potato, soybean, groundnut, sunflower, and rapeseed. LPJmL simulations 
are used only to estimate the possible magnitude of the climate-change effect on agricultural 
yields. In these simulations we assume constant management intensities and cropping patterns 
as of the year 2000. We do not consider feedbacks between climate change, CO2 fertilization 
and management.  

We assume three different scenarios of future greenhouse gas emissions as elaborated by the 
Intergovernmental Panel on Climate Change (IPCC). Emission scenarios were taken from Na-
kicenovic and Swart (2000). Each emission scenario is implemented in five different general 
circulation models (GCMs). Climate data for these GCM-projections are generated by down-
scaling the change rates of monthly mean temperatures and monthly precipitation to 0.5° 
resolution by bi-linear interpolation and superimposing these monthly climate anomalies 
(absolute for temperature, relative for precipitation and cloudiness) on the 1961-1990 average 
of the observed climate (for details, see Erb et al., 2009).  

Considerable uncertainty exists regarding how CO2 fertilization might influence future crop 
yields. This is due to both modelling uncertainties and to the fact that it seems likely that there 
are indeed interrelations between management (e.g. nutrient and water availability) and the 
CO2 fertilization effect. To assess the range of CO2 fertilization uncertainty, each of the 15 
scenarios was calculated twice: first, taking into account full CO2 fertilization effects accor-
ding to the prescribed atmospheric CO2 concentrations according to the emission scenarios 
































































































































































































































