
 

 

 
 
 
 
 
 
 
 

 

POSSIBILITIES AND LIMITATIONS 

FOR SUSTAINABLE BIOENERGY 

PRODUCTION SYSTEMS 
 

 

 

Mogelijkheden en beperkingen 

voor duurzame  

bioenergie productie systemen 

 
(met een samenvatting in het Nederlands) 

 
 
 
 
 
 
 
 
 
 

PROEFSCHRIFT  
 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN DE UNIVERSITEIT UTRECHT  
OP GEZAG VAN DE RECTOR MAGNIFI CUS, PROF. DR. J.C. STOOF,  
INGEVOLGE HET BESLUIT VAN HET COLLEGE VOOR PROMOTIES  

IN HET OPENBAAR TE VERDEDIGEN  
OP WOENSDAG 7 MEI 2008 DES MIDDAGS TE 2.30 UUR 

 
door 

 
Edward Martinus Wilhelmus Smeets 

geboren op 21 mei 1975  
te Roermond 



Promotor:   Prof. dr. W.C. Turkenburg 
Co-promotor:   Dr. A.P.C. Faaij 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dit proefschrift is mogelijk gemaakt door de financiële bijdrage van SenterNovem 
(Agentschap van het Ministerie van Economische zaken van Nederland), het energie bedrijf 
Essent N.V. (Nederland), het Zesde Kader Programma voor Onderzoek en Technologische 
Ontwikkeling van de Europese Unie en het Milieu en Natuur Planbureau van Nederland.  
 
This thesis has been made possible by the financial support of SenterNovem (Agency of the 
Ministry of Economic Affairs of the Netherlands), the energy company Essent N.V. 
(Netherlands), the European Union’s Sixth Framework Programme for Research and 
Technological Development and the Netherlands Environmental Assessment Agency.  



 

 

 
 
 
 
 
 
 
 

 

POSSIBILITIES AND LIMITATIONS 

FOR SUSTAINABLE BIOENERGY 

PRODUCTION SYSTEMS 
 
 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Aan mijn ouders 

 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dit onderzoek is uitgevoerd aan de Universiteit Utrecht, Faculteit Bètawetenschappen, 
Departement Scheikunde, Afdeling Natuurwetenschap en Samenleving en maakt deel uit van 
het onderzoeksprogramma van het Copernicus Instituut voor Duurzame Ontwikkeling en 
Innovatie van de Universiteit Utrecht. 
 
This research was carried out at Utrecht University (the Netherlands), Faculty of Science, 
Chemistry Department, Group Science, Technology and Society and is part of the research 
programme of the Copernicus Institute for Sustainable Development and Innovation of 
Utrecht University. 
 
Omslag ontwerp: moriz.carbonmade.com 
 
ISBN 978-90-8672-029-3  



 

5 

CONTENTS 

 
Chapter 1 – Introduction 9 
 

1. The need for a more sustainable energy supply 9 
2. Bioenergy and its contribution to a more sustainable energy supply 10 
3. Bioenergy resources  11 
4. Biomass conversion routes  13 
5. Assessing and ensuring the sustainability of bioenergy production systems 16 
6. This thesis 20 
 
Chapter 2 – A bottom-up assessment and review of global bioenergy potentials 
to 2050 23 
 

1. Introduction 24 
2. Approach 27 
 2.1 Types of potential  30 
 2.2 Selection of results  31 
3. Bioenergy from dedicated bioenergy crops  31 
 3.1 Demand for food 31 
  3.1.1 Population growth 34 
  3.1.2 Per capita demand for food  35 
  3.1.3 Undernourishment 37 
 3.2 Demand for feed and land use 38 
 3.3 Demand for crops and land use 44 
  3.3.1 Availability of land  47 
  3.3.2 Agro-ecologically attainable crop yields 51 
  3.3.3 Surplus agricultural land  57 
  3.3.4 Bioenergy production from surplus agricultural land 58 
4. Bioenergy from forest growth 60 
 4.1 Demand for wood 61 
  4.1.1 Demand for industrial roundwood 61 
  4.1.2 Demand for woodfuel  61 
 4.2 Supply of wood 61 
  4.2.1 Wood from trees outside forests 61 
  4.2.2 Wood from forest plantations 62 
  4.2.3 Wood from natural forests 62 
 4.3 Forest growth available for bioenergy production  63 
5. Bioenergy from residues and waste 64 
 5.1 Harvest residues  64 
 5.2 Process residues  65 
 5.3 Waste  66 
 5.4 Residues and wastes available for bioenergy production 66 
6. Total potential bioenergy supply in 2050 68 
7. Export potential of bioenergy in 2050 68 
8. Sensitivity analysis  70 
 8.1 Methodological sensitivity analysis 71 
 8.2 Parameter sensitivity analysis 73 
9. Discussion  74 



  

6 

 9.1 Approach  75 
 9.2 Data quality 77 
 9.3 Results 79 
10. Conclusions 83 
 
Chapter 3 – Bioenergy potentials from forestry in 2050 – An assessment of the 
dirvers that determine the potentials 87 
 

1. Introduction 88 
2. Approach 89 
3. Methodology and input data for the calculations 93 
 3.1 Supply of wood from forests 93 
 3.2 Supply of wood from plantations 100 
 3.3 Supply of wood from trees outside forests 103 
 3.4 Demand for industrial roundwood 104 
 3.5 Demand for woodfuel 107 
 3.6 Wood logging residues 109 
 3.7 Wood processing residues  109 
 3.8 Wood waste 110 
 3.9 Technological change 110 
4. Results 112 
5. Discussion and conclusions 120 
Appendix A 122 
 
Chapter 4 – The impact of sustainability criteria on the costs and potentials of 
bioenergy production – Applied for case studies in Brazil and Ukraine  125 
 

1. Introduction 126 
2. Approach  127 
3. Methodology 129 
 3.1 Costs of energy crop production 129 
 3.2 Security of food supply 131 
 3.3 Deforestation 132 
 3.4 Child labour 132 
 3.5 Wages 133 
 3.6 Employment 133 
 3.7 Education  133 
 3.8 Healthcare 135 
 3.9 Soil erosion  135 
 3.10 Depletion of fresh water resources 136 
 3.11 Nutrient losses and nutrient depletion 136 
 3.12 Pollution from agricultural chemicals 137 
 3.13 Loss of biodiversity 137 
4. Results 138 
 4.1 Competition with food production and deforestation 138 
 4.2 Costs-supply curves of energy crop production 139 
 4.3 Child labour 141 
 4.4 Wages 141 
 4.5 Employment 142 
 4.6 Education  142 



 

7 

 4.7 Healthcare 143 
 4.8 Soil erosion  143 
 4.9 Depletion of fresh water resources 144 
 4.10 Nutrient losses and nutrient depletion 145 
 4.11 Pollution from agricultural chemicals 146 
 4.12 Loss of biodiversity 146 
5. Discussion  147 
6. Conclusions 149 
 
Chapter 5 – The sustainbility of Brazilian ethanol – An assessment of the 
possibilities of certified production  151 
 

1. Introduction 152 
2. Approach and methodology 153 
3. Results 155 
 3.1 The ethanol production chain 155 
 3.2 Ecological areas of concern 156 
  3.2.1 Water use 156 
  3.2.2 Water pollution 158 
  3.2.3 Biodiversity 160 
  3.2.4 Soil erosion 164 
  3.2.5 Fertilizer use 165 
  3.2.6 Genetically modified organisms 165 
  3.2.7 Sugarcane burning 166 
  3.2.8 Greenhouse gas emission and energy balance 168 
 3.3 Socio-economical areas of concern 173 
  3.3.1 Competition with food production 173 
  3.3.2 Land tenure  174 
  3.3.3 Employment  175 
  3.3.4 Income distribution  176 
  3.3.5 Wages 177 
  3.3.6 Working conditions and worker rights 178 
  3.3.7 Child labour 179 
  3.3.8 Social responsibility and benefits  180 
 3.4 Multidisciplinary issues 182 
4. Economic implications  184 
5. Conclusions and discussion  186 
 
Chapter 6 – The contribution of N2O to the greenhouse gas balance of first-
generation biofuels  195 
 

1. Introduction 196 
2. Methods and data 197 
 2.1 General 197 
 2.2 Calculation of N2O emissions 199 
  2.2.1 Conventional crop management 202 
  2.2.2 Optimized crop management 204 
 2.3 Calculation of other emissions 205 
3. Results 207 
 3.1 N2O emissions due to energy crop production for conventional management 207 



  

8 

 3.2 GHG emission reduction potential of biofuels for conventional crop management  209 
 3.3 N2O emissions due to energy crop production and GHG emission reduction potential 
of biofuels for optimized crop management 212 
4. Discussion 215 
5. Conclusions 219 
 
Chapter 7 – The economic and environmental performance of miscanthus and 
switchgrass production and supply chains in an European setting 223 
 

1. Introduction  224 
2. Selection of case study regions  226 
3. Yields 228 
 3.1 Present yield 228 
 3.2 Future yield 229 
4. Economics of biomass production  232 
 4.1 Agricultural machinery 236 
 4.2 Land rent 236 
 4.3 Establishment 236 
 4.4 Fertilizing 236 
 4.5 Weeding 237 
 4.6 Disease and insect control  237 
 4.7 Harvesting 238 
 4.8 Storage 239 
 4.9 Pelletising 239 
 4.10 Transportation 240 
5. Environmental impacts of biomass production  242 
 5.1 Greenhouse gas emissions and primary energy use 242 
 5.2 Soil erosion 244 
 5.3 Water use 244 
 5.4 Biodiversity 245 
6. Results 245 
 6.1 Economic performance 245 
 6.2 Environmental performance 247 
  6.2.1 Soil erosion 250 
  6.2.2 Water use 250 
  6.2.3 Biodiversity 251 
7. Discussion 252 
8. Conclusions 258 
 
Chapter 8 – Summary and conclusions 263 
Hoofdstuk 8 - Samenvatting en conclusies 275 
 
References 275 
 
Dankwoord 307 
 
Curriculum Vitae 309 

 



 

9 

CHAPTER 1 

 

INTRODUCTION 

 

 

1. The need for a more sustainable energy supply  

 
One of the most important challenges faced by mankind in the 21st century is to meet the 
increasing demand for energy services via a more sustainable energy supply. For various 
reasons, the current supply of energy from, in particular, fossil fuels (mineral oil, natural gas 
and coal) is unsustainable. 
 
Firstly, combustion of fossil fuels is the largest contributor to the increasing concentration of 
greenhouse gases (GHG) in the atmosphere (IPCC, 2007b). The agricultural sector is also an 
important contributor, because of GHG emissions due to human-induced land-use changes and 
nitrous oxide (N2O) emissions due to the use of nitrogen (N) fertilizers. The increase of 
atmospheric GHG concentrations is very likely to have caused the increase in average 
temperature on earth that has been observed since the mid-20th century (IPCC, 2007b). 
Emissions at or above current rates will cause further warming and induce climate changes 
and increases in sea level (IPCC, 2007b). Precipitation and wind patterns will change, and 
extreme weather phenomena – including droughts, heat waves, heavy precipitation and 
tropical cyclones – will become more intense. Climatic change can affect human well-being 
directly (for example, through increases in weather-related mortality and infectious diseases) 
or indirectly (for example, through decreasing crop yields, increasing irrigation demands, 
decreasing water supplies, inundation of coastal lands, and loss of habitat and species). To 
limit the rate and level of climate change, a number of countries have formulated policies. 
 
Secondly, oil and natural gas reserves are unequally distributed around the globe. In 2005, the 
industrialized countries depended on imported oil and natural gas for about one-third of their 
primary energy use (IEA, 2006c). Most of these imports come from the Middle East, West 
Africa, South America and Russia. China and India are also becoming increasingly dependent 
on imports from these regions to meet their rapidly growing domestic demand for oil and 
natural gas. The unequal distribution of reserves and dependence on imports results in 
geopolitical tensions and conflicts over these reserves. Furthermore, the political instability of 
some of the key exporting regions potentially threatens stable production and thereby 
jeopardises the energy security of the importing countries. 
 
Thirdly, large segments of the world population lack access to modern energy supplies 
(Turkenburg, 2000). Access to affordable and reliable energy sources is crucial for (economic) 
development and poverty reduction. For these reasons, energy is a key factor in directly and
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 indirectly achieving the Millennium Development Goals (MDGs) formulated by the United 
Nations General Assembly at the Millennium Summit in the year 2000. 
 
Fourthly, fossil fuel resources are limited and, in some cases, are being rapidly depleted. 
Although it may take a few decades before peak supplies of oil and gas are achieved, it will 
become increasingly difficult and costly to extract these resources (IEA, 2007c). Also, the 
scarcity of offshore oil rigs, skilled labour and transport infrastructure, as well as the recent 
protectionist behaviour of some governments and geopolitical risks in countries like Iran and 
Nigeria, have hampered investments and, consequently, the development of oil- and gas 
extraction and processing facilities. All these factors pose a serious threat to the world’s 
energy security. They have also contributed to the increase in the price of oil and natural gas 
since 2004 (IEA, 2007a). In the long term, the price of oil is expected to stabilise at around 
US$ 60 per barrel compared to approx. US$ 25 in 2000 (IEA, 2007c). 
 
Finally, pollutants emitted when fossil fuels are combusted directly affect human health, cause 
acid deposition, and contribute to the formation of ozone in the troposphere. 

2. Bioenergy and its contribution to a more sustainable energy 

supply 
 

Biomass energy or bioenergy is defined as energy derived directly or indirectly from material 
of biological origin, including energy crops, agricultural and coppice wastes and by-products, 
manure and microbial biomass, and excluding material embedded in geological formations 
and thus transformed into fossil energy (i.e. mineral oil, natural gas, and coal). Although 
biomass can also be used to produce chemicals and materials, this thesis focuses on its use in 
bioenergy applications. Bioenergy is currently the most important renewable energy source. It 
accounts for about 10 % of the world’s present primary energy use of approx. 500 EJ per year, 
compared to about 2 % from hydro-energy and less than 1 % from other renewable energy 
sources (IEA, 2006c; IPCC, 2007a). 
 
Traditional use of bioenergy – that is, the combustion of solid fuels such as firewood, charcoal 
and agricultural residues for cooking, heating and lighting – accounts for approximately 
four-fifths of the total bioenergy consumption (IPCC, 2007a). Concentrated in the developing 
countries and involving 2.5 billion people, traditional bioenergy use accounts for more than 
two-thirds of this type of energy use worldwide (IEA, 2007c). Traditional bioenergy use is 
generally associated with undesirable effects such as indoor pollution and deforestation. The 
(relative) contribution of traditional bioenergy is projected to decrease during the coming 
decades, as it is gradually replaced by modern energy carriers such as gas, oil and electricity 
(IEA, 2007c). 
 
Modern bioenergy involves the use of biomass in producing higher value energy carriers such 
as electricity and liquid and gaseous fuels, which are more efficient and versatile than 
traditional carriers. Modern bioenergy accounts for about 1.8 % (9 EJ yr-1) of the present 
worldwide primary energy use (IEA, 2006c; IPCC, 2007a). Several studies project that the use 
of modern bioenergy will increase rapidly over the next few decades, up to a few hundred EJ 
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by the year 2050 (Rogner, 2000; IEA, 2006c; IEA, 2007c; IPCC, 2007a; Van Vuuren et al., 
2007b). Key factors driving this projected increase are the rising prices of fossil fuels 
(especially oil, natural gas and, to a lesser extent, coal), the decreasing production costs of 
modern bioenergy carriers, and the need to reduce GHG emissions. According to estimates by 
Hoogwijk et al. (2008), by the year 2050, primary biomass energy may supply between 130 to 
270 EJ at a cost of less than 2 $ GJ-1.1 Furthermore, bioenergy can be a carbon dioxide (CO2) 
neutral source of energy in the sense that the amount of CO2 released during combustion is 
nearly equal to the amount of CO2 sequestered from the atmosphere during growth. Another 
advantage of bioenergy is that it can contribute to the security of supply, as it offers an 
alternative to mineral oil, for example. Yet another advantage of bioenergy is that its 
production can contribute to rural development by generating incomes and investment in rural 
areas where the biomass is produced. For these reasons, bioenergy is now a key option in the 
energy policies of many countries. 
 
However, this does not mean that the production and use of bioenergy is intrinsically 
sustainable. Ideally, to evaluate the sustainability of bioenergy use, the impacts of bioenergy 
production, conversion and trade must be analysed using an integrated approach, taking 
account of the three dimensions of sustainable development: people (social well-being; the 
social impacts), planet (maintaining environmental quality; the environmental impact), and 
profit (economic viability of bioenergy production and its welfare impacts; the 
socio-economic impacts). The production and use of bioenergy can only be deemed 
sustainable if the net impact is positive. Therefore, the aim of this thesis is to analyse the 
possibilities and limitations of bioenergy production in the context of sustainable 
development. 

3. Bioenergy resources 
 

The social, environmental and socio-economic impacts of bioenergy use depend on various 
factors, including the source of biomass. In the past ten years, various studies have focused on 
the potential contribution of different types of biomass to the future world’s energy supply 
(Hall et al., 1993; WEC, 1994; Leemans et al., 1996; Yamamoto et al., 1999; Rogner, 2000; 
Turkenburg, 2000; Hoogwijk et al., 2003; Wolf et al., 2003; Hoogwijk et al., 2005; Moreira, 
2006; IEA, 2007c; IPCC, 2007a; Van Vuuren et al., 2007b). Berndes et al. (2003) have 
reviewed several of these studies. Estimates of the potential supply of bioenergy in 2050 vary 
widely, from virtually zero to hundreds of EJs. Three rough categories of bioenergy resources 
are commonly distinguished in assessments of bioenergy potential as described in more detail 
below.  
 
Residues and wastes 

 
Residues produced on agricultural fields or in forests are referred to as ‘primary residues’ 
(e.g. cereals straw from harvesting, branches and twigs from logging, dung from intensive 

                                                 
1 2 $ GJ-1 is roughly one-fifth of the price of crude oil (approx. US$60 per barrel) that is projected for the coming 
decades (IEA, 2007c). 
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livestock operations). Residues from the processing of wood and food are referred to as 
‘secondary residues’ (e.g. rice husks from rice milling, sawdust and bark from the wood 
processing industry). Wastes are sometimes referred to as ‘tertiary residues’. Examples of 
waste streams available for bioenergy production are demolition wood, waste paper and the 
organic fraction of municipal waste. The potential contribution of residues and waste to the 
energy supply is, by definition, restricted by the production of agricultural and coppice 
products, but also by practical and economic limitations when collecting, storing, transporting 
and processing residues and waste. The use of residues and wastes to produce modern 
bioenergy accounts for approx. 2 % of the worldwide primary energy use in 2004 (IEA, 
2006c; IPCC, 2007a). Residues and waste are currently mainly used to produce heat and 
power. 
 
Energy crops 

 
Two types of energy crops can be distinguished: conventional and lignocellulose. 
Conventional energy crops are crops that are normally used to produce food for humans and 
feed for animals; for example, maize, wheat, barley, sugar beet, sugarcane, rapeseed, 
sunflowers and soybeans. This type is the main biomass source currently used to produce 
liquid biofuels for transportation and accounted for approx. 0.2 % of the worldwide primary 
energy use in the year 2004 (IEA, 2006c; IPCC, 2007a). The term ‘lignocellulose energy crop’ 
refers to plant biomass that is composed of cellulose, hemicelluloses and lignin. Examples are 
poplar, willow, eucalyptus, miscanthus and switchgrass. Important advantages of 
lignocellulose over annual crops are the less intensive management that is needed and the 
higher yields per hectare that can be achieved. Consequently, the costs of this source are 
lower. Also, the potential contribution of lignocellulose crops to the energy supply is higher 
than that of annual crops, not only because of their higher yields per hectare but also due to 
their greater tolerance of relatively extreme soil and climate conditions, which means that 
larger areas are available for growing this type of crops. The use of lignocellulose crops is 
currently limited to heat and power production via combustion, but various other advanced 
conversion technologies (i.e. gasification, enzymatic hydrolysis and fermentation) are 
currently under development. 
 
Most studies conclude that the potential of dedicated energy crops is much higher than that of 
residues, waste and biomass from natural vegetation. However, estimates for the year 2050 
vary widely, from almost zero to several hundred EJs. The availability of productive land for 
energy crops is limited by the demand for land for food production and other purposes (e.g. 
housing, infrastructure, nature conservation). Energy crops can also be grown on marginal 
lands (i.e. low productive and degraded lands), which are not suitable for conventional 
agriculture. However, the impact of using such lands on nature conservation and GHG 
emissions, for example, may restrict the development of energy crop production. 
 
Natural vegetation 

 
The current worldwide use of biomass derived from natural vegetation (i.e. trees and shrubs in 
forests and non-forests) to produce modern energy carriers is severely limited. In 2004, it 
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accounted for approx. 0.2 % of the total primary energy supply (IEA, 2006c; IPCC, 2007a). 
Forest biomass is currently mainly used to produce heat and power. Estimates of the 
bioenergy potential of natural vegetation range from zero to several tens of EJs, whereby the 
main uncertainty is related to assessing sustainable biomass extraction rates. 

4. Biomass conversion routes 

 
A wide range of technologies are available to convert biomass to modern energy carriers (see 
Figure 1 and the sections below). 
 
Figure 1. The main pathways for converting biomass to heat, electricity and biofuels. 
(Adapted from WEA, (2000)). 
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Combustion 

 
Combustion of biomass to produce heat and power using modern equipment like steam 
turbines is a well developed and reliable way of turning biomass into energy. Commonly 
applied technologies are domestic and district heating systems and stand-alone power 
production systems. State-of-the-art technology is combined heat and power (CHP) 
production, which has the advantage of higher energy conversion efficiencies than those of 
separate heat or power production. CHP systems are commonly used in countries with large 
domestic forest biomass resources, such as Austria, Germany, Sweden and Canada. Many of 
these systems are not economically competitive with conventional fossil-fuel-fired systems, 
but they offer attractive benefits (i.e. availability, employment and investment) for the local 
economy (Faaij, 2006). More important for the production of heat and power in a modern 
industrial context is the use of residues and wastes, which are often available at limited or 
‘negative’ costs. This accounts for approx. 90 % of the worldwide use of biomass for energy 
(IPCC, 2007a). An important example is the combustion of black liquor (a co-product of paper 
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production) for steam generation in the pulp- and paper industry, which is common practice 
throughout the world (IPCC, 2007a). Another example is Brazil’s use of bagasse (the fibrous 
residue of sugar cane milling) to generate heat and limited amounts of electricity in sugar 
mills and ethanol distilleries. More efficient use of bagasse could provide low-cost electricity 
generation at a level equivalent to 4 EJ of primary energy consumption worldwide (WADE, 
2004). So far, no more than 15 % of this potential has been realised. The combustion of 
organic municipal solid waste is particularly popular in Europe and can generate electricity at 
costs that compete well with electricity production from fossil fuels (IEA, 2007b). Whereas 
the use of residues and waste for modern heat and power generation is a major growth market 
in developing countries, this use is projected to stabilise in the industrialised countries (IEA, 
2007b). The use of combined heat and power (CHP) generation is increasing particularly 
rapidly because, as previously stated, it offers higher efficiencies and lower costs than separate 
heat and electricity generation does (Faaij, 2006). According to Hoogwijk et al. (2008), in the 
year 2050, lignocellulose energy crops may produce up to approx. 200 EJ at a cost of no more 
than 2 € GJ-1. At that price level, state-of-the-art combustion technologies (especially CHP) 
can produce heat and electricity less expensively than natural-gas-fired power plants and at 
roughly the same costs as coal-fired plants (Faaij, 2006; IEA, 2007b; Hoogwijk et al., 2008). 
Co-combustion of biomass in coal-fired plants can generate electricity at similar or even lower 
costs than when coal alone is combusted, because large-scale co-firing achieves low additional 
investments costs and relatively high conversion efficiencies (usually around 40 %) (IEA, 
2007b). 
 

Gasification 

 
Gasification involves converting solid biomass in an oxygen-free, high temperature 
environment into a combustible synthesis gas or syngas. Syngas can be burned not only in a 
conventional boiler, but also in a gas turbine to produce power. Implementation of these 
engines is currently limited, due to the high investment costs required and the critical 
operational demand on fuel quality. Potentially more promising is gasification of biomass, 
integrated with a combined cycle (CC), which involves a gas-plus-steam turbine to produce 
electricity and heat. However, implementation of such systems is currently hampered mainly 
by the high investments costs and the lack of cheap, clean biomass resources (Faaij, 2006). 
Substantial cost reductions may result from technological developments, though progress is 
slow. Lower investment costs combined with the use of lignocellulose energy crops produced 
at costs of around 2 € GJ-1 could bring bioelectricity costs down to the level of electricity from 
coal and particularly natural gas (Faaij, 2006). Gasification and subsequent co-combustion in 
coal- or gas-fired power plants is also a promising option, because of the large capacity of 
these plants and their relatively low additional investment costs. 
 
An alternative application for syngas from gasification plants is to produce liquid or gaseous 
transport fuels (hydrogen, methanol or Fischer-Tropsch diesel). These biofuels are also 
referred to as ‘second-generation biofuels’. Their production via gasification is a promising 
technology, because lignocellulose crops are less expensive than the conventional crops that 
are currently used to produce first-generation biofuels. An other advantage is that the use of 
lignocellulose feedstock does not directly restrict the use of conventional crops to produce 
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food and feed. Also, converting lignocellulose crops to liquid biofuels is more efficient and 
less energy-intensive than producing first-generation biofuels. The production of 
second-generation biofuels is currently in the development and demonstration phase. 
Technological developments are expected to make this technology competitive with 
first-generation biofuels within 15 years (IEA, 2004). In the longer term, and assuming a price 
of 2 € GJ-1 for lignocellulose biomass, biofuel production costs may decrease to the level 
projected for conventional transportation fuels (Hamelinck, 2004; Faaij, 2006; IEA, 2007b). 
 
Pyrolysis 

 
Pyrolysis is the conversion of biomass at high temperatures and in the absence of oxygen to 
liquid, gaseous and solid fractions. The oily fraction can be used to fuel engines and turbines. 
Liquefaction (conversion under high pressure) and hydro-thermal upgrading (conversion 
under high pressure using water and moderate temperatures) reduces the oxygen content of 
this fraction, making it a suitable alternative to crude fossil oil. However, the additional costs 
and energy-related emissions are substantial (Faaij, 2006). In recent years, considerable 
experience has been gained with this technology, though few successful demonstration 
projects have been realised (Faaij, 2006). 
 
Digestion 

 
Via anaerobic digestion, manure and other types of wet residues (i.e. organic domestic waste 
and various types of industrial waste) can be converted into gas (mainly methane). This can be 
used in gas engines to generate electricity (and heat) and in conventional energy systems that 
are suitable for natural gas (Faaij, 2006). The implementation of digestion technology is 
limited to areas where wet residues are available, as transportation of wet biomass is generally 
problematic. 
 
Fermentation 

 
Currently, fermentation (followed by distillation) mainly involves the conversion of starch- or 
sugar crops into ethanol (WWI, 2006). Ethanol can be blended with conventional gasoline, but 
can also be used in pure form in modified engines. With 90 % contribution in the year 2005, 
ethanol is now the most important biofuel worldwide. The most important producers of 
bioethanol are Brazil and the US. In Brazil, ethanol is produced from sugar cane; in the US, 
corn is the most important feedstock. Brazil and the US each accounted for 45 % of the total 
worldwide bioethanol production in the year 2005 (WWI, 2006). Given the high market prices 
of oil in 2007, Brazilian bio-ethanol is the only first-generation biofuel that can compete 
conventional gasoline (Goldemberg, 2006a). The demand for biofuels for transportation is 
expected to increase from approx. 1 EJ in 2004 to 30-50 EJ in 2030, which is equivalent to 
roughly 45-85 EJ of primary biomass (IPCC, 2007a). 
 
Ethanol can also be produced from lignocellulose crops, via hydrolysis of cellulose and 
subsequent fermentation. A side benefit of this technique is the co-generation of electricity by 
combustion of the lignin residue and other unprocessed components. This technology is 
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currently under development. If the costs of lignocellulose crops come down to 2 € GJ-1, the 
ethanol production costs could match those of conventional transportation fuels (Hamelinck, 
2004; Faaij, 2006; IEA, 2007b). Currently, various ethanol plants are under construction that 
use agricultural residues (mainly wheat straw) as feedstock. 
 
Extraction and esterification 

 
Vegetable oils (e.g. palm fruit, soybeans, rapeseed, sunflower seed and jatropha) or animal 
fats can be converted into biodiesel using an alcohol and a catalyst via a reaction known as 
transesterification. Biodiesel can be blended with traditional diesel fuel. Mainly from 
sunflower seeds and rapeseed, the EU produces 90 % of the total worldwide bio-diesel output 
(WWI, 2006). In the US, the main feedstock is soybean; in (sub)tropical regions, palm fruit 
and jatropha are the main crops. 

5. Assessing and ensuring the sustainability of bioenergy 

production systems 
 

Despite the apparent advantages of bioenergy reported in the previous sections, its production 
and use are not necessarily sustainable. To assess the sustainability, the impacts of the 
production, trade and final conversion of bioenergy must be analysed using an integrated 
approach, taking account of the three dimensions of sustainable development; i.e. social 
impacts (social well-being), environmental impacts (maintaining or improving environmental 
quality) and socio-economical impacts (economic viability of bioenergy production and 
associated welfare considerations). 
 
A complicating factor when assessing the sustainability of bioenergy systems is that there is 
no consensus on the definition of sustainability or sustainable development. The most widely 
cited definition of sustainable development is: “all forms of progress that meet the needs of 

the present without compromising the ability of future generations to meet their own needs.” 
(WCED, 1987). This definition is of limited use when evaluating the sustainability of 
bioenergy chains, because it is insufficiently operationalised. Therefore, more practically 
applicable indicators and criteria are required to monitor and assess the sustainability of 
bioenergy production and use. In this context, an indicator is used to quantify a specific 
impact of bioenergy production (e.g. the rate of soil erosion, in t ha-1 yr-1). A criterion is a 
standard for assessing an impact and guaranteeing sustainability (e.g. when pastureland is 
converted into a bioenergy plantation, the rate of soil erosion must not increase). A measure is 
implemented to meet a specific criterion (e.g. the use of contour-ploughing to reduce soil 
erosion). 
 
Various ongoing initiatives aim to ensure the sustainability of bioenergy production and use 
through certification, a form of communication that assures the buyer of bioenergy carriers 
that the supplier complies with specific sustainability criteria. The European Union and 
several individual countries, most notably the UK and The Netherlands, are currently 
developing certification systems. Other countries, for example Brazil, are linking biofuel 
certification with tax reductions and other incentives to stimulate sustainable bioenergy use. 
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Also, various non-governmental organisations are formulating sustainability criteria. (For an 
overview of the latest developments in the field of certification systems, see: Lewandowski 
and Faaij (2006); Elghali et al. (2007); Van Dam et al. (2008); and Zarilli and Burnett (2008).) 
 
In this study, we consider five important themes when discussing the sustainable production 
and use of bioenergy: 

1. Greenhouse gas emissions 
2. Competition with food 
3. Biodiversity 
4. Environment 
5. Welfare and well-being 

 
These five themes are derived from a recently developed framework for formulating criteria 
that are applied in The Netherlands for domestically produced and imported bioenergy 
carriers. The framework was developed by a project group, Sustainable Production of Biomass 
(DPB, 2007), consisting of a wide range of stakeholders from the policy arena, industry, 
research and development institutions, consumer organisations, and non-governmental 
organisations. 
 
Greenhouse gas emissions 

 
The use of fossil fuels in the production, transportation and use of bioenergy carriers results in 
GHG emissions. Many studies have used Life Cycle Assessment (LCA) to assess the net 
impact of bioenergy production systems on such emissions (see e.g. Armstrong et al., 2002; 
IEA, 2004; JRC et al., 2004; Quirin et al., 2004; CE, 2005; Ecobilan and Ademe, 2006; 
Farrell et al., 2006; Larson, 2006; Von Blottnitz and Curran, 2007). Ideally, performance 
evaluation takes account of all impacts in the entire life cycle of the system in question, in 
comparison not only to the fossil energy reference system, but also to other ways of 
decreasing GHG emissions and improving the sustainability of the energy system. 
 
On the basis of this research, it may be concluded that, in comparison to reference systems 
based on fossil fuels, most bioenergy systems reduce GHG emissions. However, some 
bioenergy systems may actually increase GHG emissions, depending on local conditions and 
the land-use changes involved. Another possible conclusion is that the production of power 
and heat from biomass is generally a more efficient strategy for reducing GHG emissions than 
the production of biofuels for transportation. These studies also indicate that the GHG 
reduction potentials of several first-generation biofuel production routes are limited. Ethanol 
made from corn or wheat and diesel made from rapeseed or sunflower seed have GHG 
emission reduction potentials of approx. 20-60 % (IEA, 2004). Ethanol made from sugar cane, 
ethanol made from sugar beet and diesel made from palm oil have GHG emission reduction 
potentials of approx. 90 %, 55 % and 70 %, respectively (IEA, 2004; JRC et al., 2004). It 
should be noted that these production routes are the only short-term alternatives to 
conventional production of transportation fuels. Second-generation biofuels made from 
lignocellulose crops can have GHG emission reduction potentials of approx. 70-90 %, which 



 
 
 
 
 
Chapter 1  

18 

generally makes them more efficient than annual crops (IEA, 2004; Larson, 2006). The results 
of these studies are, however, highly sensitive to changes in assumptions regarding system 
boundaries, emission factors, type of technology used, case-specific conditions and the 
reference system considered. One example is the emission of nitrous oxide (N2O), which is 
induced by the application of nitrogen (N) fertilizers in crop production. Furthermore, GHG 
emissions due to changes in above- or belowground biomass, soil organic matter and litter that 
result from converting land into energy crop plantations can have a large impact on the GHG 
balance of bioenergy systems, though these impacts are often ignored.2 
 
Competition with food 

 
A key area of concern is the extent to which using biomass for energy applications has an 
impact on the costs and availability of food for humans and feed for animals, and on the 
availability of biomass for other applications (materials). Of particular concern is possible 
competition with food production in developing countries, given the increasing food demand 
projected for the coming decades. 
 
The risk of interference with food and feed supplies is especially relevant when conventional 
crops are used to produce energy carriers. The demand for these crops in order to produce 
transportation biofuels is expected to push up the prices of many bulk agricultural 
commodities (OECD/FAO, 2007). A strong increase in the global use of first-generation 
biofuels could reduce the average food consumption in sub-Saharan Africa by 4 % in 
Scenario 1 (based on many countries’ actual biofuel investment plans) and by 8 % in 
Scenario 2 (based on at least a doubling of the biofuels consumption of Scenario 1), in 
comparison to a baseline scenario without biofuels (IFPRI, 2007). The use of lignocellulose 
energy crops does not directly compete with the production of food or feed, but may do so 
indirectly due to competition with land and other production means. Positive impacts are, 
however, also possible. Energy crops can offer a new source of investments and income and 
thus reduce rural poverty in developing regions. It should be noted that food insecurity usually 
results from poverty, war, corruption, poor transportation infrastructure, etc., rather than from 
a lack of production capacity. More detailed analyses are required, taking account of region- 
or country-specific circumstances (e.g. trade barriers, agricultural and bioenergy policies, 
subsidy regimes and trade patterns) when bioenergy production policies are being developed 
or implemented. Recently, the Food and Agricultural Organisation (FAO) of the United 
Nations initiated the Bioenergy and Food Security project that aims to develop a framework 
for assessing the impacts of bioenergy systems on food security, particularly in developing 
countries (FAO, 2007a). 
 

                                                 
2 After the research presented in this thesis (Sections 2-7) was completed, Science published two papers showing that 
land-use changes resulting from the production and harvesting of biomass for energy purposes can have a large 
inhibiting affect on the reduction of GHG emissions (see (Fargione et al., 2008; Searchinger et al., 2008). The authors 
conclude that the production of biofuels should be based on the use of waste streams and degraded farmland or 
carbon-poor lands. 
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Biodiversity 

 
Bioenergy production can have various positive and negative impacts on biodiversity. In the 
short term, land-use impacts are dominant. For example, the use of biomass from forests could 
reduce the quantity or quality of natural vegetation and consequently biodiversity. Potentially 
more important is demand for land for energy crop production, as this could require that 
natural vegetation be converted into cropland. These effects may be either direct (i.e. natural 
vegetation being converted so that energy crops can be grown) or indirect (i.e. natural 
vegetation being converted to land-use types that are replaced by energy crop production 
elsewhere). Such indirect effects are also referred to as ‘leakage effects’. The direct effects can 
be particularly substantial. For example, compliance with the 10 % target for the share of 
renewable energy in transport petrol and diesel by 2020, pursuant to a European Commission 
proposal, would require that approx. 9 % of the total area of agricultural land in the EU25 be 
allocated to crop-growing for biofuels production, assuming that all such crops be 
domestically grown. These impacts should be balanced against the total impact on GHG 
emissions and biodiversity losses caused by human-induced climate change. 
 
Environment 

 
It is particularly important to assess the environmental impact of bioenergy feedstock 
production where it relates primarily to the use of agro-chemicals and fertilisers, waste 
management, soil erosion, depletion of soil nutrients, air quality, and the quantity and quality 
of surface and ground water. The environmental impacts depend typically on local conditions, 
the reference land use (i.e. the land use replaced by energy crops) being a crucial parameter. In 
the context of biomass conversion, the environmental issues relate predominantly to GHG 
emissions, air quality, and water quantity and quality. There is a crucial difference between 
conventional crops and lignocellulose crops. Conventional crops are generally produced using 
intensive production systems based on the use of fertilizers, agro-chemicals, agricultural 
machinery and irrigation. The environmental impacts of conventional crop production have 
been researched in far greater detail than those of lignocellulose crop production, which, in 
contrast, requires less intensive production systems, as plantations generally need to be 
established only once every few years. Also, such plantations require less fertilisers and 
agro-chemicals. In addition, bioenergy crop production can have positive impacts; for 
example, it can help to improve the soil structure and fertility of degraded lands. It should also 
be noted that, in many developing regions, poverty is an important cause of the 
overexploitation of natural resources. Bioenergy production can generate income and 
employment and enable the introduction of more efficient agricultural production systems. 
The use of genetically modified organisms is a complex issue: genetic engineering has a wide 
range of applications, the benefits are to some extent uncertain, and the dangers of disturbing 
ecosystems have not been accurately determined. 
 
Welfare and well-being 

 
The impacts of bioenergy systems on welfare and well-being are related to a range of issues, 
including, in particular, land and resource rights and conflicts, wages, labour conditions, child 
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labour, farm income, costs of reducing GHG emissions, costs reducing dependence on fossil 
fuels, and access to essential services such as clean water, healthcare and education. In 
general, the socio-economic impacts vary widely depending on local conditions, the type of 
biomass resources and the conversion technologies used, and the type of bioenergy carriers 
produced. Therefore, it is difficult to draw generalised conclusions. The socio-economic 
benefits are, potentially, the greatest in the developing countries, where agriculture is 
generally a major economic sector. However, there are also potential disadvantages of 
producing bioenergy in such regions; for example, the risk of land-tenure conflicts, poor 
labour conditions and child labour. 

6. This thesis 

 
The main objective of this thesis is to investigate the possibilities and limitations of 
sustainable bioenergy production. To this end, the following research questions have been 
formulated: 
 

I. What is the potential of different world regions to produce biomass for energy 
generation in the year 2050, taking account of biological and climatological 
limitations, the use of biomass to produce food, materials and traditional bioenergy, 
as well as the need to maintain existing forests and thus protect biodiversity? 

II. What are the main bottlenecks to formulating and implementing sustainability criteria 
for bioenergy production? 

III. To what extent does complying with sustainability criteria have impacts on the costs 
and potential of bioenergy production? 

IV. To what extent do fertilizer- and manure-induced nitrous oxide (N2O) emissions due 
to energy crop production have an impact on the reduction of greenhouse gas (GHG) 
emissions when conventional transportation fuels are replaced by first-generation 
biofuels? 

V. In terms of economic and environmental performance, how does Europe’s 
production, storage and transport of miscanthus and switchgrass in 2004 compare to 
that in 2030? 

 
Research question I deals with a crucial issue; that is, how the use of land to produce 
bioenergy competes with the use of land to produce food and feed, industrial roundwood and 
traditional woodfuel. A closely related issue is the need to maintain existing forests in order to 
protect biodiversity. These issues are examined in Chapter s 2 and 3, where three types of 
biomass energy resources are considered: dedicated energy crops, agricultural and coppice 
residues and waste, and biomass from forest growth. The potential these bioenergy resources 
are investigated by means of detailed, bottom-up calculations, with extensive use of existing 
scenario and outlook studies in the field of agriculture and forestry, as well as bioenergy 
potential assessments. Results are generated for the world as a whole and for various world 
regions. 
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Chapter 2 focuses on the technical potential of these three types of bioenergy production in the 
year 2050. The technical potential of dedicated energy crops is constrained because there is a 
limit to the surplus area of agricultural land that can be made available by advancing 
agricultural technology and thus increasing food production efficiency. A reference scenario is 
composed in order to analyze the demand for food. We assume four levels of advancement of 
agricultural technology in the year 2050, and the food production efficiency varies 
accordingly. The potential biomass from forest growth is calculated as the maximum amount 
of wood that can be technically harvested from forests without reducing the standing stock, 
taking into account the demand for wood to produce materials and the demand for traditional 
woodfuel that is not met by supplies from plantations and trees outside forests. A reference 
scenario is composed to analyze the demand for industrial roundwood and traditional 
woodfuel. The technical potential of residues and wastes is based on the technical potential to 
collect agricultural and coppice residues and wastes, and by considering the quantity of 
residues used as animal feed. 
 
Chapter 3 provides a more detailed analysis of the energy potential of forest growth and 
residues and waste (i.e. logging residues, wood-processing residues and discarded by-products 
of forest biomass) in the year 2050. The potential biomass from forest growth is calculated as 
the amount of wood that can be harvested from forests, minus the demand for materials 
production and traditional woodfuel. The supply of wood from plantations and trees outside 
forests is also considered. A distinction is made between the theoretical, technical, economical 
and ecological supply potential of bioenergy production from forest growth. In all cases, 
protected forest areas are excluded as a source of biomass. Based on a review of existing 
scenario and outlook studies, three scenarios are composed for both the supply from 
plantations and the demand for industrial roundwood and traditional woodfuel. 
 
Chapters 4 and 5 deal with the possibilities and limitations of a sustainable, certified 
production of bioenergy (Research questions II and III). It is difficult to define and implement 
sustainability criteria because a lack of data and methodologies impedes the formulation of 
practically useful indicators and criteria. Also, compliance with sustainability criteria may 
require changes in the management of energy crop production or the operation of processing 
plants, which may limit the potential or increase the costs. These issues have been investigated 
for two promising bioenergy production systems: the production of short rotation coppice in 
Brazil and Ukraine (Chapter 4) and the production of ethanol from sugar cane in Brazil 
(Chapter 5). Both regions are identified in Chapter 2 as potentially promising large-scale 
bioenergy producers. First, the areas of concern are identified that are the most relevant with 
respect to sustainability. Second, the impacts of these areas of concern on the present 
production of bioenergy carriers are analysed. Third, for each area of concern, indicators and 
criteria are formulated, based on existing management guidelines, certification systems and 
legislation. Finally, for each criterion, its impact on costs and quantity of bioenergy are 
calculated, insofar and as accurately as this is possible. In Chapter 5, the analysis is extended, 
by evaluating the extent to which each concern impedes certification. This evaluation includes 
four parameters: (1) the importance of the area of concern; (2) the existence of appropriate 
indicators and criteria; (3) the need for improvement strategies and appropriate measures to 
achieve compliance; and (4) the impact of these measures on the costs and potential of sugar 
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cane and ethanol production (including the potential electricity co-generation from bagasse 
co-combustion). 
 
Chapters 6 and 7 focus on two relatively well-researched bioenergy systems. Chapter 6 deals 
with the GHG balance of first-generation biofuels. Numerous LCAs of first-generation 
biofuels are available, but little attention has been paid to the extent to which fertilizer- and 
manure-induced N2O emissions due to energy crop production have an impact on the 
reduction of greenhouse gas (GHG) emissions when such fuels replace conventional 
transportation fuels (Research question IV). Most existing LCAs exclude the variability of 
emissions caused by differences in soil, climate and crop type. They also ignore the impacts of 
the reference land use (i.e. the land use replaced by energy crop production). In our study, the 
N2O emissions are calculated by applying a statistical model which uses spatial data on 
climate and soil. For the reference land use, a variety of options are explored, the most 
important of which are cropland for food production, grassland, and natural vegetation. The 
results are combined with data on other emissions due to biofuels production that are derived 
from existing studies, resulting in total GHG emission reduction potentials for major biofuels 
in comparison to conventional fuels. 
 
Chapter 7 focuses on the economic and environmental performance of the production of 
perennial grasses under European conditions for the years 2004 and 2030 (Research Question 
V). The economic performance relates to the costs of production, storage, transportation and 
pelletising. The environmental performance relates to the GHG emissions, primary fossil 
energy use, water use, soil erosion and biodiversity impacts. These analyses allow for cost 
minimisation and production optimisation, taking environmental concerns into account. 
Detailed bottom-up calculations are done for five areas in five countries that represent the 
ranges in socio-economic and environmental conditions that are found in the EU25. An 
extensive sensitivity analysis identifies the most crucial targets for further research and 
performance optimisation. 
 
Throughout this thesis, specific attention is paid to knowledge gaps and their potential impact 
on results, the aim being to identify priorities for future research and development. Another 
key element of our research is that we evaluate the possibilities and limitations of strategies 
that are designed to improve the performance of bioenergy production systems and that may 
be incorporated in bioenergy certification schemes and bioenergy promoting policies. 
 
In conclusion, Chapter 8 summarises and evaluates the results from Chapters 2 to 7, 
highlighting the main possibilities and limitations of sustainable bioenergy production, with 
particular attention to improvement strategies, and to priorities for future research. 



  

23 

CHAPTER 2 

 

A BOTTOM-UP ASSESSMENT AND REVIEW 

OF GLOBAL BIOENERGY POTENTIALS TO 

2050� 
 
Abstract 

 
In this article a model for estimating bioenergy production potentials in 2050 is presented that 
is called the Quickscan model. In addition, a review of existing studies is carried out, using 
results from the Quickscan model as a starting point. The Quickscan model uses a bottom-up 
approach and its development is based on an evaluation of data and studies on relevant factors 
such as population growth, per capita food consumption and the efficiency of food production. 
Three types of biomass energy sources are included: dedicated bioenergy crops, agricultural 
and forestry residues and waste, and forest growth. The bioenergy potential in a region is 
limited by various factors, such as the demand for food, industrial roundwood, traditional 
woodfuel, and the need to maintain existing forests for the protection of biodiversity. Special 
attention is given to the technical potential to reduce the area of land needed for food 
production by increasing the efficiency of food production. Thus, only the surplus area of 
agricultural land is included as a source for bioenergy crop production. A reference scenario 
was composed to analyze the demand for food. Four levels of advancement of agricultural 
technology in the year 2050 were assumed that vary with respect to the efficiency of food 
production. Results indicated that the application of very efficient agricultural systems 
combined with the geographic optimization of land use patterns could reduce the area of land 
needed to cover the global food demand in 2050 by as much as 72 % of the present area. A 
key factor was the area of land suitable for crop production, but that is presently used for 
permanent grazing. Another key factor is the efficiency of the production of animal products. 
The bioenergy potential on surplus agricultural land (i.e. land not needed for the production of 
food and feed) equalled 215 EJ y-1 to 1272 EJ y-1, depending on the level of advancement of 
agricultural technology. The bulk of this potential is found in South America & Caribbean 
(47-221 EJ y-1), sub-Saharan Africa (31-317 EJ y-1) and the C.I.S. & Baltic States (45-
199 EJ y-1). Also Oceania and North America had considerable potentials: 20-174 EJ y-1 and 
38-102 EJ y-1, respectively. However, realization of these (technical) potentials requires 
significant increases in the efficiency of food production, whereby the most robust potential is 
found in the C.I.S. & Baltic States and East Europe. Existing scenario studies indicated that 
such increases in productivity may be unrealistically high, although these studies generally 
excluded the impact of large scale bioenergy crop production. The global potential of 
bioenergy production from agricultural and forestry residues and wastes was calculated to be 

                                                 
� Published in Progress in Energy and Combustion Science (2007), 33, p. 56-106. Co-authors: André Faaij (Utrecht 
University), Iris Lewandowski (Utrecht University, Shell), Wim Turkenburg (Utrecht University). 
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76-96 EJ y-1 in the year 2050. The potential of bioenergy production from surplus forest 
growth (forest growth not required for the production of industrial roundwood and traditional 
woodfuel) was calculated to be 74 EJ y-1 in the year 2050. 

1. Introduction 

 
In this article the potential of the earth to supply biomass for the production of renewable 
(green or CO2 neutral) energy is analyzed. In 2001, the use of modern bioenergy was about 
6 EJ, the use of traditional bioenergy was about 39 EJ and the global primary energy 
consumption was 418 EJ (WEA, 2004)3. The net growth of biomass on the global land surface 
(the net primary production or NPP), which is defined as the amount of carbon dioxide 
converted into carbohydrates during photosynthesis (the gross primary production or GPP) 
minus the amount lost through autotrophic respiration and decomposition, was estimated to be 
2280 EJ y-1 4 (IPCC, 2001). Thus, the use of biomass for energy is presently limited to only ca. 
2 % of the global NPP. However, an increase in the use of bioenergy is restricted by many 
factors, such as economic considerations (e.g., significant forest areas are too far from roads 
and are therefore economically unattractive for biomass production), legal restrictions (e.g., 
significant forest areas are protected and are therefore unavailable for biomass production), 
and the use of biomass for other purposes (e.g., food, materials and traditional woodfuel). 
 
The use of biomass for the production of food5, materials and traditional bioenergy was 
estimated at 273 EJ y-1 in 1998, equal to 12 % of the global NPP (IMAGE-team, 2001; FAO, 
2003a; Smeets and Faaij, 2007). The production of food, industrial roundwood, and traditional 
woodfuel involved an annual turnover of biomass equivalent to and 213 EJ y-1, 28 EJ y-1 and 
32 EJ y-1, in 1998, respectively (Smeets et al., 2004). Roughly three-fourths of the biomass 
turnover used for the production of food, industrial roundwood and traditional woodfuel is lost 
during processing, harvesting and transport6. These figures suggest that the amount of biomass 
for modern bioenergy use could be increased by increasing the fraction of the NPP 
appropriated to human development. Alternatively, the amount of biomass available for 
modern bioenergy use could be increased by increasing the efficiency of production of food, 
industrial roundwood and traditional woodfuel. However, when we take a look at the 
availability of land, it becomes clear that the potential for bioenergy may be more limited, 

                                                 
3 Traditional bioenergy is the use of biomass in open hearths and stoves for cooking and heating and includes energy 
from a wide range of biomass resources (e.g. agricultural residues, forestry residues and (traditional) woodfuel). 
Modern bioenergy production is defined as the production of biomass for energy purposes (production of heat, fuels 
or electricity) and is from now on referred to in this article as bioenergy.  
4 The GPP was estimated at 120 Pg y-1 (IPCC, 2001), equal to 4560 EJ y-1, assuming that roughly half of dry weight 
biomass is carbon and assuming a higher heating value of 19 GJ oven dry (od)t-1. Roughly half of this amount is lost 
through autotrophic respiration and decomposition (IPCC, 2001).  
5 The term ‘food’, as used in this article, includes vegetal and animal products; in like manner the term ‘food 
production’ includes the production of food crops and the production of feed and the term ‘food’ includes food and 
feed.  
6 Of the 213 EJ y-1 biomass turnover in the food production system, 25 EJ y-1 was actually consumed (eaten) by 
humans in 1998. The biomass turnover in the food production systems includes the use of biomass from permanent 
pastures through grazing of animals. Of the 28 EJ y-1 biomass turnover for the production of industrial roundwood 9 
EJ y-1 was actually included the final product and of the 32 EJ y-1 biomass turnover for the production of woodfuel 20 
EJ y-1 was actually used as woodfuel.  
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because significant land areas are presently used for other purposes (e.g., urbanisation and 
biodiversity reserve).  
 
From the land area on the surface of the earth of 13 Gha, about 5,0 Gha (38 %) is presently 
used for agriculture, 3.9 Gha (30 %) is under forest cover, and 4.1 Gha (32 %) includes a 
range of semi-natural vegetation types such as savannas, tundra’s and scrubland, build-up land 
and barren land (FAO, 2001; FAO, 2003a). Many studies have been carried out that focused 
on the availability and suitability of land for bioenergy production. Projections showed that 
the largest bioenergy potential in 2050 comes from dedicated bioenergy crops grown on 
degraded land (8-110 EJ y-1) and surplus agricultural land (0-998 EJ y-1) (Hoogwijk et al., 
2003). The potential of agricultural residues was calculated to be 10-32 EJ y-1 and the potential 
of forest growth was calculated to be 42-58 EJ y-1, excluding wastes (Hoogwijk et al., 2003). 
One reason for the large range in estimates is the wide variety of approaches, methodologies 
and datasets used to estimate bioenergy potentials. Existing studies can be classified in various 
ways based on the approach applied. First, they can be classified as demand driven and supply 
driven, according to the key driving force that was considered. Demand driven studies are 
defined as ‘assessments that analyzed the competitiveness of biomass-based electricity and 

biofuels, or estimated the amount of biomass required to meet exogenous targets on climate-

neutral energy supply (demand side)’. Supply driven studies are ‘assessments that focused on 

the total bioenergy resource base and the competition between different uses of the resources 

(supply side)’ (Berndes et al., 2003). In a review of 17 studies on bioenergy potentials, 14 are 
classified as demand or supply driven and consequently ignore demand-supply interactions 
(Berndes et al., 2003). Many demand driven studies include some sort of evaluation of the 
feasibility of the projected use of bioenergy via reference to other studies. The supply driven 
assessments roughly justify the ranges of bioenergy use projected in the demand driven 
assessments. Existing studies can also be classified based on the complexity of the approach 
applied. The least complex approach involves the use of expert judgment to estimate the 
future share of cropland, grassland and forests available for bioenergy crop production (e.g., ). 
The most complex approach involves the use of integrated models such as the Global Land 
Use and Energy Model (GLUE) (Yamamoto et al., 1999), the Integrated Model to Assess the 
Global Environment (IMAGE) (Leemans et al., 1996; Hoogwijk, 2004) and the Basic Linked 
System (BLS) model of the world food system (Fischer and Schrattenholzer, 2001). The use 
of integrated models allows for a comprehensive analysis of multiple variables using a 
scenario approach. A second reason for the large range in estimates is the uncertainty of two 
crucial factors, the availability of land for bioenergy production and the yield (per unit of land; 
(Berndes et al., 2003)). Most projections indicate that the demand for food, industrial 
roundwood and traditional woodfuel will increase during the coming decades as a result of 
population growth and income growth, although the exact growth rates remain uncertain. 
Also, in most studies the supply of biomass for energy production was restricted to biomass 
not needed for the production of food, industrial roundwood and traditional woodfuel, and to 
areas not reserved for the protection of biodiversity. Consequently, the largest uncertainty 
concerns the future demand for land for these purposes.  
 
In this article, the bioenergy production potential in 2050 is analyzed, taking into account 
biological and climatological limitations and the future use of biomass for the production of 
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food, materials and traditional woodfuel as well as the need to maintain existing forests for the 
protection of biodiversity. This analysis was carried out in two ways. First, by developing and 
applying a bottom-up model, called Quickscan, to calculate bioenergy potentials in 2050. 
Second, by reviewing existing bioenergy potential assessments using results of the Quickscan 
model as a starting point. Specific attention is given to various disadvantages of existing 
studies on bioenergy potentials that were identified. First, in existing studies limited attention 
was given to the impact of the various factors that determine the bioenergy potential. For a 
successful introduction of policies to promote bioenergy, insight is required under which 
conditions the production of bioenergy can be realized. In our study, the impact of various 
factors is made explicit by means of a transparent bottom-up calculation model and sensitivity 
analysis. Second, existing studies often only partially identified weak spots in the knowledge 
base. The identification of uncertainties and gaps in scientific knowledge is crucial for a 
correct interpretation of results and to initiate further research. In this study, weak spots in the 
knowledge base are identified and discussed. Third, in most studies limited attention is given 
to discrepancies between data and results from bioenergy potential studies and from 
agricultural and forestry outlook studies (e.g., (Alexandratos, 1994; Bruinsma, 2003)). In our 
study data from existing databases, model calculations and scenario studies are included. In 
doing so, we aim to ascertain a high degree of robustness of the results and conclusions. 
Fourth, the impact of applying sustainability criteria is specifically addressed in this study. 
Sustainability criteria are e.g., the avoidance of deforestation, the competition for land 
between bioenergy production and food production and the conservation of biodiversity. 
Therefore, this study can be categorized as ‘supply driven’. 
 
The model developed in this study allows a ‘quick scan’ of technical bioenergy potentials in 
the year 2050 and is therefore named the Quickscan model. Three sources of biomass energy 
sources are evaluated: dedicated bioenergy crops, agricultural and forestry residues and waste, 
and forest growth. The technical potential of bioenergy crop production is analyzed based on 
various levels of efficiency of food production. The technical potential of bioenergy from 
surplus forest growth is based on the yearly increment, i.e. the maximum amount of wood that 
can be harvested from forests annually without deforestation or reducing the standing stock. 
The technical potential of residues and wastes is based on the technical potential to collect 
agricultural and forestry residues and wastes and by considering the amount of residues 
needed as animal feed. In the model, no matching of demand and supply through prices is 
made. The model can be applied at a global, regional, national and sub-national level, as long 
as sufficient data are available. In this article, results are presented at a global and regional 
level. The model has already been applied at a national level for Brazil and Ukraine (Smeets et 

al., 2008b) and Mozambique (Batidzirai, 2005). In addition, the model can be expanded with 
economic analysis, as demonstrated in (Smeets and Faaij, 2007; Van Dam et al., 2007).  
 
In Section 2 the approach followed in this study is outlined and also the Quickscan model is 
presented. In Sections 3, 4 and 5 the calculation procedures included in the Quickscan model 
are described. Results of the analysis are presented in Section 6. In Section 7 the bioenergy 
supply in 2050 in each region is compared with the demand for energy, which may serve as 
indicator of the bioenergy export potential of a region. Section 8 deals with results of the 



 
 
 
 
 

A bottom-up assessment and review of global bio-energy potentials 

27 

sensitivity analysis. In Section 9 the results presented in previous sections are compared with 
results of other studies and critically reviewed. In Section 10 final conclusions are presented. 

2. Approach 

 
The key factors that determine land use patterns and consequently the potential to produce 
biomass for energy production were identified based on a literature review of bioenergy 
potentials, forestry and agriculture. Figure 1 provides an overview of the key factors and the 
most important interactions between them, as included in this study.  
 
For each of these factors historic trends were derived from statistics and literature. Trends to 
2050 were analyzed based on forecasting and scenario studies. Therefore, a large part of this 
exercise involved a review and evaluation of existing databases and outlook studies. In doing 
so, we identified uncertainties and gaps in the knowledge base. Further, a tool was designed to 
analyze the bioenergy potential that included the key-variables and correlations depicted in 
Figure 1. The tool is an Excel spreadsheet and was called the Quickscan model.  
 
Three sources of bioenergy are included: dedicated crops (see Section 3), surplus natural 
forest growth (Section 4) and biomass from residues and waste (Section 5), as defined below7. 
The Quickscan model consists of six parts that represent the most important aggregated 
determinants of bioenergy potentials, see Figure 1. The results of the Quickscan model were 
used to make a comparison with existing studies and to explain differences in results. 
 
In our approach the supply of bioenergy from dedicated crops is restricted to the production of 
dedicated (energy) crops from surplus agricultural land, to avoid competition with food 
production. Agricultural land includes cropland and pastures. Dedicated bioenergy crops 
include conventional crops (e.g., sugar cane, wheat, maize), woody bioenergy crop (e.g., 
eucalyptus, willow, poplar) and grasses (e.g., miscanthus). Surplus agricultural land is 
generated when food consumption decreases and/or when more efficient food production 
methods offset increases in food demand. However, a decrease of the consumption of food is 
unlikely, because several studies indicate that the consumption of food will increase during the 
coming decades (IFPRI, 2001a; Bruinsma, 2003; USDA, 2004b). Therefore, the focus in this 
study is on the potential to increase the efficiency of food production. Various studies have 
indicated that the potential to increase the efficiency of especially food production is 
significant. For example, Wolf et al. (2003) calculated that up to 38 % of the present 
agricultural land could be made available for bioenergy production in the year 2050, assuming 
a moderate population growth, an (on average) affluent diet, and an high input crop production 
system. Further, the Food and Agricultural Organisation of the United Nations (FAO) reported 
that in many countries average wheat yields (expressed in t ha-1 y-1) for the period 1996 to 
2000 were below the agro-ecologically attainable yield levels (Bruinsma, 2003). For example, 

                                                 
7 The bioenergy potential from aquatic plants was excluded from this study, because we considered that insufficient 
data were available for such an assessment. However, the potential may be substantial compared to conventional 
energy crops, considering the high yield potential of cultivated micro algae production (up to 150 oven dry (od) t ha-1 
y-1) (Kheshgi et al., 2000). 
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in India, Argentina, Brazil, Ethiopia, Tanzania and Turkey, wheat yields were calculated to be 
45 %, 57 %, 54 %, 30 %, 50 % and 44 %, respectively, of the attainable yield. Several 
industrialized regions also had yields that were below the agro-ecologically attainable yield 
levels, such as Australia and the U.S.A., where the average wheat yields were 48 % and 47 % 
of the attainable yield, respectively. 
 
The potential of bioenergy from dedicated crops (Section 3) is calculated in part 1, 2 and 3 of 
the model:  
1. Demand for food (Section 3.1). The demand for food was modelled as a function of 

population growth and per capita food intake8. The demand for food is analyzed 
separately for vegetal products, animal products and marine food, because of the 
associated differences in production systems. 

2. Demand for feed and associated land use (Section 3.2). Assuming a certain demand for 
food, the demand for feed and the associated amount of land needed for the production of 
animal products is dependent on the efficiency of production. The efficiency is 
determined by the production system, the feed composition, the animal species, and the 
level of advancement of agricultural technology9. Based on these factors the demand for 
land for pastures and feed crop production is calculated. The demand for feed crops is 
added up to the demand for food crops.  

3. Demand for crops and associated land use (Section 3.3). Assuming a certain demand for 
food and feed crops, the amount of land required for the production of crops for feed and 
food is dependent on the crop yield (expressed in t ha-1 y-1). Crop yields are determined 
by the following key factors: (1) the productivity of the land, which is determined by 
natural conditions (e.g., rainfall, irradiation, temperature, and soil characteristics) and the 
level of advancement of agricultural technology, and (2) the geographic optimization of 
land use towards yields that minimizes the cropland.  

Note that the potential impact of energy crop production on biodiversity, other than an 
expansion of the area of agricultural land, is excluded from this study. Potential impacts may 
occur both directly (as a result of the energy crop production) and indirectly (as a result of the 
intensification of agriculture). 
 
The assessment of the potential of bioenergy from surplus natural forest growth (Section 4) is 
based on the approach and results presented in Smeets and Faaij (2007). In this approach, 
three (sustainability) criteria were included that limit the supply of bioenergy from natural 
forests. First, protected forest areas were excluded from wood production. Second, 
deforestation10 for bioenergy production was not allowed, assuming that deforestation  

                                                 
8 The term ‘food intake’, ‘food demand’ and ‘food consumption’ are used alternately in this study. All three terms 
refer to the intake of food as derived from trend extrapolations and existing studies. They do not reflect the food 
intake required to avoid undernourishment or hunger, as further discussed in Section 3.1.3. 
9 The term ‘level of advancement of agricultural technology’ refers both to the level of technology (e.g., the use of 
varieties that are resistant against diseases) and to the level of inputs (e.g., the use of mechanised tools, irrigation, 
fertilizers and pesticides). The term ‘level of advancement of agricultural technology’ is abbreviated in this study to 
‘level of agricultural technology’ or ‘level of technology’. 
10 Deforestation is defined as a reduction of the forest area or a reduction of the standing stock. 
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Figure 1. Overview of the key elements in the methodology to assess the bioenergy potential from dedicated bioenergy crops. 
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endangers sustainable development. Third, competition between the use of forest biomass for 
energy production and woodfuel11 or industrial roundwood production should be avoided as it 
could hamper economic growth and endanger the supply of traditional biomass. Therefore, 
bioenergy production from forests was limited to surplus forest growth, which is defined here 
as the supply of wood minus the demand for woodfuel and industrial roundwood. The 
potential from surplus forest growth is calculated in part 4 and 5 of the Quickscan model: 
4. Demand for wood (Section 4.1). The demand for wood is the sum of the demand for 

woodfuel and industrial roundwood.  
5. Supply of wood (Section 4.2). Three sources of wood supply are included, which are trees 

outside forests, plantations and natural forest growth12. The amount of wood that can be 
supplied by natural forests (old-growth plus second growth) is determined by the forest 
area, the rate of forest growth and the fraction of the forest growth that is harvested. In 
case of a surplus of wood production, the surplus is (in theory) available for bioenergy 
use.  

 
The third category is bioenergy from biomass residues and waste (Section 5), which is 
represented by part 6 in Figure 1: 
6. Bioenergy from residues and waste13 (Section 5). The potential is calculated by 

multiplying the consumed, harvested and processed quantities of food and wood (Sections 
1 to 5 in Figure 1) by the conversion efficiency and the recoverability fraction, i.e. the 
share of the residues that realistically can be recovered for energy production. The 
demand for residues and wastes to be used for animal feed, as calculated by the model, is 
subtracted from the potential from agricultural residues. 

 

2.1 Types of potential  
 
The term bioenergy ‘potential’ as used in this article refers to the energy content of the 
biomass and excludes the amount of energy required during production, transportation and 
conversion14. Five types of potential (EJ y-1) are defined (adjusted from (WEC, 1994) and 
(Hoogwijk, 2004)): 
• Theoretical potential: the theoretical upper limit of bioenergy production that is limited by 

fundamental physical and biological barriers. The theoretical potential includes bioenergy 
production from land, rivers, seas and oceans.  

• Geographical potential: the fraction of the theoretical potential of bioenergy production 
that is limited by the area of land.  

                                                 
11 The term ‘woodfuel’ refers to the traditional woodfuel only, which includes the use of wood in open hearths and 
stoves for cooking and heating. 
12 The term ‘plantation’ refers to plantations used for the production of industrial roundwood and woodfuel, excluding 
plantations used for dedicated energy crops. The production of wood from plantations for modern bioenergy 
applications is included in the category dedicated bioenergy crops. 
13 Residues and waste include by-products and waste from food crop and wood harvesting, processing, transporting 
and storing and excludes wood from thinning, as this is included in the category bioenergy from surplus forest 
growth. 
14 The energy required for the production of woody energy crops is typically equal to 3 % to 10 % of the energy 
included in the biomass (Rogner, 2000). The energy required for the transportation of solid biomass (including drying, 
storage, preprocessing) could be as high as 15 %, depending on circumstances (Hamelinck et al., 2005). 
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• Technical potential: the fraction of the geographical potential that is not limited by the 
demand for land for food production, housing and infrastructure, and the conservation of 
forests, based on an (assumed) level of advancement of agricultural technology.  

• Economic potential: the fraction of the technical potential that can be produced at 
economically profitable levels.  

• Implementation potential: the fraction of the economic potential that can be implemented 
within a certain timeframe, taking into account institutional and social constraints and 
policy incentives. 

In this study the focus was on the technical potential to identify and analyze the relevant 
underlying factors of bioenergy production in detail. Economic and implementation potentials 
are discussed in Section 9 and 10.  

 

2.2 Selection of results  
 
A large number of variables are included in this study. For each variable, scenarios and/or 
ranges were included, but results are only presented for a baseline scenario whereby only the 
key variables were varied. Table 1 gives an overview of the key parameters of the baseline 
scenario and their values for the base year, 1998 and for 2050. See further Section 3, 4, and 5.  

3. Bioenergy from dedicated bioenergy crops  

 
In this section the calculation procedure and results are presented for each of the six sections 
of the Quickscan model depicted in Figure 1: (1) demand for food (Section 1), (2) demand for 
feed and land use (Section 2), (3) demand for crops and land use (Section 3; including the 
availability of land for and productivity of dedicated woody energy crops), (4) demand for 
wood (Section 4), (5) supply of wood (Section 5; including the potential supply of bioenergy 
from surplus forest growth), and (6) supply of residues and waste (Section 6).  
 
3.1 Demand for food 
 
The FAOSTAT database of the Food and Agricultural Organisation of the United Nations 
(FAO) includes data for many items relevant for our study. The FAOSTAT database is the 
only database that provides data at a national average and has a global coverage (FAO, 
2003a). For most data in the FAOSTAT database historic data are available from 1961 
onwards. Some data in the FAOSTAT database may be inaccurate, because missing or 
inaccurate data have been supplemented by estimates of the FAO. This goes particularly for 
developing countries. In general, economic and financial data in FAOSTAT have probable the 
highest quality, being crucial for business and governance. The FAOSTAT database is 
commonly used in agricultural outlook studies with a global, regional or national scope (e.g., 
(Alexandratos, 1994; IFPRI, 2001c; Gilland, 2002)).  
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Table 1. Key variables, their assumed values for 1998 and 2050 and the main sources used to 
obtain the data.  

Parameter 1998 2050 unit Remark Source 

Population 5.9 8.8 billion 
people 

Medium growth scenario. (UNPD, 2003) 

Per capita 
consumption 

2739 3302 kcal cap-1 
day-1 

Figures for 2050 are based on trend 
extrapolations from 2030. 

(Bruinsma, 
2003) 

Economic growth 2.6 % y-1 World Bank economic projections are used as 
exogenous assumptions in the FAO projections 
on food consumption, which are used in the 
Quickscan model. The Figure of 2.6 % y-1 is the 
average GDP growth in the period 1998-2030. 

(Bruinsma, 
2003) 

Climate change Excluded - The impact of climate change on crop yields is 
limited compared to increase in yields that are 
technically attainable, at least when looking at 
regional average numbers. Yet, for specific 
countries the impacts can be much larger. 

- 

Feed conversion 
efficiency 

0.02-
0.28 

0.07-
0.32 

kg product 
kg dm feed-1 

Data are based on a high level of advancement of 
agricultural technology. The first figure is for 
bovine meat and the second for poultry meat 

(IMAGE-team, 
2001) 

Woody bioenergy 
crop yields 

8.4 18 t dm ha-1 y-1 Global average yield level based on the 
suitability of the total area land on earth for 
bioenergy crop production.  

(IMAGE-team, 
2001) 

Plantations for 
industrial roundwood 
and woodfuel 

123 124-
284 

Mha Low and high plantation establishment scenario. 
The 123 Mha refers to the year 1995. 

(FAO, 2000b) 

Forest growth 3.4 m3 ha-1 Average for all forest areas. (FAO, 1998c) 

Industrial roundwood 
demand 

1.5 1.9-
3.1 

Gm3 Low and high projection in the year 2050. Various, e.g., 
(Brooks et al., 
1996; Nilsson, 
1996; Sohngen, 

1997; FAO, 
2000b) 

Woodfuel demand 1.7 1.7-
2.6 

Gm3 Low and high projection in the year 2050. Various, e.g., 
(Brooks et al., 
1996; Nilsson, 
1996; IMAGE-

team, 2001) 
Deforestation 
 

0 0 % y-1 In our analysis deforestation is not allowed, as it 
endangers biodiversity, also it can be avoided. 

- 

Global primary energy 
demand 

418 601-
1041 

EJ y-1 The 418 EJ y-1 refers to 2001. Low and high 
scenario. 

(WEC, 1998; 
WEA, 2004) 

 

 

Table 2. Overview of the four systems included in this study. 
Factor System 1 System 2 System 3 System 4 

Animal production system used  
(pastoral, mixed, landless) 

mixed mixed landless landless 

Feed conversion efficiency high high high high 
Level of technology for crop production very high very high very high super high 
Water supply for agriculture  
(rain-fed = r.f., irrigated = irri) 

r.f. r.f. & irri. r.f. & irri. r.f. & irri. 
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In our model we use national data for the total demand of a specific commodity (c) in 1998 
from the FAOSTAT Food Balance Sheets (FBS) as a starting point (FAO, 2003a). Data are 
summed up to regions15. 25 animal and vegetal commodities are distinguished, as described 
below. The demand for a commodity is divided into categories, following the subdivision used 
in the FBS: food, processed food, other uses, feed, waste, seed and import and export, see 
equation I.  
 
Demand = Pop x (Food + Proc + Other) + Feed + Waste + Seed – Export + Import  (I) 
 

Demand = Total demand for commodity c. [t y-1]  
Pop = Population (see Section 3.1.1). [number of 

 people] 
Food = Per capita consumption of commodity c for food (in 

unprocessed form; see Section 3.1.2). 
[t y-1 cap-1] 

Proc  = Per capita consumption of processed commodity c for food. 
Proc is assumed to increase at the same rate as Food. The share 
of Proc of the total global use was about 5 % of the total 
production in 1998. Consequently, errors due to the assumed 
growth rate of Proc have a small impact on the overall results. 

[t y-1 cap-1] 

Other  = Per capita consumption of commodity c for non-food 
purposes. It also included statistical discrepancies. We assume 
that Other increases at the same rate as Food. The share of 
Other of the total use was about 2 % of the total production in 
1998, globally, so errors resulting from the assumed rate of 
increase of Other have a small impact on the overall results. 

[t y-1 cap-1] 

Feed  = Intake of commodity c by animals for feed (see Section 3.2). [t y-1] 
Waste  = Losses of commodity c occurring during processing, storage 

and transportation. The amount of waste is presented as a 
percentage of the total demand, assuming a low, medium and 
high level of advancement of technology (see Section 5.3).  

[t y-1] 

Seed  = Use of commodity c for seed or reproduction. FAOSTAT data 
on the present percentage of the total demand used as seed 
show that seed ratios are limited to a few percent of the total 
demand. Also, no correlation was found between this 
percentage and the level of advancement of agricultural 
technology in a region. Therefore, the percentage of the total 
supply used as seed is assumed constant. 

[t y-1] 

Export/ 
Import 

= Import and export of commodity c are assumed to remain 
constant, unless trade is required to avoid regional food 
shortages (see further Box 2, Section 3.3.2). 

[t y-1] 

 

                                                 
15 11 regions are included: North America, Oceania, Japan, West Europe, East Europe, C.I.S. and Baltic States, Sub-
Saharan Africa, Caribbean & Latin America, Middle East & North Africa, East Asia and South Asia. 
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3.1.1 Population growth 

 

Population growth has been responsible for 80 % of the increase in food consumption between 
1970 and 1998 and probably will remain the key driver of increasing food consumption during 
the coming decades (Bruinsma, 2003). The United Nations Population Division (UNPD) has 
become the main authority in this field and UNPD projections are commonly used in outlook 
studies, see e.g., (IFPRI, 2001a; Bruinsma, 2003). UNPD data are also used in this study; data 
are available at a country level and summed up into regional totals (UNPD, 2003).  
 
There is general agreement among demographers that population projections, if properly 
made, are ‘fairly accurate for some 5 to 10 years’ (Heilig, 1996). The reason is that the 
number of children that will be born within this period depends on the number of young adults 
in a population and this number is known from statistics. This effect is called the population 
momentum. Long-term population projections have proven to be more uncertain (Heilig, 
1996), particularly for developing regions. For example, the forecast error16 in predicting the 
world population for the year 2000 was +0.5 % for projections done in 1996, +3.3 % for 
projections done in 1990, and 7.1 % for projections done in 1968 (IFPRI, 2001b). Errors were 
found to be higher for small regions (especially regions with a population of under 1 million) 
compared to large regions. Forecast errors varied between –35 % and +9.0 % for Africa, and –
6.1 % to +31 % for the former USSR, compared to +0.5 % to +7.1 % for the world, for 
projections done between 1957 and 1998. Errors are also higher for developing countries 
compared to industrialized regions. For example, projection errors varied between –11 to +16 
for industrialized regions compared to –35 % and +23 % for developing regions, for 
projections done between 1957 and 1998. Projection errors at the regional level used in this 
study, are 10 % or below for a period of 30 years.  
 
To reflect this uncertainty, the UNPD distinguishes six scenarios for the development of 
population of which the low, medium and high scenario are used in our model. The low and 
high scenario are derived from the medium scenario: the fertility rate is set at 0.5 child below 
and above the medium fertility rate, respectively (UNPD, 2003). Although there is no clear 
scientific basis for this assumption, the low and high scenarios represent a bandwidth within 
which population might develop. No distribution of probability is presented for the various 
scenarios. The medium growth scenario may be considered the most likely scenario and is for 
that reason frequently used in outlook studies17 (e.g., (Bruinsma, 2003)). It should be noted 
that the uncertainty related to population projections seems to have increased during the 
previous decade: projections have been downward adjusted considerably, in total more than 
10 % during the last decade, partially because the impact of AIDS is evaluated to be more 
severe than earlier expected (UNPD, 2003).  

                                                 
16 Forecast error =  100 x (projected level – acutal level) / actual level, expressed as a percentage. A positive value 
indicates an overestimation, a negative value an underestimation. 
17 The scenarios described in the Special Report on Emissions Scenarios (SRES) of the Intergovernmental Panel on 
Climate Change (IPCC) are also a frequently used source of population projections (Nakicenovic, 2000). These 
scenarios are based on storylines that describe developments in different social, economic, technological, 
environmental and policy areas. The population projections used in SRES are not intented to be used in modelling 
separately from the other areas.  
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3.1.2 Per capita demand for food  

 
During the last decades the average food intake per capita has steadily increased in most 
regions: on average from about 2360 kcal cap-1 day-1 in the mid 60’s, to 2798 kcal capita-1 day-

1 in 2002 (Bruinsma, 2003). This progress mainly reflects the increase in consumption in the 
developing countries, because consumption levels have reached saturation levels in the 
industrialized regions.  
 
Projecting the consumption of food requires the matching of demand and supply. However, no 
attempt was undertaken to project food consumption by means of matching demand and 
supply, because such an exercise is considered too complex considering the purpose of this 
study; see Section 9 for a further discussion. Instead, projections of the FAO for the years 
2015 and 2030 are used (Bruinsma, 2003). Together with projections from the International 
Food Policy Research Institute (IFPRI) (IFPRI, 2001a) and the United States Department of 
Agriculture (USDA); e.g., (USDA, 2004b) these are the most detailed projections available. 
The USDA and the IFRPI projections referred to above go to 2013 and 2020 only, 
respectively. Therefore the FAO projections are used in our study. 
 
The per capita food consumption (Food in equation I) in 2030 is calculated by multiplying the 
food intake per capita in 1998 (in t y-1 cap-1) derived from the FAOSTAT database (FAO, 
2003a) by the relative increase in the per capita consumption projected by the FAO 
(Bruinsma, 2003). 14 food product groups are included: cereals, roots & tubers, sugar crops, 
pulses, oil crops, vegetables, stimulants, spices & alcoholic beverages, bovine meat, mutton & 
goat meat, pig meat, poultry meat & eggs, and milk. Consequently, changes in food 
consumption between the different product groups are included. In our study, the projections 
to 2030 were trend extrapolated to 2050 and the results of the trend extrapolation were down- 
or upscaled using data from other sources (IFPRI, 2001a; IMAGE-team, 2001). For East Asia 
and South Asia trends were downscaled, because the rapid economic growth projected for the 
coming decades is assumed to flatten off in the longer term. The trend was upscale for sub-
Saharan Africa, because the slow economic growth projected for the near future is assumed to 
increase in the longer term. In addition, a low and high scenario are included to capture the 
uncertainty related to extrapolation of projections from 2030 to 2050 and the uncertainty 
related to long-term projections in general. The low and high scenarios are based on an 
additional decrease and increase of 50 %, respectively, compared to the projected increase 
between 2030 and 2050 (=100 %). The consumption was however not allowed to increase 
above 3700 kcal cap-1 day-1, of which 1100 kcal cap-1 day-1 animal products (including fish 
and seafood). This level was taken as saturation level, because consumption in the 
industrialized countries is stabilizing at this level, despite increases in income. Figure 2 shows 
the daily per capita food intake from 1961 to 2050 in the baseline scenario.  
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Figure 2. Historic and projected per capita total food intake in the period 1961-2050 (kcal cap-

1 day-1). Sources: (IFPRI, 2001a; IMAGE-team, 2001; Bruinsma, 2003; FAO, 2003a) plus own 
calculations. 
 
The consumption of food is projected to increase from 2739 kcal cap-1 day-1 in 1998 to 3302 
kcal cap-1 day-1 in 2050. The average daily calorie intake in 2050 in the developing countries, 
transition economies countries, and industrialized countries was calculated at 3236 kcal cap-1 
day-1, 3448 kcal cap-1 day-1, and 3629 kcal cap-1 day-1, respectively, of which 549 kcal cap-1 
day-1, 941 kcal cap-1 day-1, and 1054 kcal cap-1 day-1 from animal products (including fish and 
seafood), respectively. The increase in the industrialized regions is limited, because 
consumption reached saturation levels in these regions. In the transition economies, 
consumption decreased considerably after the collapse of communism and the following 
economic restructuring. It may take several decades before consumption levels have reached 
their former levels. In the developing regions consumption increases rapidly, particularly in 
Asia. The consumption in sub-Saharan Africa is also projected to increase, although at a 
slightly lower rate, due to slower income growth compared to Asia. These data indicate that 
considerable differences in food intake remain present the coming decades, particularly with 
respect to the intake of animal products.  
 
Vegetal products account for about three-fourth of the increase in the global average food 
consumption projected for 1998 to 2050; the remaining one-fourth comes from animal 
products (including fish and seafood). However, in relative terms the consumption of animal 
products is projected to increase faster than the consumption of vegetal products: the per 
capita consumption of vegetal products and animal products is projected to increase by 16 % 
and 38 %, respectively. Consequently, the share of animal products as percentage of the daily 
kcal intake increases, as shown in Figure 3. The increasing demand for animal products is 
expected to have a large impact on the world food economy and that has therefore been 
referred to sometimes as the ‘food revolution’ or ‘livestock revolution’ (Delgado et al., 1999). 
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Figure 3. Consumption of animal products in the period 1961-2050 (% of total daily caloric 
intake). Sources: (IFPRI, 2001a; IMAGE-team, 2001; Bruinsma, 2003; FAO, 2003a) plus own 
calculations. 
 
Figure 2 and 3 show that consumption levels in many developing regions may remain well 
below saturation levels in 2050 and consequently undernourishment may not be eradicated in 
the projections (see Section 3.1.3). Consumption in these regions is responsive to further 
increases in income or decreases in food prices compared to industrialized regions where 
saturation levels have nearly been reached. Small changes in GDP or prices may significantly 
increase consumption in developing regions, which means that projections for these regions 
are more uncertain.  
 

3.1.3 Undernourishment 

 
The figures on food consumption projected in this study are based on FAO projections and 
trend extrapolation. Thus, they do not refer to a required level of consumption to avoid 
undernourishment18. The FAO, the IFPRI and the USDA are moderately positive on the global 
food security situation, meaning that the supply is expected to increase at the same rate as 
demand and that the average per capita food consumption will remain stable or increase in all 
regions. Yet, undernourishment will most likely remain to exist during the coming decades: 
the number of undernourished people is projected to decrease from 815 million in 1990, to 
610 million in 2015, and 440 million in 2030 (Bruinsma, 2003). The Millennium 
Development Goal (MDG; to halve the number of undernourished between 1990 and 2015) is 
not likely going to be met, unless additional activities are undertaken other than included in 
the FAO projections. In the projections of food consumption included in this study, 
undernourishment may or may not still exist. According to the FAO, the average food 
consumption per capita in the developing countries will increase from 2681 kcal cap-1 day-1 in 

                                                 
18 Undernourishment refers to the status of persons whose food intake does not provide enough calories to meet their 
basic energy requirements. For an adult a food intake of 1300-1700 kcal cap-1 day-1 is required for basal metabolic 
functions, in case of light activity an intake of 1800-2000 is required (FAO, 2003b). 
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1997-1999 to some 2980 kcal cap-1 day-1 in 2030. In our model, this trend is extrapolated to 
2050, resulting in a consumption of 3236 kcal cap-1 day-1 in 2050. Although the average intake 
is well above the undernourishment threshold of 1800-2000 kcal cap-1 day-1, this is no 
guarantee for an adequate food consumption at the level of individuals. The FAO estimated 
that an average food intake of about 2700-2860 kcal cap-1 day-1 corresponds with an adequate 
food supply in developing countries, assuming a reasonably egalitarian food distribution, and 
taking population-specific factors into account (FAO, 1996). However, since no data are 
available on food distribution, undernourishment may not have been eradicated in the year 
2050 in our scenarios.  
 
We acknowledge that food production and food security must be given priority above energy 
crop production. However, this does not mean that the production of dedicated bioenergy 
crops should be banned in case undernourishment exists in a region. In reality, food insecurity 
is the result of a number of factors, including war, civil unrest and unequal distribution of 
income, rather than a lack of cropland. Further, the production of energy crops may provide 
new opportunities for farmers to generate income and diversify agricultural production. 
Diversification enhances resilience and flexibility with respect to changes in yields and prices, 
and also reduces the dependence on conventional cash crops of which the production and 
export is often hampered by saturated markets and trade barriers.  
 
3.2 Demand for feed and land use 
 
The consumption of animal products was identified as a key factor for agricultural land use, 
because the consumption of animal products increases rapidly and because the production of 
animal products is far more land intensive per kg product than crop production (Bruinsma, 
2003). More than 70 % of the global agricultural land use in 2002 was allocated to the 
production of animal products, while animal products accounted for some one-sixth of the 
total calorie intake (FAO, 2003a).  
 
Most outlook studies project that the land area used for the production of animal products will 
increase during the coming decades. For example, the area of pastures is projected to increase 
from 3.5 Gha to 3.6 Gha between 2002 and 2030 (FAO, 2003a; Wirsenius et al., 2004)19. In 
an other study the area of pastures in 2050 was calculated to be 3.5 Gha to 3.8 Gha, dependent 
on the scenario (Kemp-Benedict et al., 2002). The demand for land for the production of 
animal products could decrease if the increase in demand for animal products is outpaced by 
the increase in efficiency of the animal production system. This could generate surplus land 
that can be used for bioenergy production and this option is further analyzed below. 
 
The efficiency of the production of animal products depends on a large number of factors, 
such as the species, the physical condition of the animals (e.g., age and weight, and the 
occurrence of diseases), the type and amount of feed provided (e.g., feed from pastures and 
concentrated feeds), and the stocking rate. As a result, the demand for feed per kg animal 

                                                 
19  Data for 2030 are based on data for 2002 (FAO, 2003a) and the annual increase between 1998 and 2030 to avoid 
inconsistencies in base year data (Wirsenius et al., 2004).  
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product ranges at present between 3 kg dry weight biomass input per kg poultry meat in a 
industrialized production system and based on an high level of advancement of technology, to 
more than 100 kg dry weight biomass input per kg bovine meat in a pastoral system and based 
on a low level of advancement of technology (IMAGE-team, 2001).  
 
A consistent and coherent dataset at a national level with a global coverage about the impact 
of the various factors on the efficiency of the animal production system is not available. Data 
about the production of animal products are generally available. The FAOSTAT database 
includes data on e.g., the number of animals slaughtered and the meat production per animal. 
Data on the input of feed in the animal production system is generally only available for 
products that are commercially produced and traded, such as feed crops. Data on the use of 
pastures are only available expressed in hectares, but not in the actual biomass extruded from 
pastures through grazing. Data on the use of animal feed from agricultural residues, waste and 
scavenging are not unavailable. However, various attempts have been made to calculate the 
biomass turnover in the animal production system, using various equations on daily animal 
feed and energy requirements (see e.g., (De Haan et al., 1997; Wirsenius, 2000)).  
 
We use data from the Integrated Model to Assess the Global Environment (IMAGE), which is 
operated by the Netherlands Environmental Assessment Agency (MNP), to calculate the 
future demand for feed (IMAGE-team, 2001; Bouwman et al., 2005a)20. Data for the base year 
1998 are not available, so data from the IMAGE model for 1995 were used. Data for the four 
most important, aggregated factors that determine the efficiency of the production of animal 
products are included in our calculations, see equation II.  
 
Feed = Demand x Prod x Fco x Fce (II) 
 

Feed = Demand for a type of animal feed for an animal product group for 
a production system for a level of (advancement of) agricultural 
technology. Four types of animal feed are included, as defined 
below. 

[t y-1] 

Demand = Demand for an animal product group (Section 3.1). Five animal 
product groups are distinguished: bovine meat, mutton & goat 
meat, pig meat, poultry meat & eggs, and dairy products. 

[t y-1] 

Prod = The animal production system, being the fraction of Demand 
produced by a production system.  

[dimen- 
sionless]  

Fco = Feed composition, being the fraction of a feed category in the 
total demand for animal feed. The Fco is determined for each 
animal product group, for each production system, and for each 
level of agricultural technology. 

[dimen- 
sionless]  

Fce = Feed conversion efficiency, being the amount of animal product 
produced per amount of animal feed input. The Fce is defined for 

[dimen- 
sionless] 

                                                 
20 IMAGE is a dynamic integrated assessment modelling framework for global change. The main objectives of 
IMAGE are to contribute to scientific understanding and to support decision-making by quantifying the relative 
importance of major processes and interactions in the society-biosphere-climate system (IMAGE-team, 2001). 
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each product group, for each production system, and for each 
level of agricultural technology. 

 
Equation II is applied per region, so all factors in equation II are defined per region. Further, 
the amount of feed needed for the production of each type of animal product is calculated for 
each feed category, for each production system, and for each level of technology and each 
region. The level of technology refers to a.o., the use of breeding and animal health care 
programs, and balanced diets that decrease mortality rates, increase the production per animal 
and as a result increase the Fce. Three levels of agricultural technologies are defined (low, 
medium, high), as presented in Table 3. 
 
Table 3. Level of advancement of agricultural technology for animal production systems. 
Level of 
agricultural 
technology 

Description 

Low No or limited use of animal breeding, no disease prevention and treatment, equivalent to 
subsistence farming (as in rural parts of e.g., Africa and Asia). 

Intermediate Some use of animal breeding, some use of feed supplements (e.g., minerals, enzymes, bacterial 
inoculates) and some use of dedicated animal housing. 

High Full use of all required inputs and management practices (as in advanced commercial farming 
presently found in the USA and EU), such as animal breeding, animal disease prevention, 
diagnosis and treatment, the use of feed supplements (e.g., minerals, enzymes, bacterial 
inoculates), the use of dedicated animal housing.  

 
The production system refers to all breeding, feeding and slaughtering activities, related 
storing and transportation activities and losses due to mortality. In our study, three production 
systems are defined:  
1. A pastoral system, in which most feed comes from fodder crops and grasses from grazing 

of permanent pastures.  
2. A landless (or industrial) system, in which animals are kept in stables and all feed comes 

from feed crops and residues.  
3. A mixed system, which is a combination of a landless and pastoral production system. 
 
The production systems vary with respect to the feed composition and the feed conversion 
efficiency. Table 4 shows the global average feed composition for various animal product 
groups in 1998 and the average global feed composition in a pastoral, landless and mixed 
production system, also for various animal product groups. 
 

Four feed categories are distinguished in our calculations, which are described in detail below: 
feed from grasses & fodder, feed from crops, feed from residues, and feed from scavenging. 
Feed from grasses and fodder is produced on cultivated and wild pastures. Wild pastures are 
by far the most important category in term of land area and feed production, and are from now 
on referred to as permanent pastures. The Fce is dependent on the production system and the 
level of technology used in the animal production system. In our study, the lower range of 
Fce’s in different regions in 1995 is used as a proxy for a low level of technology, the higher 
range of Fce’s as a proxy for a high level of technology. The Fce’s in a medium level of 
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Table 4. Feed composition in 1998 and in a low and high level of advancement of agricultural 
technology for a landless, mixed and pastoral production system (% of total demand for feed 
per type of animal product). Sources: (Bruinsma, 2003; Bouwman et al., 2005a) plus own 
calculations.  
Production 
system 

Level of 
technology 

Feed category Bovine 
meat 

Milk Mutton & 
goat meat 

Pig 
meat 

Poultry 
meat and 

eggs 

Landless High Grasses & fodder 0 0 0 0 0 
  Feed crops 80 80 75 75 75 
 (= system 3 Residues 20 20 25 25 25 
        and 4) Scavenging 0 0 0 0 0 
Mixed High Grasses & fodder 50 50 85 0 0 
  Feed crops 30 30 10 75 75 
 (= system 1 Residues 20 20 5 25 25 
         and 2) Scavenging 0 0 0 0 0 

Mixed Low Grasses & fodder 85 85 90 0 0 
  Feed crops 5 5 0 75 75 
  Residues 5 5 5 25 25 
  Scavenging 5 5 5 0 0 
Pastoral High Grasses & fodder 95 95 95 n/a n/a 
  Feed crops 5 5 0 n/a n/a 
  Residues 0 0 5 n/a n/a 
  Scavenging 0 0 0 n/a n/a 
Pastoral Low Grasses & fodder 95 95 95 n/a n/a 
  Feed crops 0 0 0 n/a n/a 
  Residues 0 0 0 n/a n/a 
  Scavenging 5 5 5 n/a n/a 
World 1998 Grasses & fodder 64 54 79 0 0 
  Feed crops 8 12 1 50 53 
  Residues 17 25 4 50 47 
  Scavenging 11 9 16 0 0 

 
technology are the average of a low and high level of technology. This approach is used for 
both the pastoral and the mixed production system. The Fce’s in the landless production 
system are assumed to be the same as the Fce’s in the mixed production system, because the 
potential to increase the Fce’s above the level in the mixed production system is likely limited. 
Table 5 shows the inverse of the global average Fce’s for various animal product groups in 
1998 and the inverse of the Fce’s in a pastoral, landless and mixed production system for 
various levels of agricultural technology and for various animal product groups. 
 
As shown in Table 4 and 5, both the Fco an Fce vary widely between regions, production 
systems and animal product groups. In 1998, 56 % of the global feed consumption came from 
fodder crops and permanent pastures, 24 % from residues, 12 % from feed crops, and 8 % 
from scavenging (on dry weight mass basis). These numbers indicate the importance of the 
use of other sources than crops for feed. The data also show that variation in feed composition 
and feed conversion efficiencies between regions and between production systems is more 
limited in pig and poultry production systems compared to bovine meat and dairy production 
systems. The reason is that pig and poultry production systems are relatively uniform: they 
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Table 5a. Inverse of the feed conversion efficiency in 1998 (kg dry weight feed / kg animal 
product). Sources: (Bruinsma, 2003; Bouwman et al., 2005a) plus own calculations.  
 Bovine 

meat 
Milk 

 
Mutton & goat 

meat 
Pig 

meat 
Poultry meat 

and eggs 

North America 26 1.0 58 6.2 3.1 
Oceania 36 1.2 106 6.2 3.1 
Japan 15 1.3 221 6.2 3.1 
West Europe 24  1.1 71 6.2 3.1 
East Europe 19  1.2 86 7.0 3.9 
C.I.S. and Baltic States 21 1.5 69 7.4 3.9 
Sub-Saharan Africa 99 3.7 108 6.6 4.1 
Caribbean & Latin America 62 2.6 148 6.6 4.2 
Middle East & North Africa 28 1.7 62 7.5 4.1 
East Asia 62 2.4 66 6.9 3.6 
South Asia 72 1.9 64 6.6 4.1 
World 45 1.6 79 6.7 3.6 

 
Table 5b. Inverse of the feed conversion efficiencies in a low and high level of advancement 
of agricultural technology (kg dry weight feed/kg animal product). Sources: (Bruinsma, 2003; 
Bouwman et al., 2005a) plus own calculations.  
Production system Level of technology Bovine 

meat 
Milk 

 
Mutton & 
goat meat 

Pig 
meat 

Poultry 
meat and 

eggs 

Mixed (same as landless) High ( = system 1 to 4) 15 1.0 46 6.2 3.1 
Mixed (same as landless) Low 60 3.0 125 7.5 4.1 
Pastoral system High  37 1.4 58 - - 
Pastoral system Low 125 4.5 150 - - 

 
can be classified as mixed or landless. Bovine meat and dairy production systems range 
widely, from landless to grazing systems. The highest feed conversion efficiency is reached in 
landless production systems, the lowest in pastoral production systems.  
 
Table 6 shows the increase in total feed demand in 2050 for agricultural production system 1 
to 4 compared to 1998. Table 6 shows that in agricultural production system 1 to 4, the total 
demand for feed is projected to increase by a factor 1.1 between 1998 and 2050. Note that the 
Fce is the same for a mixed animal production system (system 1 and 2) and a landless 
production system (system 3 and 4), so there is no difference in the increase in total feed 
demand between 1998 and 2050. The demand for animal products is projected to increase by a 
factor 2.2 (on caloric basis). Consequently, the amount of feed required per kcal animal 
product decreases by a factor 2, due to two reasons. First, the feed conversion efficiency 
assumed for 2050 in systems 1 to 4 was based on a high level of advancement of agricultural 
technology. Second, pig and poultry production systems have lower average feed conversion 
efficiencies than ruminant production systems and the consumption of pigs and poultry 
products was projected to increase compared to ruminants.  
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Table 6. Increase in total feed demand between 1998 and 2050 for various combinations of 
the production systems and the level of agricultural technology. 
Level of technology 
(feed conversion efficiency) 

Pastoral 
[%] 

Mixed 
[%] 

Landless 
[%] 

Low 383 201 - 
Medium 223 106 - 
High 63 12 12 

 
Systems 1 to 4 vary with respect to the animal production system used and consequently with 
respect to the composition of the feed mix used. In a mixed animal production system 
(included in system 1 and 2) some use is made of fodder crops and grasses, while in a landless 
animal production system (included in system 3 and 4) no use is made of fodder crops and 
grasses: all feed comes from crops and residues. 
 
Table 6 also shows that in case a pastoral production system and/or a low or medium level of 
technology would be used in 2050, the demand for feed would increase compared to the 
demand for feed in 2050 in case of system 1 to 4. In case a pastoral animal production system 
would be used in 2050, the total primary demand for feed would increase by 63 % to 383 % 
compared to 1998, depending on the level of technology. In case a mixed production system 
would be used in combination with a low and medium level of technology, the demand for 
feed would increase by 106 % up to 201 %. In terms of energy, the demand for feed is 
calculated to be 96 EJ in 1998, which corresponds to 35 % of the total turnover of biomass for 
the production of food, material and woodfuel. The demand for feed in 2050 is calculated to 
be 156 EJ to 464 EJ, assuming a higher heating value of 19 GJ odt-1 (oven dry ton). 
 
The demand for feed categories is translated into land use as follows: 
• Feed from grasses and fodder. A suitable method to estimate the area of pastures required 

to meet the demand for feed from grasses and fodder, would be to limit the supply of feed 
to the carrying capacity. However, the carrying capacity of pastures in the various regions 
is difficult to estimate due to a lack of data. Indicators for the pressure on pastures are 
e.g., the livestock density, the livestock mobility, the Net Primary Productivity (NPP), the 
rain use efficiency (RUE), the grass species composition and the rate of soil erosion 
(White, 2000). Data on these issues and our understanding of the complex ecosystems of 
pastures are insufficient to reach consensus on the carrying capacity of the pastures. In the 
Quickscan model, the demand for feed from pastures is translated into land use as 
follows: if the demand for feed from pastures is projected to increase compared to the 
base year (1998), the increase is added to the demand for feed crops. By doing so, the 
demand for feed from permanent pastures and fodder crops is kept constant, avoiding 
increases in grazing intensities to minimize environmental problems (e.g., soil 
degradation). In case of a decrease, the area of permanent pastures and the areas used for 
fodder crop production are assumed to decrease correspondingly. 

• Feed from crops. The demand for feed from crops is added to the demand for food crops 
and translated into land use as described in Section 3.3. 
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• Feed from residues and scavenging. No land use is allocated to feed from residues. The 
use of feed from residues and scavenging is subtracted from the amount of residues and 
waste available for energy production, see Section 5. 

 
Table 7 shows the surplus pasture area in system 1 to 4 in 2050. The results illustrate the large 
impact of changes in the share of the animal production systems on land use patterns. The 
surplus areas of pastures in Table 6 provide no information on the production potential for 
bioenergy on these areas, because (part of) the land may be needed for food production. 
 
The decrease of the area of pastures in system 1 and 2 compared to 1998 is the result of the 
conversion to a completely mixed production system with a high level of technology. In a 
mixed production system 50 % of the animal feed required for the production of bovine meat 
and dairy comes from grasses and fodder crops. In 1998, 64 % of the feed intake in the bovine 
production system and 54 % of the feed into in the dairy production system came from 
pastures. In case system 1 and 2 are applied, the demand for feed from pastures and fodder 
decreases from 56 % of the total demand for feed for all animal products in 1998, to 41 % in 
2050. The remaining 59 % of the feed demand is supplied by residues (11 %) and feed crops 
(48 %). As a result, the area of permanent pastures and land used for fodder production in 
system 1 and 2 was calculated to decrease to 1.2 Gha between 1998 and 2050. For 
comparison: the total global area of arable land (excluding fodder crops) and land used for 
permanent crops was calculated to be 1.3 Gha and the area permanent pastures and arable land 
used for fodder production was 3.6 Gha (FAO, 2003a). The largest contribution of the surplus 
areas to be used for food crop or bioenergy crop production in system 1 and 2 comes from the 
Caribbean & Latin America (33 %), sub-Saharan Africa (26 %) and Oceania (22 %). The 
contribution of other regions to the surplus areas was limited to 22 %, but from a regional 
perspective significant percentages of the area of permanent pasture and arable land used for 
fodder production are surplus. In West Europe, North America, and the C.I.S. & Baltic States 
40 %, 29 %, and 21 % of the total area of pastures could be made superfluous, respectively. 
Further, systems 3 and 4 include a landless animal production system, in which all animals are 
kept in stables, coops etc., and all feed is supplied by crops and residues. Consequently, all 
pastures used in 1998 could in theory be made available for the production of food and energy 
crops. According FAOSTAT data, these areas include 3.5 Gha permanent pastures and an area 
of 0.2 Gha under fodder crop production (FAO, 2003a). The largest contribution comes from 
sub-Saharan Africa (22 %), Caribbean & Latin America (17 %), and East Asia (15 %). 
 
3.3 Demand for crops and land use 
 
In our study, the area that is agro-ecologically suitable and available for crop production is 
calculated (Section 3.3.1). Second, the agro-ecologically attainable yield of food and energy 
crops is calculated (Section 3.3.2). Third, the potential to generate surplus agricultural land for 
the production of bioenergy is estimated (Section 3.3.3). Fourth, bioenergy potential from 
surplus agricultural land is calculated (Section 3.3.4).  
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Table 7. Surplus pasture areas in 2050 in system 1 to 4 (Mha). 
 System 1 & 2: 

Mixed animal 
production system 

[Mha] 

System 3 & 4:  
Landless animal 

production system 
[Mha] 

North America 92 322 
Oceania 261 449 
Japan 0 1 
West Europe 31 78 
East Europe 2 26 
C.I.S. and Baltic States 92 437 
Sub-Saharan Africa 311 820 
Caribbean & Latin America 395 613 
Middle East & North Africa 0 366 
East Asia 4 537 
South Asia 0 26 
World 1,188 3,675 

 
Base year (1998) data on harvested areas and yields per country are derived from the 
FAOSTAT database (FAO, 2003a). Projections of the global area under crop production in the 
coming decades indicate that this area will remain constant or increase. For example, the area 
under crop production is projected to increase from 1.5 Gha to 1.6 Gha between 2002 and 
2030 (FAO, 2003a; Wirsenius et al., 2004)21. In another study the area under crop production 
in 2050 was estimated to be 1.6 Gha to 1.7 Gha, dependent on the scenario (Kemp-Benedict et 

al., 2002). However, as already highlighted in the introduction, various studies have indicated 
that the technical potential to increase crop yields above the levels projected for 2050 is 
substantial.  
 
In this study, the production of food and feed crops is geographically optimized, which means 
that the production of a crop is allocated to areas with the most favourable natural 
circumstances for that crop type. In doing so, regions with the highest yield per hectare and 
the lowest demand for agricultural land for food crop production that can be obtained was 
found.  
 
Agro-ecologically (technically) attainable crop yields levels can be estimated by means of 
crop growth modelling using data on e.g., soil characteristics, climate circumstances, crop 
characteristics and the level of advancement of agricultural technology. In this study we use 
crop growth modelling results generated at the International Institute of Applied Systems 
Analysis (IIASA) (IIASA and FAO, 2002). Country specific data were available for various 
crops and various levels of agricultural technology. Six levels of technology for crop 
production are defined, see Table 8.  
 

                                                 
21 Arable land and land use for the production of permanent crops is partially used for the production of feed crops. 
Data for 2030 are based on the areas in 2002 (FAO, 2003a) and the annual increase between 1998 and 2030 as 
projected by Wirsenius (2004) to avoid inconsistencies in base year data.  
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Table 8. Level of advancement of agricultural technology for food and feed crop production. 
Level of 
agricultural 
technology 

Water 
supply  

Description 

Low rain-fed No use of fertilizers, pesticides or improved seeds, equivalent to subsistence 
farming (as in rural parts of e.g., Africa and Asia). 

Intermediate rain-fed Some use of fertilizers, pesticides, improved seeds and mechanical tools. 
High rain-fed Full use of all required inputs and management practices (as in advanced 

commercial farming presently found in the USA and EU). 
Very high22 rain-fed Combination of low, medium and high level of technology that has been calculated 

by the IIASA as follows: ‘for each grid cell, first the largest (i.e. out of all the 

crops considered) extent of very suitable and suitable area under the high 

technology level was taken. Then the part of the largest very suitable, suitable and 

moderately suitable area under the intermediate technology, exceeding this first 

area, was added. Finally the part of the largest very suitable, suitable, moderately 

suitable and marginally suitable area under the low technology, exceeding this 

second area, was added. The rationale for this methodology is that it is unlikely to 

make economic sense to cultivate moderately and marginally suitable areas under 

the high technology level, or to cultivate marginally suitable areas under the 

intermediate technology level’ (Bruinsma, 2003).  
Very high rain-fed/ 

irrigated 
Same as a very high input system, but including the impact on irrigation on yields 
and areas suitable for crop production. No data are available on the share of the 
total land suitable for crop production under rain-fed conditions and the share of 
the total land suitable for crop production if irrigation is applied; only the total area 
is given.  

Super high rain-fed/ 
irrigated 

A high and very high (rain-fed/irrigated) level of technology exclude the impact of 
future technological improvements other than implementation of the best available 
technologies included in the high and very high rain-fed/irrigated level of 
technology23. We assumed in this level that technological developments (like the 
development of genetically modified organisms) add 25 % above the yield levels in 
a very high rain-fed/irrigated level of agricultural technology (ceteris paribus).  

 
System 1 is based on rain-fed crop production only; systems 2, 3 and 4 include irrigation. 
Irrigation is limited to areas in which climate, soil, and terrain permit irrigation. In our 
calculations water is excluded as a limiting factor, with the exception of arid and hyper-arid 
regions, where irrigation is limited to soils that indicate possible availability of surface or 
groundwater (fluvisols, which are regularly flooded, and gleysols, which indicate regular 
occurrence of high groundwater tables)24.  

                                                 
22 This level of technology is called a ‘mixed input system’ in the IIASA classification, but is dubbed ‘very high’ 
level of technology, to avoid confusion with the term ‘mixed (animal) production system’ (Section 3.3) and because it 
is generally the more efficient than a high level of technology production system.  
23 Some recent developments are improved seed coatings with e.g., (macro)- and micronutrients, better fertiliser 
formulations, nitrification inhibitors to improve fertilizer uptake, the development of high activity chemicals allowing 
ultra-low volume spraying, development of resistant varieties, biological control agents, specific additional chemicals 
such as growth inhibitors, hormones, behaviour-modifying semiochemicals and precision farming. One of the few 
quantitative estimates of theoretical yield levels indicates that the theoretical maximum harvest index is 0.65 for 
cereals, compared to the present 0.40-0.45, indicating a theoretical cereal yield increase of 40%. 
24 Berndes (2002) analyzed the implications of large scale bioenergy production for water use and supply using 
various up to the year 2100, based on: 

• The use of bioenergy as projected by the International Institute of Applied Systems Analysis (IIASA) and the 
World Energy Council (WEC) (see Section 7 for figures).  

• The projected  use of water for food crop production and industrial processes  

• The average water use efficiency of woody energy crops.  
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From the IIASA dataset, data are aggregated into regional figures. Data on yields and areas for 
19 crops and data on areas suitable for crop production in general are included in our 
calculations25,26. Data on areas suitable for crop production were classified by the IIASA 
based on the crop yield as a percentage of the maximum constraint free yield (MCFY). The 
MCFY was determined by the temperature and irradiation regimes. In the classification of 
IIASA, five categories are distinguished: very suitable (VS), which means that crop yields that 
can be obtained are equivalent to 80–100 % of the MCFY, suitable (S) 60–80 % of the 
MCFY, moderately suitable (MS) 40–60 %, marginally suitable (mS) 20–40 %, not suitable 
(NS) 0-20 %. Yields for NS areas are not given, because these areas are considered to be 
economically unattractive for commercial food crop production.  
 
The potential impacts of climate change on crop yields and land use patterns are excluded in 
our study, partly because the impacts are expected to be limited compared to the potential 
increase in food production efficiency. For example, Parry et al. (1999) estimates that, relative 
to a situation where there is no climate change, cereal yields change by –5.0 % to +2.5 % in 
2050 for most regions. Fischer et al. (Fischer et al., 2002) estimate that climate change will 
change the production of crops in the world in 2080 by -1.6 % to +4.1 %, compared to a 
scenarios without climate change; regional numbers range from -11 % to +14 %. Although 
these changes may be significant, they are small compared to the potential increase in crop 
yields due to technological developments. However, the impacts of climate change are 
unevenly distributed, and they are projected to be particularly negative for the developing 
regions (Parry et al., 1999; Fischer et al., 2002; Parry et al., 2004). According to Parry et al., 
(2004) climatic change could change the number of people at risk of hunger by -11 million up 
to +280 million, in 2050, compared to a situation without climatic change, depending on the 
scenario and depending on the assumed CO2 fertilization effect. For comparison: the number 
of people at risk of hunger in 2000 was estimated to be slightly above 800 million, and is 
expected to decrease to 225 million to 725 million in 2050, depending on the scenario and 
excluding the impact of climate change (Parry et al., 2004).  
 
3.3.1 Availability of land  

 
A key parameter for the crop production potential is the availability of suitable land: not all 
areas that are agro-ecologically suitable are available for crop production. Large areas are 
occupied by e.g., forests, permanent pastures and build-up land. The overlap between various 
land use categories and areas that are suitable for crop production may be analyzed by means 
of a Geographic Information Systems (GIS) database that includes maps on agricultural land 
use and maps depicting the extend of land suitable for energy and food crop production based 

                                                                                                                                
• Results indicate that a large-scale expansion of energy crop production would lead to a large increase of 

evapotranspiration, potentially as large as the present global evapotranspiration from cropland and the present 
withdrawal of water for irrigation. In some countries such an expansion may lead to an further water scarcity 
and/or the emergence of water scarcity.  

25 These are: wheat, rice, barley, maize, rye, millet, sorghum, cassava, potatoes, sweet potatoes, sugar cane, sugar 
beet, pulses, soybeans, groundnuts, sunflower, rapeseed, cottonseed and palmkernels. These crops represent 85% of 
the global area under crop production. The remaining 15% was assumed to remain constant at the 1998 level. 
26 The area suitable for crop production is the area where at least one crop can grow. 
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on crop growth modelling. However, in this study such an analysis was considered too 
complex because of the scope of our study. Secondly, maps on agricultural land use are 
generally crop a-specific and can thus not be matched with the crop specific data included in 
the FAOSTAT database. Thirdly, most land use maps have been obtained by remote sensing 
techniques and are sometimes inaccurate (Wood et al., 2000). More reliable datasets, that 
make more use of ground-truthing and that are based on finer resolution satellite data, are 
expected to become available in the coming years.  
 
Two types of land suitable for crop production are discriminated: the ‘crop non-specific area’, 
which represents the area where at least one crop can grow, and the ‘crop specific area’, which 
represents the area where one specific crop can grow. We use a relatively simple set of rules to 
allocate the various land use categories to the crop (un)specific areas. In other words, in our 
study a fictitious land use ‘map’ was created. The allocation rules are described in Box 1. Data 
on land use were derived from the FAOSTAT database, unless indicated otherwise.  
 
The crop specific and crop non-specific areas available for crop production are included in the 
Excel spreadsheet model Quickscan used to allocate crop production, as discussed in 
Section 3.3.2. Table 9 gives an overview of results of this exercise.  
 
Table 9. Area of agro-ecologically suitable land under forest cover and used for crop 
production and pasture in 1998 (in Mha and in % of the total area suitable cropland) and the 
area not suitable cropland used as agricultural land (Mha). Sources: (IIASA and FAO, 2002; 
FAO, 2003a) and own calculations.  

Area of suitable 
cropland based 
on a very high, 
rain-fed input 

system 
(I) 

Area of suitable 
cropland under 

forest cover 

Area of suitable 
cropland used as 

arable land & 
land for the 

production of 
permanent crops 

Area of suitable 
cropland used as  
pasture & arable 

land for the 
production of 
fodder crops 

Areas not 
suitable 
cropland 
used as 

agricultural 
land 

 

[Mha] [Mha] [% of 
(I)] 

[Mha] [% of 
(I)] 

[Mha] [% of 
(I)] 

[Mha] 

North America 493 157 32 225 46 111 23 157 
Oceania 141 15 10 57 40 69 49 354 
Japan 12 4 30 5 41 0 3 0 
West Europe 146 18 12 87 60 41 28 20 
East Europe 72 6 9 47 64 19 27 0 
C.I.S. and Baltic States 374 87 23 219 58 69 18 286 
Sub-Saharan Africa 1,021 148 14 173 17 613 60 205 
Caribbean & Latin America 976 408 42 159 16 410 42 191 
Middle East & North Africa 72 2 2 71 98 0 0 390 
East Asia 312 49 16 230 74 33 11 502 
South Asia 201 6 3 186 93 9 4 29 
World 3,820 900 24 1,459 38 1,374 36 2,134 
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Box 1. Allocation of land use to suitable cropland 
 
Figure 1 is a visual representation of the allocation procedure of various land use categories to crop non-
specific areas. The width of the boxes represents the relative size of various land use categories and land 
suitability classes in a region for a fictitious situation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Allocation of various land use categories to various classes of crop non-specific areas (VS = 
very suitable areas, S = suitable areas, MS = moderately suitable areas, mS = marginally suitable areas, 
NS = not suitable).  
 
The size of the bars represents the size of the areas of land. Definitions of various land use categories are 
presented in (Smeets et al., 2004). Build-up land, forests and plantations are already partially allocated to 
the crop non-specific area, based on the overlap between build-up land, forests and plantations and the 
crop non-specific areas available as derived from the present geographic overlap included in the GIS 
database. The various land use categories are allocated to the various suitability classes of the crop non-
specific area, based on the following order and the following principles: 
1. Other land (includes uncultivated land, grassland not used for pasture, wastelands and barren land) is 

allocated to NS areas. If the area ‘other land’ is larger than the area NS, the remaining is allocated to 
mS areas, and so on. These areas may be partially available for bioenergy crop production, as further 
discussed in the discussion and conclusions section. 
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Box 1 (continued) 

 

2. Build-up land. The build-up area per capita is assumed constant to 2050. The increase of the build-up 
area as a result of population growth is allocated to the areas mS to VS based on the percentage of 
the area of each suitability class of the total area mS, MS, S and VS. The rationale for this is that 
expansion of infrastructure occurs generally on fertile soils and NS areas are therefore excluded as a 
source of land for this land use category. 

3. Plantation areas are allocated to all suitability classes based on the percentage of the area of each 
suitability class of the total area NS to VS to account for the relative scarcity of suitable cropland. 
Plantations establishment occurs both on areas classified as VS (in case of high yielding 
industrialized plantations) and on areas classified as NS (in case of non-industrial plantations 
established for the protection of soil and water or for the regeneration of degraded soils). However, it 
can be expected that most plantations are not established on the most suitable areas, because suitable 
cropland is generally more valuable if allocated to agriculture (FAO, 2000b).  

4. Natural forest areas are excluded based on the overlap between forests and crop non-specific area 
using data from the IIASA GIS database. The forest areas excluded are smaller than the forest areas 
based on FAOSTAT data. Additional forest areas are subtracted from the areas not suitable for crop 
production (if not available from mS, and so on), because the classification VS to NS is based on the 
bio-physiological requirements of crops, not forests. Further, forests are often the remaining areas not 
suitable for agriculture due to e.g., steepness or unfavourable soil characteristics.  

5. Permanent pastures are allocated to NS areas, followed by mS areas, and so on. First, because the 
classification VS to NS is based on the physiological requirements for crops and not for grasses. 
Second, other land, which includes barren land, scrubland and other low productive areas are already 
excluded from the NS area, indicating that the remaining land area is productive and may be used as 
pasture land. It is assumed that pastures in general require less productive land than crop production. 
This is supported by the fact that cropland is generally more expensive than permanent pastures. 
Third, the land areas for permanent pastures is in many regions larger than the areas VS to mS, 
indicating that pasture areas are presently (partially) located on NS areas. 

6. Permanent crops are allocated to NS areas first, followed by mS areas, and so on, because the 
permanent crops includes a wide range of crops such as coffee, rubber, fruit trees, nut trees, and 
vines, whose bio-physiological requirements are likely different than for crop production. In practice 
this means that more than three-fourth of the area permanent crops is allocated to VS, S and MS 
areas. The land use for permanent crops is taken constant to avoid overestimation of the land 
available for bioenergy production. This could be an overestimation of the land area required for the 
production op permanent crops, because results indicate a decrease in land use for crops that are 
included in the model. 

7. Crops not included in the model account for 13 % of the sum of the total harvested area (with 
regional variation between 5 to 20 %) in 1998. The allocation of VS to NS land to crops not included 
in the model is based on the same allocation rule as for permanent crops. The land use for permanent 
crops is taken constant to avoid overestimation of the land available for bioenergy production, 
although results show a decreasing agricultural land use for crops included in the model. 

8. Fodder crops are allocated VS to mS areas. The most important fodder crop is silage maize. We 
assume that the growth demand for silage maize is roughly similar to maize. Consequently, fodder 
crops require at least mS land. Fodder crops are allocated to mS to VS areas, based on the 
percentages of the total mS to VS area.  
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Box 1 (continued) 

 
9. Surplus areas of permanent pasture and arable land used for fodder crops are excluded based on the 

decrease in demand (if any) for permanent pasture and fodder. Surplus areas of permanent pasture 
and arable land used for the production of fodder crops are added up to the remaining areas of 
productive land available for crop production.  

 
The fraction of crop specific areas allocated to various land use categories is based on the fraction of the 
crop non-specific area in each suitability class occupied by various land use classes. We are aware that 
any of these allocation steps includes errors, but considering the goal of this study (a global quick scan) 
and the long time horizon of 50 years (which makes large changes of land use patterns possible) we 
consider the chosen allocation rules a suitable methodology.  
 

 
Table 9 indicates that in 1998 24 % of the global area of land that is suitable for crop 
production was covered by forests and 36 % by permanent pastures. Particularly in the 
Caribbean & Latin America, North America, and Oceania a significant portion of the area of 
suitable land was covered by forests: 42 %, 32 %, and 30 %, respectively. In sub-Saharan 
Africa, Oceania and the Caribbean & Latin America large areas that are suitable for crop 
production were used as pastures: 60 %, 49 %, and 42 % of the total area suitable land, 
respectively, in 1998. In the Middle East & North Africa, South Asia, and partially East Asia, 
98 %, 93 %, and 74 %, respectively, of the area suitable for crop production was cropland. 
These data indicate a potential scarcity of land suitable cropland in these regions. The last 
column in Table 9 displays the areas that were used as agricultural land, which includes arable 
land and pastures in 1998, but are classified as not suitable (NS) for conventional commercial 
crop production. Pastures account for 95 % of these areas.  
 
The results point out that considerable land areas that are agro-ecologically suitable for crop 
production are presently used as pastures, particularly in the developing regions. In theory, the 
area cropland could roughly double at the expense of pastures, without expanding the total 
agricultural area.  
 
3.3.2 Agro-ecologically attainable crop yields 

 
A second key parameter for the production potential of food, feed and energy crops is the crop 
yield (in t ha-1 y-1).  
 
Food and feed crops 

 
In our approach, the demand for crops is allocated to combinations of yields and areas. Note 
that a large area with a low yield could have the same production potential as a small area with 
a high yield. The area available for the production of food crops is limited by the crop specific 
area and by the crop non-specific area. The crop non-specific area is used as a proxy for the 
overlap between the crop specific areas: the sum of crop specific areas may not exceed the 
total crop non-specific area. Thus, the crop specific areas by definition overlap with the crop 
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non-specific area and the crop specific areas overlap partially with other each other27. The 
allocation of crop production involves the simultaneous allocation of the (demand for) 19 
crops to yield-area combinations. First, all VS areas are used (as far as the demand for food 
required), followed by S, MS and mS areas. The result of this procedure is a minimal use of 
cropland. The remaining and least productive areas are assumed to be available for energy 
crop production. All calculations are performed per region. Box 2 shows a simplified version 
of the allocation procedure.  
 
The allocation is carried out per region. In case the self-sufficiency ratio28 (SSR) of a region is 
below 100 %, the remaining demand for food is allocated to regions that have a remaining 
production potential following the methodology described above. In reality, this means that 
trade is applied to meet regional food shortages. After the demand for crops is allocated to 
yield-area combinations, the remaining area is assumed to be available for energy crop 
production. Table 10 shows the average increase in crop yields in 2050 compared to 1998 in 
case of system 1 to 4.  
 
Table 10. Potential increase in crop yields from 1998 to 2050 in system 1 to 4. Figures 
indicate the factor of yield increases between 1998 and 2050. I.e. in system 1 yields in 1998 
are set at 1 and in 2050 yields are 2.9 (the average Figure for all crops included in the 
spreadsheet).  
 System 1 System 2 System 3 System 4 

North America 1.6 2.3 2.3 3.2 
Oceania 2.4 3.7 3.7 4.6 
Japan 2.7 2.8 2.4 3.0 
West Europe 0.9 1.5 1.3 1.9 
East Europe 2.1 3.3 3.3 4.1 
C.I.S. and Baltic States 3.2 5.4 5.3 6.7 
Sub-Saharan Africa 5.6 6.2 6.2 7.7 
Caribbean & Latin America 2.8 3.6 3.5 4.5 
Middle East & North Africa 1.4 2.3 2.3 2.9 
East Asia 2.3 2.7 2.5 3.2 
South Asia 3.7 4.5 4.5 5.6 
World 2.9 3.6 3.6 4.6 

 
 
 

                                                 
27 It is assumed that the crop non-specific and crop specific areas can be harvested completely, i.e. the cropping 
intensity (CI) was set at 1. The cropping intensity (CI) is the ratio of harvested land to arable land. In 1998 the global 
CI was 0.8 (FAO, 2003a). In this study the CI is set at 1 in 2050, because the focus in this study is on the 
technological potential. Note that data on the harvested area (per crop type) and area arable land as included in the 
FAOSTAT database are not necessarily compatible. Differences are caused by double cropping (harvested areas are 
included twice in harvested areas statistics), areas sown but not harvested (these areas are included in arable land but 
not in harvested area), uncultivated land such as footpaths, ditches, headlands, shoulders and shelterbelts (these areas 
are excluded from harvested areas). 
28 The SSR is the ratio between the total dry weight of the demand for food and feed crops allocated in the model and 
the total dry weight of the demand for food and feed crops according to the food consumption scenarios. 
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Box 2. Allocation of crop production to suitable cropland  
 

Each allocation involves three steps: 
• The preliminary allocation of the total non-specific area to various crops on the basis of the share of 

dry weight of the demand for a crop of the total dry weight demand for all crops. 
• The final allocation of the non-specific and specific crop area by comparing the crop specific area 

available for each crop and the crop non-specific area temporarily allocated to each crop: in case the 
crop specific area is larger than the non-specific area then the non-specific area is the bottleneck for 
crop production; in case the crop specific area is smaller than the non-specific area, the crop specific 
area is the bottleneck for crop production. I.e. the smaller one of the two areas determines the size of 
the area that is allocated. 

• The calculation of the remaining demand for each crop that is not yet allocated and the remaining crop 
(un)specific areas. The previous step results in the partial allocation of crop production to area-yield 
combinations. The crop production that is allocated in the previous step is the crop specific area 
multiplied by the yield. The remaining crop production that needs to be allocated in a previous 
allocation step is reduced by the production that is allocated. Similarly, the remaining crop non-
specific area is the total non-specific area that is available for crop production, minus the sum of the 
areas that are allocated to the various crops. The remaining crop specific area of each crop is the total 
crop specific area minus the area that is allocated to each crop.  

For practical reasons, the number of iterations is limited to five for each land suitability class. A sixth 
allocation step is included in which the remaining demand for food and the remaining crop (un)specific 
areas are allocated per crop, starting with the crops that have globally the largest harvested area: wheat 
and rice, followed by other cereals, roots & tubers, sugar crops and oil crops.  
 
Figure 1 shows an example of the allocation procedure. The first row of figures shows the demand for 
crops that need to be allocated to yield-area combinations, the crop non-specific area and the crop 
specific area available for allocation and the yield of the crop specific area. The demand for crops is 
represented by the column shaped figures and the height represents the quantity that needs to be 
allocated. The crop (un)specific area is represented by the rectangles, in which the height represents the 
area available for allocation. The second and following rows show the remaining demand for crops that 
need to be allocated and the remaining (un)specific area available after each allocation step. The 
numbers indicate the quantity of the demand for crops that is allocated and the crop (un)specific area that 
is allocated in each allocation step. 
 
- Step 1. Allocation step 1 involves three steps as described in the main text: 
1. The crop non-specific area preliminary allocated to crop 1, 2 and 3 is: 600*134/(600+1200+1000)= 29 

ha, 1200*134/(600+1200+1000)=57 ha and 1000*134/(600+1200+1000)=48 ha, respectively.  
2. The crop non-specific area that is preliminary allocated is compared with the crop specific area, to 

determine which area is limiting for crop production. For crop 1 the crop non-specific area is 29 ha, 
the crop specific area is 100 ha; 29 ha is allocated, which is equal to 144 t. For crop 2 the crop non-
specific area is 57 ha, the crop specific area is 90 ha; 57 ha is allocated which is equal to 574 t. For 
crop 3 the crop non-specific area is 48 ha, the crop specific area is 10 ha; 10 ha is allocated, which is 
equal to 30 t. 

3. The remaining demand that needs to be allocated and the remaining crop (un)specific areas available 
for allocation are calculated. For crop 1 the remaining demand is 600-144=456 t, the crop non-specific 
area is 100-29=71 ha. For crop 2 the remaining demand is 1200-547=626 t, the crop unspecific area is 
90-57=33 ha. For crop 3 the remaining demand is 1000-30=970 t, which cannot be fulfilled.  

 
Box 2 (continued) 
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Figure 1. Principles of the land use allocation. See text for explanation. 
 
- Step 2 to 5. Allocation steps 2 to 5 are the same as step 1 and therefore not further described in detail. 
In each allocation step a part of the remaining demand is allocated.  
- Step 6. Allocation step 6, the remaining demand is allocated to the remaining crop (un)specific areas, 
starting with crop 1, followed by crop 2 and crop 3. The remaining demand for crop 1 is 380 t. The crop 
specific area available for crop 1 is 56 ha, the total crop non-specific area available for crop production is 
3 ha, and thus 3 ha are allocated to the production of crop 1, equal to 15 t.  
 

 
The lowest increase in crop yields is projected for system 1 (high level of agricultural 
technology, rain-fed), namely a factor of 2.9 in 2050 compared to 1998. Regional data vary 
from 0.9 for West Europe to 5.6 for sub-Saharan Africa. A potential explanation for the 
decrease in yields is the increase in demand for crops requiring an expansion of the area under 
crop production, which results in an increasing use of moderately, or marginally suitable areas 
and consequently lower yields. The increase in crop yields in case of system 2 (high level of 
agricultural technology, rain-fed and/or irrigated) is calculated at a factor 3.6. The yield 
increase in system 2 is higher than in case of system 1 as a result of irrigation. The impact of 
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irrigation is particularly important in the C.I.S. & Baltic States, Oceania, and the Middle East 
& North Africa. Further, the increase in yields in system 3 (very high level of agricultural 
technology, rain-fed and/or irrigated) is comparable to system 2. Regional increases range 
from a factor 1.3 for West Europe to 6.2 for sub-Saharan Africa. The increase in crop yields in 
case of system 2 and 3 is similar, despite the higher level of agricultural technology applied in 
system 3. The impact of a higher level of technology is counteracted by a higher demand for 
feed crops in system 3 compared to system 2. The higher demand for feed crops in system 3 
requires a higher use of less productive areas for crop production, compared to system 2. The 
highest average increase in crop yields is calculated for system 4 (super high level of 
advancement of agricultural technology, rain-fed and/or irrigated). In this system, the global 
average yield increases by a factor 4.6. Regional figures range from 1.9 in West Europe to 7.7 
in sub-Saharan Africa.  
 

Bioenergy crops 

 

Various crop and tree species are suitable for energy production, e.g., sugar crops, cereals, oil 
crops, miscanthus, hemp, eucalyptus, willow and poplar. In this study woody energy crops are 
included, such as eucalyptus, poplar and willow, because of the relatively high yield potential, 
wide geographic distribution, and the relatively extensive production system (and thus 
relatively lower environmental stress) compared to annual crops. Further, woody biomass is a 
versatile source of energy, because it can be converted in various solid and liquid fuels.  
 
Many studies on bioenergy potentials ignore the regional impact of soil and climate on yields 
and assume an average yield instead (see (Berndes et al., 2003)). Data on the yield of energy 
crops are derived from the IMAGE model (IMAGE-team, 2001), which are based on a crop 
growth model and data on soil, climate and data on the characteristics of woody energy crops. 
The calculated yields are multiplied by a management factor that accounts for non-optimal 
agricultural practices as well as for the future impact on yields of breeding, a higher harvest 
index, an increasing use of irrigation and fertilizers, general (bio)technological improvements 
and the (limited) effect of CO2 fertilization. In our study a management factor of 1.5 is 
assumed for the year 2050, following scenario A1 of the IPCC Special Report on Emission 
Scenarios (SRES)29. This yield level and management factor was taken as a proxy for the 
super high level of technology. For comparison: yields in 1995 are estimated to be 53 % lower 

                                                 
29 The four Intergouvernmental Panel on Climate Change (IPCC) SRES scenarios are: A1, A2, B1 and B2 and are 
defined as follows (IPCC, 2000). A1: A future world of very rapid economic growth, low population growth and rapid 
introduction of new and more efficient technology. Major underlying themes are economic and cultural convergence 
and capacity building, with a substantial reduction in regional differences in per capita income. In this world, people 
pursue personal wealth rather than environmental quality. A2: A very heterogeneous world. The underlying theme is 
that of strengthening regional cultural identities, with an emphasis on family values and local traditions, high 
population growth, and less concern for rapid economic development. B1: A convergent world with rapid change in 
economic structures, ‘dematerialization’ and introduction of clean technologies. The emphasis is on global solutions 
to environmental and social sustainability, including concerted efforts for rapid technology development, 
dematerialization of the economy, and improving equity. B2: A world in which the emphasis is on local solutions to 
economic, social, and environmental sustainability. It is again a heterogeneous world with less rapid, and more 
diverse technological change but a strong emphasis on community initiative and social innovation to find local, rather 
than global solutions. 
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than in the A1 scenario in 2050 and yields in 2050 in the B1 and the B2/A2 scenario are 14 % 
and 26 % lower than in the A1 scenario in 2050, respectively.  
 
Data on the availability of surplus land for energy cropping were classified into very suitable 
(VS) to not suitable (NS), as described in Section 3.3. IMAGE data discern some 50 yield 
classes that were reclassified into NS to VS. The yield in the highest yield class in the IMAGE 
model is taken as a proxy for the maximum constraint free yield (MCFY). The area in each 
yield category is calculated by summing up the land areas given in the IMAGE model per 
yield class. Figure 4 shows the yield–area curve for woody energy crops. The area under the 
curve represents the technical bioenergy crop production potential at the total global land 
surface, which is calculated to be 4435 EJ y-1 30. This figure is in line with the circa 4200 EJ y--

1 given by Hall et al. (1993).  
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Figure 4. Simulated productivity of woody bioenergy crops on the total global land area based 
on a super high level of advancement of agricultural technology (VS = very suitable areas, S = 
suitable areas, MS = moderately suitable areas, mS = marginally suitable areas, NS = not 
suitable areas). The figure has been derived from IMAGE data (IMAGE-team, 2001). 
 
The global geographical potential (or Net Primary Productivity; NPP) of energy crops of 
4435 EJ y-1 is much larger than the NPP of 2280 EJ y-1 of natural vegetation that is mentioned 
in the introduction. A NPP of 2280 EJ y-1 corresponds with an average yield of 8.9 odt-1 ha-1; a 
NPP of 4435 EJ y-1 equals an average yield of 18 odt ha-1, assuming a higher heating value of 
19 GJ odt-1. The difference in yield is caused by the fact that in stable natural ecosystems, 
plants have passed their rapid growth phase. Food and energy crops are usually harvested 
during or soon after the rapid growth phase and have thus higher average yields. 

                                                 
30 Based on a higher heating value of 19 GJ ton-1 dry weight and including areas classified as NS. Contrary to food 
crop production, the production of energy crops can be considered feasible on NS areas, because the production of 
woody energy crops is less demanding and can therefore be economically attractive. 
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3.3.3 Surplus agricultural land  
 
Table 11 shows the surplus area surplus agricultural land that is available for energy crop 
production in 205031. The results (indirectly) include surplus pastures. Table 11 also displays 
the self-sufficiency ratio (SSR) of each region. All results presented in this article are based on 
a world SSR of 100 % or close to 100 %, thus demand for food in 2050 is met. Regional food 
shortages are compensated by imports from other regions. The impact of this on land use 
patterns was considered in the results in Table 11 
 

Table 11. Total area of agricultural land in 1998 (Mha), and the potential surplus agricultural 
land (in Mha and in % of the total agricultural area in 1998) and the self-sufficiency ratio 
(SSR) in 2050 (%) for systems 1 to 4.  

Total 
agric 
area 

1998. 

System 1 System 2 System 3 System 4  

 
Mha 

Area 
Mha 

Area 
(%) 

SSR  
(%) 

Area 
Mha 

Area 
(%) 

SSR  
(%) 

Area 
Mha 

Area 
(%) 

SSR  
(%) 

Area 
Mha 

Area 
(%) 

SSR  
(%) 

North America 493 54 11 97 105 21 100 307 62 100 348 71 100 
Oceania 480 216 45 100 236 49 100 405 84 100 428 89 100 
Japan 5 0 0 30 0 0 30 0 0 46 0 0 54 
West Europe 147 12 8 86 22 15 100 38 26 97 61 41 100 
East Europe 66 4 6 99 16 24 100 35 53 100 40 60 100 
C.I.S. and Baltic States 574 113 20 97 153 27 98 470 82 99 491 86 99 
Sub-Saharan Africa 991 104 10 98 240 24 98 619 62 99 717 72 99 
Caribbean & Latin America 760 152 20 98 310 41 99 500 66 98 555 73 99 
Middle East & North Africa 461 23 5 20 11 2 57 372 81 50 372 81 60 
East Asia 765 15 2 36 23 3 38 509 67 37 510 67 45 
South Asia 224 36 16 40 38 17 54 57 25 47 63 28 54 
World  4,966 729 15 99 1,154 23 100 3,312 67 100 3,585 72 100 

 
Table 11 shows that the area of land used for food production could be decreased by 14 %, 
22 %, 64 % and 70 % in 2050 compared to 1998, in system 1 to 4, respectively32. The area of 
surplus agricultural land ranges from 0.7 Gha in system 1 to 3.6 Gha in system 4. The 
Caribbean & Latin America and sub-Saharan Africa are the regions with the largest area of 
surplus agricultural land. The area of surplus agricultural land in the Caribbean & Latin 
America is calculated to be 0.15 Gha in system 1 and 0.56 Gha in system 4, which is equal to 
20-72 % of the agricultural land in 1998. For sub-Saharan Africa the results are 0.10 Gha in 
system 1 and 0.72 Gha in system 4, equal to 10-72 % of the agricultural land in 1998. The 
Middle East & North Africa, South Asia, and partially East Asia are relatively scarce of 
agricultural land. The SSR in these regions is calculated to be 20-60 %, 40-54 %, and 

                                                 
31 Areas classified as ‘other land’ may be partially available for bioenergy crop production; the potential is however 
limited compared to the potential of dedicated bioenergy crops from surplus agricultural land and uncertain and 
therefore excluded from the main results. The bioenergy potential from ‘other land’ is discussed in Section 10. 
32 In case the total area of agricultural land used in 1998 would be used for food production, than the carrying capacity 
was calculated to be 13 billion people, based on the average level of food intake projected for 2050. 
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36-45 %, respectively, depending on the assumed system33. The surplus areas reported in 
Table 11 are:  
• Areas classified as not suitable (NS) for conventional commercial crop production (IIASA 

and FAO, 2002). These areas are considered suitable for energy crop production as it is 
less intensive compared to conventional crop production. Note that in reality, NS areas are 
occasionally used for food crop production, mainly for subsistence farming and 
particularly in land scarce regions such as South Asia (Bruinsma, 2003), or they are used 
as pasture as shown in Table 9.  

• Areas suitable for crop production for which there is no demand, due to a mismatch 
between demand and supply. For example, the production potential for wheat in South 
Asia is insufficient to meet the demand in 2050, but at the same time South Asia has a 
surplus production potential for sorghum.  

These results are in line with other studies that indicate shortages of land suitable for crop 
production in the Middle East & North Africa, South Asia and East Asia (e.g., (Bruinsma, 
2003)). The SSR achieved in system 1 (high level of technology, rain-fed agriculture) in the 
Middle East & North Africa and South Asia is calculated to be 20 % and 40 %, while in 
system 2 (high level of technology, rain-fed and/or irrigated agriculture), the SSR increases to 
57 % and 54 %, respectively.  
 

The C.I.S. & Baltic States could have a surplus agricultural land of 0.1 Gha up to 0.5 Gha in 
2050, equal to about one-fifth to three-fourth of the total agricultural land use. The potential 
surplus agricultural land in the Eastern European countries ranges between 4 Mha and 40 
Mha, equal to one-twentieth up to half of the total agricultural land use in 1998.  
 
The industrialized regions are nearly or fully self-sufficient in 2050 in all four systems except 
Japan. Japan is clearly the most land stressed region with a SSR of 30 % to 56 %. Oceania is 
the least land stressed region: in case of a medium feed conversion efficiency and medium 
level of agricultural technology, Oceania would still have a surplus agricultural area of 30 
Mha for bioenergy production (data not shown). In case of system 1 to 4, 45 % to 89 % of the 
total agricultural land use in 1998 could in 2050 be dedicated to bioenergy production. North 
America also has a considerable potential of 54 Mha to 348 Mha, equal to 11 % to 71 % of the 
area of agricultural land in 1998. The surplus areas in Oceania and North America are the 
result of areas that are suitable for crop production but presently used as pasture (Table 9), and 
the impact of irrigation (compare system 1 and 2; Table 10).  
 
3.3.4 Bioenergy production from surplus agricultural land 

 
The results presented in the previous Section indicate that up to 3.6 Gha of agricultural land 
could (in theory) come available, globally, in 2050 for bioenergy production. The bioenergy 

                                                 
33 Food shortages in these regions are covered by imports from regions with a surplus food crop production potential, 
such as sub-Saharan Africa and the Caribbean & Latin America. This approach reduces the surplus area of land 
available for energy crop production in food exporting regions. For example, food exports from sub-Saharan Africa 
reduced the surplus area from 396 Mha to 310 Mha, and in the Caribbean & Latin America the surplus area was 
reduced from 346 Mha to 240 Mha, in system 2. 
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potential from these areas depends on the suitability of these areas for energy crop production, 
which is shown in Figure 5.  
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Figure 5. Suitability of the global surplus agricultural land in 2050 (in Gha). VS = very 
suitable for crop production, S = suitable, MS = moderately suitable, mS = marginally 
suitable, NS = not suitable. 
 
Figure 5 shows that the bulk of the surplus agricultural land consists of areas classified as not 
suitable (NS) for conventional commercial crop production. These areas are considered 
suitable for bioenergy crop production as outlined in the previous sections. However, global 
average yields on NS areas are much lower than yields obtained on areas classified as very 
suitable: 12 odt (oven dry ton) ha-1 y-1 vs. 38 odt ha-1 y-1 in the year 2050. Table 12 shows the 
average yield per hectare of bioenergy crops on surplus agricultural land in system 1 to 4.  
 
Table 12. Woody bioenergy crop yields in various regions in 2050 on surplus agricultural 
land (odt ha-1 y-1). 
 System 1 

[odt ha-1 y-1] 
System 2 

[odt ha-1 y-1] 
System 3 

[odt ha-1 y-1] 
System 4 

[odt ha-1 y-1] 

North America 19 27 25 27 
Oceania 9 11 11 13 
Japan - - - - 
West Europe 20 26 23 18 
East Europe 35 35 33 36 
C.I.S. and Baltic States 21 25 21 25 
Sub-Saharan Africa 16 22 22 24 
Caribbean & Latin America 16 20 20 23 
Middle East & North Africa 5 5 4 5 
East Asia 38 39 15 19 
South Asia 22 24 20 22 
World  16 21 17 20 

 
Yields differ between systems 1, 2, 3 and 4 as a result of differences in the suitability of the 
surplus agricultural land for bioenergy crop production. Global average yields range between 
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16 odt ha-1 y-1 and 21 odt ha-1 y-1. Average yields in system 3 and 4 are lower than in system 1 
and 2, because in system 3 and 4 all animal feed comes from crops and residues, which results 
in large areas of surplus pastures that are generally less suitable for energy crop production 
than areas of arable land. Table 13 shows the energy crop production potential from surplus 
agricultural land in 2050 in various regions, taking into account the productivity of these 
areas.  
 
Table 13. Bioenergy production potential in 2050 based on the production of dedicated woody 
bioenergy crops on surplus agricultural land (EJ y-1). 
 System 1 

[EJ y-1] 
System 2 
[EJ y-1] 

System 3 
[EJ y-1] 

System 4 
[EJ y-1] 

North America 20 53 144 174 
Oceania 38 51 87 102 
Japan 0 0 0 0 
West Europe 5 11 16 30 
East Europe 3 11 22 26 
C.I.S. and Baltic States 45 73 184 199 
Sub-Saharan Africa 31 102 260 317 
Caribbean & Latin America 47 120 190 221 
Middle East & North Africa 2 1 30 31 
East Asia 11 17 146 147 
South Asia 15 17 21 25 
World 215 455 1,101 1,272 

 
The largest potential for energy crop production potential comes from sub-Saharan Africa and 
the Caribbean & Latin America, up to 317 EJ y-1 and up to 221 EJ y-1 in system 4, 
respectively. These results are in line with the relatively large areas that are agro-ecologically 
suitable for crop production in these regions, but which are presently not used as such 
(Section 3.3.1). East Asia also has a considerable potential for energy crop production of up to 
147 EJ y-1. Other developing regions are more land scarce and therefore have limited 
potentials. The countries with transition economies also have a considerable potential. For the 
C.I.S. & Baltic States region a potential is found of 199 EJ y-1 in system 4. Of the 
industrialized countries, Oceania and North America have considerable potentials of 102 EJ y-

1 and 174 EJ y-1 in case of system 4, respectively. West Europe has a limited potential of up to 
30 EJ y-1. Land stressed regions such as Japan, South Asia and the Middle East & North 
Africa all have zero or a very limited potential. 

4. Bioenergy from forest growth 
 

The technical potential of bioenergy from forest growth is calculated as the supply of wood 
(Section 4.2) minus the demand for wood (Section 4.1). Final results are presented in 
Section 4.3. For further details of the methodology and for detailed regional results for various 
other types of potentials, see Smeets and Faaij (2007). 
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4.1 Demand for wood 
 
4.1.1 Demand for industrial roundwood 

 
Data in the FAOSTAT database (FAO, 2003a) indicate that the demand for industrial 
roundwood in 1998 was 1.5 Gm3 (17 EJ). The quality of the data is generally high. Based on 
the range of projections of the demand for industrial roundwood in 2050 found in the 
literature, three projections are included in our calculations that represent possible 
developments of the global demand for industrial roundwood to 2050:  
• The low projection: 1.9 Gm3 (22 EJ) 
• The medium projection: 2.5 Gm3 (29 EJ) 
• The high projection: 3.1 Gm3 (36 EJ) 
The three global projections for 2050 have been translated into regional projections using data 
from the Global Fibre Supply Model (GFSM) of the FAO (1998c) as further described in 
Smeets and Faaij (2007). 
 
4.1.2 Demand for woodfuel  

 
Projections of woodfuel use are hampered by conflicting trends and the lack of reliable data 
(e.g., (EFI, 1996)). The global demand for woodfuel in 1998 can be estimated at 1.7 Gm3 
(20 EJ; (FAO, 2003a)). Using the same approach as for industrial roundwood, three 
projections are included in our calculations for the demand for woodfuel in 2050:  
• The low projection: 1.7 Gm3 (20 EJ)  
• The medium projection: 2.2 Gm3 (25 EJ) 
• The high projection: 2.6 Gm3 (30 EJ)  
The three global projections have been translated into regional projections following the same 
approach as used for industrial roundwood.  
 
4.2 Supply of wood 
 
The demand for wood is compared with the supply of wood to calculate the surplus forest 
growth available for energy production. As shown in Figure 1, three sources of wood are 
distinguished: trees outside forests (Section 4.2.1), forest plantations (Section 4.2.2) and 
natural forests (Section 4.2.3).  
 
4.2.1 Wood from trees outside forests 

 
Trees outside forests (TOF) are defined as trees excluded from the definition of forests34, e.g., 
trees located in urban areas, orchards, home gardens, alongside roads, and so on. A global 
assessment of the number of TOF and their products does not exist (FAO, 2001). In this study 
estimates of the contribution of TOF to the supply of woodfuel and industrial roundwood are 

                                                 
34 The definition of forests is ‘land with tree crow cover (or equivalent stocking level) of more than 10% and area of 
more than 0.5 ha. The trees should be able to reach a minimum height of 5 m at maturity in situ’; natural forests 
exclude plantions (FAO, 1998c). 
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made based on national and regional assessments (e.g., (Jensen, 1995; FAO, 1997d; FAO, 
1998a; Kuchelmeister, 2000)). It is estimated that in the 1990’s TOF contributed for some one 
third of the total global wood supply, or 1.1 Gm3 (13 EJ). No information could be found in 
literature about the potential or future wood supply from TOF. In our calculations the supply 
of wood from TOF was kept constant to 2050 to avoid an overestimation of the bioenergy 
potential.  
 
4.2.2 Wood from forest plantations 

 
In this section the supply of wood from forest plantations refers to the supply of industrial 
roundwood and woodfuel, excluding the supply of wood for the production of bioenergy, 
which is specifically dealt with in Section 3. Data on the area and productivity of plantations 
is often incomplete or unreliable (Bazett, 2000; FAO, 2000b; FAO, 2001). In this study, three 
projections of the supply of wood from plantations are included and these projections vary 
with respect to the plantation establishment rate and yield level. Data are derived from the 
Global Outlook for Future Wood Supply from Plantations (FAO, 2000b), which is the only 
study that we found that includes projections for both industrial and non-industrial 
plantations35 to 2050 at a country level with a global coverage. The supply of wood from 
plantations in 1995 is estimated at 0.4 Gm3 (5 EJ) from 124 Mha. For 2050 the following 
scenarios are included: 
• The low scenario: 0.8 Gm3 (9 EJ) from 124 Mha (the plantation area in 1995). The 

increase of wood supply is the result of an increasing yield level due to the large share of 
young, immature forest plantations in the present plantation age-class structure, which 
will become productive in the coming decades, 

• The medium scenario: 1.1 Gm3 (13 EJ) from 191 Mha 
• The high scenario: 2.0 Gm3 (23 EJ) from 292 Mha. 
If we assume that all wood from non-industrial plantations is used as woodfuel, then industrial 
plantations supplied 24 % of the total industrial roundwood production and 6 % of the 
woodfuel production in 1995 (FAO, 1998c; FAO, 2003a). In the year 2050, plantations could 
supply between 12 % and 78 % of the industrial roundwood production and 7 % to 42 % of 
the woodfuel production.  
 
4.2.3 Wood from natural forests 

 
The wood production that is not supplied by trees outside forests or by plantations comes from 
natural forests. In 1998, 1.2 Gm3 or 76 % of the industrial roundwood production and 0.6 Gm3 

or 34 % of the woodfuel production was produced from natural forests. In the year 2050 the 
share of natural forests in the supply of industrial roundwood is calculated to range between 
21 % and 80 %, and for woodfuel between 8 % and 52 %, depending on the demand and 
plantation establishment scenario.  
 

                                                 
35 Industrial plantations are established to produce industrial roundwood. Non-industrial plantations are primarily 
established for woodfuel production or soil and water protection, although some may be planted for recreation or 
similar non-productive purposes (FAO, 2000b). 
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There is a paucity of accurate and up-to-date data on the harvest intensity of forests under 
sustainable forest management regimes (FAO, 1997a; Matthews, 2000). We use data on the 
Gross Annual Increment (GAI) per hectare as a proxy for the technical production potential of 
wood from forests, in combination with data on the forest area36. The forest area is kept 
constant up to 2050, because deforestation is considered unsustainable and should be avoided. 
Protected areas and physically inaccessible areas that cannot be harvested using conventional 
logging technologies are also excluded. By harvesting the annual increment only, the volume 
standing stock is kept constant and thus an unacceptable pressure on biodiversity is avoided. 
Also, these yields can in principle be sustained continuously, with the exception of limiting 
factors such as nutrient depletion. Yet, we acknowledge that the increase in the average yield 
of biomass from f.orestry to a level that is equal to the GAI, including the removal of dead 
wood, will most likely increase the pressure on biodiversity. Data on natural forest area and 
GAI are taken from the FAOSTAT (FAO, 2003a) and the Global Fibre Supply Model 
(GFSM) of the FAO (1998c) as further described in Smeets and Faaij (2007). 
 
The technical potential of wood supply from forests (excluding harvest residues) is calculated 
to be 8.9 Gm3 (103 EJ) from 2.6 Gha forest. The global average GAI is 3.4 m3 ha-1 y-1 (39 GJ 
ha-1 y-1 (FAO, 1998c). This yield level is in line with the global average yield level of biomass 
from forestry of 30 to 38 GJ ha-1 y-1, estimated by Fischer and Schrattenholzer (2001), but is 
substantially higher than the present global average harvest intensity which is estimated at 0.5 
m3 ha-1 y-1 (6 GJ ha-1 y-1). 

 

4.3 Forest growth available for bioenergy production  
 
Figure 6 shows a comparison of the global demand and supply of wood in 2050. This graph 
shows that the technical potential of wood from natural forest growth is sufficient to meet the 
future demand for industrial roundwood and woodfuel, without further deforestation or a 
decrease of the standing stock. The supply of wood from natural forests in 2050 is estimated 
to be 8.9 Gm3 y-1 (103 EJ y-1) and the demand for wood (industrial roundwood and traditional 
woodfuel) at 3.6 Gm3 (42 EJ) to 5.7 Gm3 (66 EJ). The energy potential from surplus forest 
growth in 2050 ranges between 5.1 Gm3 (59 EJ) in case of a low plantation establishment 
scenario and a high demand, and 8.9 Gm3 (103 EJ) in case of a high plantation establishment 
scenario and a low demand. The potential in case of a medium plantation establishment 
scenario and medium demand is calculated to be 74 EJ y-1. 
 
The largest contribution to the energy potential from surplus forest growth comes from the 
C.I.S & Baltic States, the Caribbean & Latin America, and partially North America and 
Western Europe (data not shown; regional results are presented in a separate article (2007).). 
Sub-Saharan Africa has a limited surplus forest growth, due to a combination of 

                                                 
36 The GAI is the annual forest growth, excluding mortality. Mortality is dependent on site characteristics (e.g. 
climate, slope, soil structure), age stand and management system. In general, in undisturbed full-grown forests 
mortality offsets annual growth and the net annual increment (NAI) is zero, while in managed forests the mortality 
rate can be as low as 2-6 percent of the GAI (UNECE/FAO, 2000b). Data on GAI are measured in m3 ha-1 y-1 for 
wood of a minimum diameter at breast height of zero cm. 
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Figure 6. Demand and supply of wood in 1998 and 2050 from plantations, trees outside 
forests and forests (EJ y-1). The potential from forests in 2050 is the same as for 1998. The 
terms low, medium and high refer to the consumption and plantation establishment scenarios. 
 
high woodfuel consumption and low annual forest growth per hectare. In Japan, South Asia 
and the Middle East & North Africa the supply of wood may be insufficient to meet the 
projected demand in 2050. 

5. Bioenergy from residues and waste 
 

Three types of residues and waste are included in this study, harvest residues (Section 5.1), 
process residues (Section 5.2), and biomass waste (Section 5.3), as defined below. The 
availability of residues for energy production is dependent on a large number of variables, 
e.g., the crop or tree species and the type of technology used to harvest or process the crops or 
wood logs. It also depends on the alternative use of residues as animal bedding, traditional 
fuel, soil improver and erosion protector. Considering the large number of variables involved 
and the lack of detailed data, no detailed assessment of the energy potential of residues is 
carried out. Instead, the potential is calculated by multiplying the quantities of food or wood 
by a residue to product ratio and a recoverability fraction, as shown in equations III, IV and V. 
The alternative use of residues is excluded, with the exception of the use of crop process and 
harvest residues as animal feed, which was subtracted from the available crop residues. 
Results are presented in Section 5.4. 

 

5.1 Harvest residues  
 
Crop harvest residues are e.g., straw, stalk, and leaves. Wood harvest residues are e.g., twigs, 
branches, and stumps. Harvest residues are also called primary residues. The bioenergy 
potential of harvest residues is calculated using equation III.  
 



 
 
 
 
 

A bottom-up assessment and review of global bio-energy potentials 

65 

HR =  P x h x hr (III) 
 
HR  = The energy potential from crop or wood harvest residues.  [t y-1] 
P  = The production of crops or wood (industrial roundwood and 

woodfuel). 
[t y-1] 

h  = The harvest residue generation fraction, defined as the ratio between 
the amount of residues generated and the amount harvested.  

[dimen- 
sionless] 

hr = The harvest residue recoverability fraction, defined as the fraction 
of the harvest residues that realistically can be recovered.  

[dimen-  
 sionless] 

 
For crops h equals (1/HI)-1, where HI is the harvest index. The harvest index is defined as the 
ratio between the part of the crop harvested, and the total above ground biomass of the crop at 
the time of harvesting. The HI is dependent on the level of agricultural technology. For 
example, the HI of winter wheat is 0.25, 0.35, and 0.45 in a low, medium, and high level of 
advancement of agricultural technology, respectively. In our study, data on the HI for the 19 
different crops are included for three levels of technology (low, medium, high) (IIASA and 
FAO, 2002). For wood the harvest residue ratio is set at 0.6 for both industrial roundwood and 
woodfuel. Data found in the literature for industrial roundwood ranges between 0.60 and 0.82 
(see (Smeets and Faaij, 2007)  for references and further details). 
 
Not all residues can be recovered realistically because of their scattered production, limited 
size, high moisture content, and so on. Therefore, in our calculations a harvest residue 
recoverability fraction is included. Most studies on the energy potentials of residues assume a 
recoverability fraction of 0.25 (Berndes et al., 2003). The same value is used in this study, 
both for crops and wood.  
 
5.2 Process residues  
 
Process residues (or secondary residues) are residues generated during the processing of wood 
and crops into final products. Crop process residues are e.g., oilcakes, hulls, and shells. Wood 
process residues are e.g., sawdust and wood chips. The potential energy supply from these 
residues is: 
 
PR =  C x p x pr           (IV) 
 
PR  = The bioenergy potential from process residues.  [t y-1]  
C  = The consumption of crops or industrial roundwood. [t y-1]  
p  = The process residue generation fraction, defined as the share of the 

consumed crops or industrial roundwood that is converted into 
residue during processing.  

[dimen- 
 sionless] 

pr = The process residue recoverability fraction, which is the share of 
the process residues that realistically can be made available for 
energy production.  

[dimen- 
sionless] 
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In our calculations global average process ratios are used. The reason is that no correlation 
could be found between the process residue generation fraction and the advancement of 
agricultural technology in various regions, based on differences between present and agro-
ecologically attainable crop yields. Data are taken from FAO statistics (FAO, 2000c). The 
process residue generation fraction of wood is set at 0.5 for all regions. The recoverability 
fraction of crop process residues is set at 1.0. The recoverability fraction of wood process 
residues is set at 0.75 % (see (Smeets and Faaij, 2007)  for further details). 
  
5.3 Waste  
 
Biomass waste is also referred to as tertiary residues. Tertiary crop residues include e.g., 
foodstuff unsuitable for human consumption as a result of decay (human excretions and other 
post retail losses are excluded). Wood waste is discarded wood products, such as waste paper 
and demolition wood. The potential energy supply from waste is calculated as follows: 
 
WA =  C x w x wr           (V) 
 

WA  = The bioenergy potential from waste.  [t y-1] 
C  = The consumption of crops (feed, seed and food) or industrial 

roundwood. 
[t y-1] 

w  = The waste generation fraction, defined as the fraction of the total 
amount of product consumed that becomes available as waste.  

[dimen- 
sionless] 

wr = The waste residue recoverability fraction is the fraction of the 
waste that realistically can be recovered for energy production. 
For crop waste the recoverability fraction is set at 1.0. For wood 
process residues a recoverability fraction of 0.75 is used, equal 
to the recoverability fraction of wood process residues and of 
municipal solid waste (e.g., (Fujino et al., 1999). 

[dimen- 
sionless] 

  
Data on the quantities waste and on produced and consumed products per region are derived 
from FAO statistics (FAO, 2003a). The highest and lowest regional waste generation fractions 
are used as a proxy for the waste ratios in a low and high level of technology production 
system, respectively. For wood, waste generated during the end-consumer phase is included. 
The wood waste generation fraction equals the part of the industrial roundwood not converted 
into residues during the processing of industrial roundwood (=1- the wood process residue 
generation fraction). For both crops and wood waste it is assumed that all waste is available in 
the year 2050, thereby ignoring that waste is generated at the end of the lifespan of a product.  
 
5.4 Residues and wastes available for bioenergy production 
 
Table 14 shows the supply of agricultural residues, forestry residues, discarded wood products 
and the demand for residues for animal feed in various regions in various systems in 2050. 
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Table 14. Potential supply of agricultural residues and wastes in 2050 (EJ y-1). 
Crop 

harvest  
residues 

 
 
 
 

Crop 
process 
residues 

 
 
 
 

Wood 
harvest 

residues, 
medium 
demand 

and 
plantation 
scenario 

Wood 
process 

residues, 
medium 
demand 

and 
plantation 
scenario 

Wood 
wastes, 
medium 
demand 

and 
plantation 
scenario 

Sum of all 
residues and 
wastes, excl. 
demand for 
feed from 
residues 

 

Use of 
residues 
for feed 

 
 
 
 

Sum of all 
residues and 
wastes, incl. 
demand for 
feed from 
residues 

 

 
 
 
 
 
 

System → 1 2 3, 4 1-4 1-4 1-4 1-4 1 2 3, 4 1-4 1 2 3, 4 

North America 5 8 10 1 2 4 4 16 19 21 2 14 17 19 
Oceania 2 4 5 0 0 0 0 2 4 5 0 2 4 5 
Japan 0 0 0 0 0 1 1 2 2 2 0 2 2 2 
West Europe 2 2 3 1 1 2 2 8 8 9 2 6 6 7 
East Europe 1 1 1 0 0 0 0 1 1 1 0 1 1 1 
C.I.S. and Baltic States 3 3 4 0 1 1 1 6 6 7 1 5 5 6 
Sub-Saharan Africa 15 12 20 2 0 0 0 17 14 22 2 15 12 20 
Caribbean & Latin America 11 10 12 2 1 1 1 16 15 17 3 13 12 14 
Middle East & North Africa 1 2 2 1 0 0 0 2 3 3 2 0 1 1 
East Asia 4 4 5 5 2 2 2 15 15 16 5 10 10 11 
South Asia 5 6 7 4 1 0 0 10 11 12 2 8 9 10 
World 49 52 69 16 8 11 11 95 98 115 19 76 79 96 

 
Table 14 shows that the amount of residues and wastes that can be recovered in 2050 is 
estimated at 95 EJ y-1 to 115 EJ y-1. The bulk (53 % to 61 %) of this potential comes from crop 
harvest residues. The remaining supply comes from crop process residues (14 % to 17 %) and 
from wood residues and wood wastes (25 % to 30 %). The use of crop residues for animal 
feed limits the amount of residues available for energy production by 19 EJ y-1 in 2050. The 
remaining supply of residues and wastes available for energy production is therefore 
calculated at 76 EJ y-1 to 96 EJ y-1, depending on the agricultural production system. Note that 
the amount of crop harvest residues and crop process residues in system 4 is the same as in 
system 3, because the food consumption, the feed conversion efficiency, the feed mix and the 
residue generation fraction are assumed the same in system 4 as in system 3. 
 
The agricultural production system determines the amount of food crops and feed crops 
produced, and consequently also the amount of harvest residues generated. System 3 is based 
on a landless animal production system in which all feed comes from crops and residues. 
Systems 1 and 2 are based on a mixed production system, in which a significant part of the 
feed comes from grazing. The production of harvest residues from food and feed crop 
production is consequently the highest in system 3. Small differences in residue production 
between systems 1 and 2 are caused by differences in the allocation of crop production. The 
production system also determines the level of advancement of agricultural technology and 
herewith the crop harvest residue generation fraction. Systems 1 to 3 are based on a high level 
of advancement of agricultural technology. In such systems, varieties are used with a higher 
harvest index (HI) and thus a lower crop harvest residue generation fraction, compared to 
traditional varieties. For example, the harvest residue generation fraction of winter wheat is 
3.0, 1.9 and 0.8, in a low, medium and high level of advancement of agricultural technology. 
As a result, the production of harvest residues increases on average by 40 % and 117 % in a 
medium and low level of agricultural technology, compared to a high level of agricultural 
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technology. For a super high level of agricultural technology (system 4) no data were 
available about the crop harvest generation fraction; the crop harvest generation fraction in 
system 4 was assumed to be the same as in system 3. 
 
The use of residues and wastes for other purposes than energy production will limit the 
potential from residues and wastes. For example, Junginger and co-workers estimated that in 
the end of the 1990’s in Thailand 50 % to 100 % of the woody residues are used as fuel or 
fibre feedstock in the pulp and paper industry, whereas 0 % to 100 % of the crop residues are 
used as fuel, fertilizer or feed, dependent on the crop type (Junginger et al., 2001). Another 
issue is the recovery of paper. At this moment, globally roughly half of the paper consumption 
is being recovered, but projections indicate that this share could increase substantially, up to 
some three fourth of the paper consumption (Mabee, 1998).  

6. Total potential bioenergy supply in 2050 
 

Figure 7 shows the potential bioenergy supply per region in 2050 for various systems. The 
results show that the technical potential to increase the efficiency of food production is 
sufficiently large to compensate for the increase in food consumption projected between 1998 
and 2050. The total global bioenergy potential in 2050 is calculated to be 367 EJ y-1, 610 EJ y-

1, 1273 EJ y-1, and 1548 EJ y-1 for system 1, 2, 3 and 4, respectively. The bulk of this potential 
comes from specialized energy crops grown on surplus agricultural land that is no longer 
required for food production. The variation in surplus agricultural land between the various 
systems is mainly dependent on the efficiency with which animal products are produced. 
Residues and wastes account for 76 EJ y-1 to 96 EJ y-1 of the technical potentials, although the 
alternative use of residues and wastes as for instance traditional fuel, animal bedding or as a 
source of fibre for the paper industry may reduce the availability of energy production. The 
range in potential from residues and waste between the various production systems is the 
result of differences in the demand for feed crops and differences in the technology applied 
during production, harvesting and transportation. The technical potential from wood obtained 
from natural forests is estimated to range from 59 EJ y-1 to 103 EJ y-1, depending on the 
plantation establishment scenario and wood demand scenario. The energy potential of surplus 
forest growth and woody residues and wastes is further discussed in a separate article (Smeets 
and Faaij, 2007). 

7. Export potential of bioenergy in 2050 
 

The export of bioenergy should not hamper the use of bioenergy in the exporting region. 
Therefore, bioenergy exports should be limited to the bioenergy production potential minus 
the regional use. This approach most likely underestimates the export potential, because there 
are various other energy sources and technologies that could be applied for sustainable 
development and that could reduce the demand for bioenergy, such as solar, wind and hydro 
energy as well as the use of fossil fuels in combination with CO2 capture and storage. 
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Figure 7. Total technical bioenergy production potential in 2050 based on system 1 to 4  
(EJ y-1; the left bar is system 1, the right bar is system 4). 
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In this article, the ratio between the bioenergy potential (excluding energy required for 
production, conversion and transportation) and the future primary energy demand is used as an 
indicator for the bioenergy export potential in each region. Three scenarios for the total 
primary energy consumption are taken into account, based on the relative increase of primary 
energy consumption projected by the World Energy Council (WEC, 1998). Country specific 
base year data are derived from the International Energy Agency (IEA) database (IEA, 2002) 
and aggregated into regions. The total global primary energy consumption in 2001 was 418 EJ 
(WEA, 2004). The total global primary energy use in 2050 in the high, medium and low 
energy consumption is estimated to be 1041 EJ, 837 EJ and 601 EJ, respectively. Table 15 
shows the total gross bioenergy potential as obtained for the year 2050 relative to the primary 
energy consumption. 
 
Table 15. Ratio between the projected bioenergy production potential and the energy demand 
in 2050.  

System 1 System 2 System 3 System 4 

Energy demand scenario→ 
High Med-

ium 
Low High Med-

ium 
Low High Med-

ium 
Low High Med-

ium 
Low 

North America 0.2 0.3 0.5 0.4 0.5 1.0 1.0 1.2 2.3 1.2 1.4 2.8 
Oceania 5.0 6.7 9.9 6.9 9.2 13.7 12 15 23 14 19 28 
Japan 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
West Europe 0.1 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.3 0.4 0.5 
East Europe 0.2 0.3 0.4 0.6 0.7 1.0 1.0 1.2 1.9 1.3 1.5 2.3 
C.I.S. and Baltic States 0.8 1.1 2.0 1.1 1.5 2.7 2.3 3.0 5.5 2.7 3.6 6.6 
Sub-Saharan Africa 0.7 0.9 1.0 1.6 2.1 2.3 3.9 5.1 5.6 4.8 6.3 6.9 
Caribbean & Latin America 1.2 1.4 1.8 2.2 2.5 3.3 3.2 3.7 4.8 3.9 4.4 5.8 
Middle East & North Africa 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.4 0.5 0.4 0.5 0.6 
East Asia 0.1 0.1 0.1 0.1 0.1 0.2 0.6 0.8 1.0 0.8 1.0 1.3 
South Asia 0.2 0.3 0.3 0.2 0.3 0.3 0.3 0.4 0.4 0.3 0.5 0.5 
World 0.4 0.4 0.6 0.6 0.7 1.0 1.2 1.5 2.1 1.5 1.9 2.6 

 
The fraction of the global energy use projected for the year 2050 that could in theory be met 
by bioenergy is 0.4 in case of system 1 (assuming a high energy demand) to 2.6 in case of 
system 4 (assuming a low energy demand). Oceania is the region with the highest potential 
supply of bioenergy compared to the regional energy demand in 2050, with ratios ranging 
from 5 to 28. The only other industrialized region with a ratio larger than one is North 
America, with figures up to 2.8. Other regions for which a ratio larger than one is projected 
are sub-Saharan Africa, the Caribbean & Latin America and the C.I.S. and Baltic States, with 
ratios up to 6.9, 5.8 and 6.6, respectively, depending on the primary energy consumption 
scenario and the agricultural production system assumed. The ratios in East Asia range 
between 0.1 and 1.3. Japan, Middle East & North Africa and South Asia all have low ratios, 
due to the relative scarcity of land in these regions, and consequently limited potential of 
energy crops, which is in general the most important source of bioenergy.  

8. Sensitivity analysis  

 
The sensitivity of the results for variations of the input parameters is shown by means of 
scenario and sensitivity analysis. The goal is to evaluate the sensitivity of the results for 
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uncertainties in the data and methodology and to indicate the relative impact of the different 
parameters. In Section 8.1 the focus is on the sensitivity for methodological assumptions. In 
Section 8.2 the focus is on the sensitivity for parameter values. Parameters that were found to 
have a limited (<5 %) impact on the bioenergy potentials, such as seed ratios, are excluded 
from the results. Results for Japan and the Middle East & North Africa will not be shown, 
because of the high sensitivity of the potential in these regions for the scarcity of land. Final 
conclusions about the sensitivity analysis are also given in Section 8.2. 
 
8.1 Methodological sensitivity analysis 
 
The area available for crop production was limited by the crop specific area and the crop non-
specific area (see Section 3.3.2). The sum of the crop specific areas allocated to crop 
production may not exceed the crop non-specific area. This procedure overestimates the area 
that is agro-ecologically suitable for crop production in case the crop specific areas overlap 
maximally in reality, instead of partially. An example: a crop non-specific area of 100 ha 
represents a crop specific area of 100 ha (crop 1), 10 ha (crop 2) and 10 ha (crop 3). If in 
reality the crop 2 specific area and the crop 3 specific area overlap completely, and these 10 ha 
are used for the production of crop 2, then the crop specific area available and suitable for 
crop 3 is zero. In the Quickscan model, if 10 ha is used for the production of crop 2, then the 
crop specific area of crop 3 remains 10 ha. The risk of overestimation decreases if the total 
area of suitable and available land for crop production decreases. If the crop non-specific area 
is restricted to areas where at least one of the three most important cereals (wheat, maize and 
rice) can grow, instead of all crops, then the crop non-specific area decreases. Results are 
shown in Table 16, in which system 2 is used as a benchmark. Globally, the energy potential 
from energy crops may decrease by 12 %. In the other systems the potential may decrease 
with a maximum of 14 % (system 3; results not shown).  
 
A set of allocation rules was used in the Quickscan model to allocate the area of agro-
ecologically suitable cropland to various land use categories (e.g., forest, other land, 
permanent pasture, build-up land; see Section 3.3.1). This allocation procedure inevitably 
introduces errors that could result in an over- or underestimation of the area suitable and 
available for food crop production. Here, the sensitivity of the results for these errors is 
analyzed by exchanging suitable (crop non-specific) areas with (crop non-specific) areas 
classified as not suitable: 10 % of the area that was allocated to the land use category ‘other 
land’ is allocated to crop production and an equal area previously allocated to crop production 
is now allocated to ‘other land’. The 10 % is an artificially chosen value. As a result, the 
bioenergy potential from energy crops decreases by 6 %, 11 %, 4 % and 3 %, in case of 
system 1, 2, 3 and 4, respectively. In all cases, no food shortages were projected. The area of 
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Table 16. The impact of various parameters, scenario and methodological issues on the total 
global production potential of bioenergy crops in 2050 (in EJ and in % change compared to 
system 2, which is used as a baseline).  

System 2 
(baseline) 

 

Limitation of 
suitable 

cropland to 
areas suitable 

for wheat, 
rice, maize 

Medium 
plantation 

establishment 
scenario 

(scenario 2) 

Low 
plantation 

establishment 
scenario 

(scenario 1) 

Low food 
demand 

scenario and 
low 

population 
scenario 

High food 
demand 

scenario and 
high 

population 
scenario 

  
  

EJ EJ % EJ % EJ % EJ % EJ % 

North America 53 52 -3 66 +24 73 +38 55 +4 49 -8 
Oceania 51 48 -6 57 +12 59 +16 55 +8 41 -19 
Western Europe 11 10 -7 14 +29 16 +51 10 -5 11 +4 
East Europe 11 10 -3 12 +9 12 +15 13 +21 9 -17 
C.I.S. and Baltic States 73 70 -4 73 0 80 +10 87 +19 57 -22 
Sub-Saharan Africa 102 77 -25 118 +15 122 +19 123 +20 78 -24 
Carribean & Latin America 120 106 -12 133 +11 139 +16 132 +10 103 -14 
East Asia 17 12 -31 18 +8 18 +10 17 +1 16 -5 
South Asia 17 13 -23 20 +20 22 +27 18 +6 16 -6 
World 455 399 -12 511 +12 541 +19 511 +12 380 -17 

 
suitable cropland available for crop production could also have been underestimated, but this 
is less likely, because the most suitable areas are allocated to crop production. The impact of 
the error in the allocation of agro-ecologically suitable cropland to various land use categories 
is dependent on the land use profile in each region. The impact is small if the ratio suitable 
cropland to present cropland is high, and vice versa. Table 9 shows the area that is agro-
ecologically suitable for crop production in comparison with the cropland in 1998. The 
regions with the highest percentage are the Middle East & North Africa (98 %), East Asia 
(74 %) and South Asia (93 %); the regions with the lowest percentages are sub-Saharan Africa 
(17 %) and the Caribbean & Latin America (16 %). The risk of an overestimation of the land 
available for crop production is the highest in the regions with the highest percentage. 
However, one could also argue that in land scarce regions the relative scarcity of land suitable 
for crop production leads to a land use pattern that is more optimized with respect to yields 
compared to more land abundant regions. Note that economic optimization generally leads to 
a situation in which the most productive areas are used as cropland, instead of pasture or are 
left unutilized as in the case of other land. For example, in the USA, cropland is roughly three 
times as valuable as pasture (USDA, 2004a).  
 
In our approach the production of dedicated energy crops is not allowed to endanger the 
supply of food. In reality, energy crop production may compete with food crop production. 
Therefore we will now investigate the energy potential of dedicated energy crops in case the 
most productive areas are used for energy crop production and the least productive areas are 
allocated to food and feed crop production. A prerequisite remains that the global demand for 
food is met. In such an approach, the technical potential of energy crops changes byy +22 %, -
13 %, -14 % and –13 % in system 1, 2, 3 and 4, respectively. Yet, the impact in terms of land 
use patterns is larger: between 30 % and 51 % of the most productive land previously 
allocated to food crop production is now allocated to energy crop production and vice versa. 
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The impact on the bioenergy potential is smaller, because large areas low productive land are 
exchanged with small areas highly productive land.  
 
In the approach used in this study the production of projected consumption of food was 
allocated within each region. If the production potential was found to be insufficient to meet 
the demand, then the remaining demand was allocated to other regions. This methodology 
does not result in the most efficient geographic optimization of land use patterns, i.e. the 
highest global average yield and the lowest land use. For example, according to our model, 
wheat in Oceania can be produced with an average yield of about 6 t ha-1 y-1, while in certain 
areas in Western Europe, East Europe and C.I.S. and Baltic States wheat can be produced with 
a yield of about 8 t ha-1 y-1 to 12 t ha-1 y-1. A further geographic optimization of land use 
patterns and reduction of the area of land required for food crop production can be realized 
when food production would be allocated to the most productive regions globally. As a result, 
the energy potential from dedicated energy crops would increase by 38 %, 9 %, 10 % and 8 % 
in system 1 to 4, respectively.  

 

8.2 Parameter sensitivity analysis 
 
In the baseline scenario a high forestry plantation establishment scenario was included to 
avoid an overestimation of the surplus areas of cropland available for bioenergy production. A 
low or medium scenario would lead to a lower demand for land for plantations and a higher 
availability of land for bioenergy production of 160 Mha and 68 Mha, respectively. Table 16 
shows the bioenergy potential based on a low and medium plantation establishment scenario. 
Compared to the 0.7 Gha to 3.5 Gha that in theory can be made available in 2050 for energy 
crop production, the global demand for land for plantations for material and traditional 
woodfuel use is limited: 0.1 Gha to 0.3 Gha. Nevertheless, the impact on the potential of 
energy crops is larger: the potential in case of a medium and low scenario is 12 % to 19 % 
higher, respectively. The regional impact is larger: the energy potential in Western Europe is 
51 % higher and in North America 38 % higher in case of a low scenario compared to a high 
scenario for plantations. We conclude that plantations that are established for the production 
of industrial roundwood and woodfuel could be a significant limiting factor for the production 
of energy crops in these regions. 
 
Three scenarios for population growth and three scenarios for the per capita food consumption 
growth were included. The results described so far were based on a medium population 
growth and medium per capita food consumption. As part of the sensitivity analysis we will 
now investigate the impact of two other future developments. One is based on a high 
population growth and high per capita food consumption and the other on a low population 
growth and low per capita food consumption. Table 17 shows the population size, the per 
capita food consumption and the total food consumption in 2050 relative to 1998 for each of 
the three scenarios.  
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Table 17. Impact of different scenarios for per capita consumption and population growth to 
2050 on the total demand for food. POP = population; P.C.C. = per capita consumption; TOT 
= total demand for food. Sources: (IFPRI, 2001a; IMAGE-team, 2001; UNPD, 2002; 
Bruinsma, 2003), own calculations. 

Medium food demand 
scenario and medium 
population scenario 

Low food demand scenario 
and low population scenario 

High food demand scenario 
and high population 

scenario 

 

POP 
1998=1 

P.C.C. 
1998=1 

TOT 
1998=1 

POP 
1998=1 

Region 
  

TOT 
1998=1 

POP 
1998=1 

P.C.C. 
1998=1 

TOT 
1998=1 

North America 1.47 1.04 1.53 1.28 1.04 1.34 1.68 1.04 1.75 
Oceania 1.35 1.11 1.49 1.21 1.08 1.32 1.50 1.13 1.69 
Japan 0.87 1.13 0.99 0.80 1.12 0.89 0.95 1.15 1.09 
West Europe 0.98 1.07 1.05 0.88 1.06 0.93 1.10 1.08 1.19 
East Europe 0.84 1.14 0.95 0.75 1.12 0.83 0.93 1.16 1.08 
C.I.S. and Baltic States 0.83 1.20 1,00 0.72 1.16 0.83 0.96 1.25 1.20 
Sub-Saharan Africa 2.55 1.32 3.36 2.15 1.25 2.68 2.99 1.39 4.15 
Caribbean & Latin America 1.53 1.22 1.87 1.24 1.17 1.46 1.84 1.27 2.35 
Middle East & North Africa 2.05 1.15 2.35 1.70 1.11 1.88 2.44 1.19 2.90 
East Asia 1.22 1.16 1.42 0.99 1.12 1.12 1.49 1.20 1.79 
South Asia 1.70 1.35 2.29 1.39 1.28 1.78 2.06 1.39 2.87 
World 1.50 1.19 1.79 1.25 1.15 1.43 1.79 1.23 2.20 

 
The global in food intake was projected to increase between 1998 and 2050 by +79 % in the 
medium population growth and per capita consumption scenario, compared to +43 % in the 
low and +120 % in the high scenario respectively (food intake is expressed on a kcal basis). In 
the high food consumption scenario the bioenergy potential decreases by 16 %. It increases by 
12 % in case of the low food consumption scenario. The impact of a low and high population 
and food consumption scenario is particularly large in the developing regions, indicating that 
the projections from these regions are less certain compared to other regions.  
 
The results of the methodological and parameter sensitivity analysis indicate that the energy 
potential from dedicated energy crops varies up to plus or minus one-fifth as a result of 
uncertainties in the input data and the methodology. Yet, the combined impact of various 
uncertainties is larger. Even so, we conclude that the results are sufficiently robust to identify 
which regions are promising bioenergy exporters and to show the impact of various key 
factors on the technical potential for bioenergy production. 

9. Discussion  

 
In this section various bioenergy potential assessments found in the literature are reviewed, 
using results of the Quickscan model as a starting point. The review is limited to the bioenergy 
potential of dedicated crops, since this is the source with the highest potential and largest 
uncertainty. In Section 9.1 the focus is on the approach applied in various studies, in 
Section 9.2 the focus is on data quality and in Section 9.3 results from various studies are 
compared.  
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9.1 Approach  
 
A prerequisite for the production of biomass for energy use is that the demand for food, 
industrial roundwood and traditional woodfuel must be given priority, because competition 
between these factors is considered unsustainable and should therefore be avoided in this 
study. Further deforestation or disturbance of protected areas as a result of the production of 
bioenergy is also considered unsustainable and therefore avoided. Consequently, the supply of 
biomass in this study is restricted to: 
• Surplus agricultural land not needed for food production and on which energy crops are 

produced. Therefore, the production efficiency of food, in terms of output per unit of 
land, is a key variable in this study. The production efficiency of the agricultural sector 
assumed in this study can be increased in two ways. First, by increasing the level of 
advancement of agricultural technology. Second, by changing the geographic 
optimization of land use patterns, i.e. the allocation of crop production to areas with the 
most favourable natural circumstances for that crop type (highest yields). As a result the 
agricultural land used for food production is minimized, leaving the least productive areas 
available for the production of dedicated bioenergy crops. 

• Surplus natural forest growth, which is defined as the supply of wood from forests minus 
demand for (traditional) woodfuel and industrial roundwood. In this study, wood from 
protected forest areas or from was excluded as a source of wood supply. 

• Surplus residues and waste not required for food production or material production. 
Consequently, first an assessment of the future consumption of food and wood was made, 
followed by an assessment of the land areas required for the production of the consumed food, 
industrial roundwood, and traditional woodfuel in 2050. Estimates of bioenergy potentials 
found in the literature do not always take these limitations into account. Supply driven studies 
focus on the resource base and competition between biomass uses, and thus usually take into 
account the impact of e.g., the demand for food, industrial roundwood and woodfuel. Demand 
driven studies focus on the demand for bioenergy as a result of the economic competitiveness 
of bioenergy or exogenous targets on greenhouse gas emission reductions. Demand driven 
studies thus generally exclude the impact of sustainability criteria listed above, although many 
include a feasibility check in which the projected plantation area or bioenergy production is 
compared to the availability of resources, often via reference to other studies and thus 
indirectly include the impact of sustainability criteria (Berndes et al., 2003). However, there is 
no guarantee that the economic conditions assumed in demand driven assessments ensure that 
the sustainability criteria as included in supply driven assessments are met. Ideally, the 
production of bioenergy and impact on land use is modelled using a general equilibrium 
model that mimics the competition for resources (e.g., water, land, labour) for the production 
of food, industrial roundwood, woodfuel and bioenergy, and mimics the impact of agricultural 
and energy policies. Such an exercise would allow for an assessment of the conditions under 
which bioenergy production is feasible and the impact of various sustainability criteria on 
costs and potential of bioenergy crop production. However, such calculations are problematic, 
as discussed below.  
 



 
 
 
 
 
Chapter 2 

76 

First, the modelling of food prices, thus (economic) supply and demand interactions is 
hampered by various methodological problems and problems related to the availability of 
reliable data. For example, the calculation of price-demand elasticities is difficult, because 
historic data are distorted by e.g., price fluctuations due to (agricultural) policies and yield 
fluctuations due to technological improvements and variation in weather. As a result, 
projections found in the literature differ as a result of differences in the elasticities assumed 
and due to differences in the (exogenous) long-term GDP growth figures used in the 
calculations, see e.g., (IFPRI, 2001a; Keyzer et al., 2005). Nevertheless, various studies have 
shown that comprehensive economic food demand and supply modelling is possible (IFPRI, 
2001a; Bruinsma, 2003). The modelling of food consumption is used as an example here, but 
a similar discussion also goes for wood consumption. The modelling of the demand and 
supply of bioenergy may be even more complicated, because in most regions the present use 
of bioenergy is limited and consequently little historic data series are available and also 
because various bioenergy conversion technologies are still under development. Second, the 
capacity of the natural resource base to support an increasing production of food is uncertain. 
Ideally, resource scarcity and resource degradation are incorporated in the economic analysis. 
However, resource scarcity and degradation are often accounted for in prices. Consequently, 
environmental or spatial problems are not discussed separately. Well-known problems are the 
overuse and scarcity of fresh water, soil degradation (e.g., salinisation, soil nutrient depletion 
and soil erosion), and various forms of pollution. Despite their importance, data on these 
issues are often insufficient and uncertain and a detailed understanding of many of the 
underlying biological and physiological processes is not available. Consequently, assessments 
of the capacity of the natural resource base of food production to increase the output are rather 
subjective (Döös and Shaw, 1999; IFPRI, 2001b). As a result, projections of food 
consumption range from very pessimistic (e.g., (Brown and Kane, 1994; Brown, 1995)37) to 
very optimistic (e.g., (Avery, 1995; Evans, 1998)). Some of the more pessimistic studies 
suggest the capacity of the natural resource base to increase food production may be 
insufficient to meet the increase in population, but these pessimistic projections are so far not 
(yet) confirmed by reality and therefore excluded. Similar discussions go for projections of the 
consumption of wood. Projections of the consumption of bioenergy seem relatively optimistic 
about the capacity of the natural resource base to increase food production and simultaneously 
increase bioenergy production, at least compared to the pessimistic studies on food 
consumption. Note that this is not necessarily a contradiction, because many studies on 
bioenergy potentials suggest that bioenergy crops could be produced on degraded agricultural 
areas, set aside areas and other areas no longer suitable or required for food production (e.g., 
(Johanssen et al., 1993b; Lazarus et al., 1993)), see further Section 9.3). 
 
For the development of the Quickscan model, the issues discussed above were considered too 
complex and time consuming to take into account. Instead, mainstream projections of food, 
industrial roundwood and woodfuel consumption were included that (partially) included the 

                                                 
37 In the middle of the 1990’s global cereal stocks decreased rapidly, the cereal prices increased rapidly and the 
stagnating yield increases were seen by some analysts as indicators of upcoming global food shortages (Rosegrand, 
2001). These trends were however the result of a combination of poor harvests in the U.S.A.in 1993 and 1995, policy 
changes and other factors. By the end of the 1990’s cereal production hit record levels and prices reached the lowest 
level since decades (IFPRI, 2001a).  
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matching of demand and supply and included limitations of the natural resource base to supply 
for supply food. Advantages of this approach are: 
• The scenarios are based on state-of-the-art outlook studies that are commonly accepted.  
• The methodology is (relatively) simple, which makes it transparent and allows for an 

analysis of the impact of various factors. 
A disadvantage is that the combination of scenarios from various sources ignores feed back 
mechanisms between the various factors. In reality, developments in land use and yields are 
affected by the entire socio-economic system, which comprises a wide variety of factors, such 
as the prices of land and labour, the availability of infrastructure, the natural circumstances, 
the interest rates and the level of education level of workers. Future research should therefore 
focus on the dynamics of the socio-economic system that determine the efficiency of food 
consumption and land use patterns, including the impact of bioenergy crop production. The 
approach developed in this article can be used as a framework for such research. An example 
is the EU ‘Clear Views on Clean Fuels’ project (VIEWLS; (Van Dam et al., 2007)) that 
involved the application of our approach in combination with scenario analysis and cost 
calculations. Scenarios were included to estimate the bioenergy potential of the Central and 
Eastern European Countries (CEEC) in 2030, based on the availability of surplus agricultural 
land. The scenarios follow broadly the storylines of the IPCC SRES scenarios, as described in 
Section 3.3.2 (Nakicenovic, 2000). The storylines were translated into quantitative parameters, 
e.g., on food consumption, food trade and the level of advancement of technology used for 
food production. Food consumption scenarios were based on the FAO projections to 2030 
(Bruinsma, 2003) and adapted for some scenarios. The level of trade of food was varied by 
changing the geographical scale of allocation of land use and crop production. The allocation 
resolution itself was done at a sub-national level (NUTS-3 level)38. Four agricultural 
production systems were defined (current, ecological, high input, and high input advanced), of 
which the level of advancement of agricultural technology is comparable to the range included 
in this article. Further, the methodology was expanded with a module that deals with the 
production costs of six energy crops and a module that calculates the transportation costs 
related to the export of bioenergy to West Europe. The results allow a comparison of the costs 
and potentials of bioenergy from various crops, for various regions, for various transport 
chains and for various scenarios. The results also allow the identification of the parameters 
and conditions for the large-scale production and trade of bioenergy at attractive cost levels. 
Results of the VIEWLS project show that the methodology applied in this study can serve as a 
framework for more comprehensive and detailed assessments. However, the availability and 
reliability of data remains a key-limiting factor. 
 
9.2 Data quality 
 
A general problem when modelling the consumption of food and wood, and land use patterns, 
is that many data sets used in the calculations, are incomplete and/or uncertain. Data on the 

                                                 
38 NUTS stands for Nomenclature of Territorial Units for Statistics. At the NUTS-0 level the EU is divided into 
countries. At the NUTS-1, -2 and -3 level the EU is devided into increasingly smaller units. At the NUTS-3 level the 
countries are sub-divided into regions that are nationally defined, e.g. departements (France), provincias (Spain), 
Landkreise (Germany) or Kantone (Switzerland).  
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following parameters included in the Quickscan model are judged by us as particularly 
uncertain, although the exact level of uncertainty is unknown:  
• Land use. The reliability of data on land use (changes) varies significantly. Main 

problems when estimating bioenergy potentials are related to the lack of explicit 
geographical information in the (tabular, national) data in the FAOSTAT database. As a 
result, the overlap between various land use categories included in the FAOSTAT 
database and the areas that are agro-ecologically suitable for crop production is uncertain. 
In this study, a fictitious land use ‘map’ was composed, depicting the total extent of 
suitable cropland (the crop non-specific area) by various land use categories, e.g., 
cropland and forests. The composition of this fictitious land use map was partially based 
on spatially explicit data in combination the tabular data and simple allocation rules. This 
approach inevitably introduces errors. However, we consider the chosen allocation rules a 
suitable methodology, considering the goal of this study (a quick scan of bioenergy 
production potentials) and the long time horizon of 50 years (which makes large land use 
changes possible). In practice, of course, land use changes may differ from those included 
in the land use allocation rules applied in our model. Research based on Geographic 
Information System (GIS) databases may solve this issue during the coming decades, 
when more reliable datasets come available that make more use of ground-truthing and 
that are based on finer resolution remote sensing data, compared to the present datasets.  

• The animal production system. The production efficiency of the animal production 
system is a key variable when estimating bioenergy potentials. Some three-fourths of the 
global agricultural land use is permanent pasture (FAO, 2003a) and the consumption of 
animal products is projected to increase rapidly in the coming decades (Bruinsma, 2003). 
Despite this importance, data about the input of feed in the animal production system and 
the impact of various parameters (such as breeding, animal disease prevention, diagnosis 
and treatment, and the use of feed supplements) on the production efficiency are scarce 
and relatively uncertain. This goes particularly for the bovine meat and milk production 
sector, which comprise a wide range of production systems, and not so much for the 
relatively uniform pig- and poultry production system. Data on the input of biomass from 
pastures or the carrying capacity (potential production of animal products) of these areas 
are often not available or uncertain due to a lack of understanding of pasture ecosystems 
and a lack of consensus on the definition of sustainable pasture management and a 
healthy pasture ecosystem. 

• The supply of wood from plantations. Data on forest plantations are often incomplete or 
unreliable (Bazett, 2000; FAO, 2000b; FAO, 2001).  

• The supply of wood from trees outside forests. A comprehensive global assessment of the 
number of TOF and their products does not exist (FAO, 2001). Existing data on the 
supply of wood from trees outside forests are based on estimates and come with 
considerable uncertainty.  

• The supply of wood from natural forest growth. There is a lack of data on the (potential) 
supply of wood from natural forests. Also the impact of Sustainable Forest Management 
(SFM) schemes is uncertain, due to a lack of understanding of forest ecosystem processes 
and lack of consensus on the definition of SFM.  
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• The various parameters used to estimate the energy potential of residues and waste. 
Particularly data on the fraction of the total amount of residues that can be recovered 
realistically and the demand for residues and waste for non-energy purposes (traditional 
woodfuel, animal bedding, soil improver and so on) are rare and uncertain. 

 
Uncertainties in other parameters, particularly those that change over time, such as population 
growth, the per capita consumption of food, the level of advancement of agricultural 
production system, the geographic optimization of crop production, the plantation 
establishment rates, the land use allocation rules and the demand for wood (industrial 
roundwood and woodfuel) were included in the Quickscan model by means of scenario 
analysis and sensitivity analysis. This also allows for an analysis of the impact of these 
parameters on other parameters as well as the overall results.  
 
9.3 Results 
 
The bioenergy production potential in the year 2050 was calculated for three types of biomass: 
dedicated woody bioenergy crops (215-1377 EJ y-1), agricultural and forestry residues and 
wastes (76-96 EJ y-1), and biomass from surplus forest growth (59-103 EJ y-1). In the 
remaining of this section, the results of the Quickscan are compared with results from the 
literature. Two studies were available in which a similar approach was used as in the 
Quickscan model to calculate the global bioenergy potential in the year 2050, which are 
Hoogwijk et al., (2003) and Wolf et al., (2003), and which are from now on referred to as 
Hoogwijk and Wolf. In both studies the global bioenergy potential from surplus agricultural 
land in the year 2050 was calculated using three population growth scenarios, three diets, and 
two agricultural production systems (a low and high external input crop production system). In 
a high input system inputs, such as chemical fertilizers and biocides, are applied to attain high 
yield levels. In a low input system environmental risk are minimized, no chemical fertilizers 
and biocides are applied, using the ‘best technical and ecological means’. For these factors 
Hoogwijk and Wolf used the same datasets and scenarios. The main difference between the 
method applied in this study and the studies by Hoogwijk and Wolf is the calculation of the 
area of agricultural land needed for the production of animal products. In our study, results for 
2050 are presented for two types of animal production systems (a mixed production system 
and a landless production system), which were both based on a high level of advancement of 
agricultural technology. In Wolf and Hoogwijk the feed conversion efficiency in 2050 is based 
on the ‘best technical means’ applied in the Netherlands, based on data published in 1985. In 
addition, the productivity (expressed in odt ha-1 y-1) of permanent pastures used for grazing is 
kept constant in the Quickscan model, to avoid overgrazing, while in Wolf and Hoogwijk the 
productivity of pastures was allowed to increase. Results of Hoogwijk and Wolf indicate that 
in the year 2050 up to 84 % or 4.2 Gha of the present agricultural land use could be made 
available for energy crop production in case an high input system is applied (Wolf et al., 
2003). The scenarios for food demand that are the most similar to the scenarios included in the 
Quickscan model are based on the following assumptions: a medium population growth 
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scenario, medium to affluent diet and a high input system for crop production39. Based on 
these assumptions, between 38 % and 64 % of the present agricultural land can in theory be 
made available for energy crop production, which is equal to 1.9 Gha to 3.2 Gha, respectively 
(Wolf et al., 2003). These figures are comparable to the areas of surplus agricultural land 
projected by the Quickscan model in 2050 based on system 2, 3 and 4, namely 1.2 Gha, 3.3 
Gha and 3.6 Gha, respectively. Results for system 1 in the Quickscan model were excluded 
from this comparison, because system 1 is based on rain-fed crop production, while in Wolf 
and Hoogwijk irrigation is included.  
 
Further, results presented in Wolf show that if a low input system for crop production is 
applied, then there is no surplus agricultural land in 2050. These results are in line with results 
from the Quickscan model that indicate that in case a low or intermediate level of 
advancement of technology is applied the demand for food in 2050 can not be met and the 
area surplus agricultural land is close to zero40. Results presented in Wolf also show that if a 
vegetarian or moderate diet in combination and a low input system for crop production are 
assumed, then a surplus area of agricultural land of up to 3.1 Gha can be realized. Such a 
scenario is excluded in this study, because a vegetarian and moderate diet are unlikely, based 
on the increase in per capita food intake projected by the FAO, IFPRI, USDA for the coming 
decades (IFPRI, 2001a; Bruinsma, 2003; USDA, 2004b).  
 
Although the maximum area of surplus land calculated in Hoogwijk and Wolf and this study 
are comparable, the estimated bioenergy potentials from these areas are not. Wolf calculated 
the bioenergy potential from 4.2 Gha land at 577 EJ y-1 in case of a high input crop production 
system. Hoogwijk calculated the bioenergy potential from 3.7 Gha land at 988 EJ y-1. In this 
study, the bioenergy potential from 3.6 Gha land is estimated at 1377 EJ y-1. These differences 
are caused by differences in the assumed yield. In Wolf and in Hoogwijk an average yield of 
7.3 odt ha-1 y-1 and 14 odt ha-1 y-1 was assumed. In the Quickscan model the average yield is 
20 odt ha-1 y-1 in case of system 4. The difference in yield levels is the result of differences in 
definitions and assumptions. The yield of 7.3 odt ha-1 y-1 assumed by Wolf represents the 
global average yield for rain-fed grassland in case of a high input crop production system 
based on existing ‘best technological means’. The yield of 14 odt ha-1 y-1 assumed by 
Hoogwijk represents the global average yield for rain-fed woody bioenergy crops and takes 

                                                 
39 In Wolf, three population scenarios for 2050 were included, which were derived from the UNPD database that was 
published in 1997: a low scenario (7.7 billion), a medium scenario (9.4 billion), and a high scenario (11.2 billion). 
Further, three diets were included: a vegetarian diet (2388 kcal cap-1 day-1 of which 166 kcal cap-1 day-1 from animal 
products), a moderate diet (2388 kcal cap-1 day-1 of which 554 kcal cap-1 day-1 from animal products), and an affluent 
diet (2746 kcal cap-1 day-1 of which 1160 kcal cap-1 day-1 from animal products). For comparison, in the Quickscan 
model three population scenarios for 2050 are included, which are derived from UNPD projections published in 2003: 
a low scenario (7.3 billion ), a medium scenario (8.8 billion), and an high scenario (10.5 billion). Three consumption 
scenarios were included: a low scenario (3069 kcal cap-1 day-1 of which 582 kcal cap-1 day-1 from animal products), a 
medium scenario (3236 kcal cap-1 day-1 of which 622 kcal cap-1 day-1 from animal products), and an high scenario 
(3327 kcal cap-1 day-1 of which 670 kcal cap-1 day-1 from animal products). 
40 This comparison is however not entirely correct, because of differences in definitions: in Wolf, the feed conversion 
efficiency in both the low and high input production system represents the efficiency of production of animal products 
in the Netherlands in early 1980’s; in the Quickscan model, the feed conversion efficiency in a low level of 
technology represents the efficiency of a non-industrialised, traditional production system as found in developing 
regions. 
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into account the suitability of the surplus areas of land for woody bioenergy crop production, 
assuming the level of advancement of agricultural technology in 1995. The yields in the 
Quickscan model have been derived from the same source and were based on the calculation 
of an attainable yield level, using a crop growth model and soil climate data presented by the 
IMAGE team (IMAGE-team, 2001). The calculated attainable yields were multiplied by a 
management factor that accounts for non-optimal agricultural practices as well as the future 
impact on yields of technological improvements. In Hoogwijk, a management factor of 0.7 
was assumed, while in the Quickscan model a management factor of 1.5 was taken, following 
the SRES A1 scenario in the year 2050 (yields in 1995 were 53 % lower, yields in the year 
2050 in the B1 and the B2/A2 scenario were 14 % and 26 % lower compared to the A1 
scenario). The management factor of 1.5 used in the Quickscan model includes the impact of 
breeding, a higher harvest index, an increasing use of irrigation and fertilizers, general 
(bio)technological improvements and the (limited) effect of CO2 fertilization between 1995 
and 2050. The difference between the average yields in Hoogwijk and this study is however 
smaller compared to what one would expect based on the management factor. This is probably 
the result of differences in land allocation: in the Quickscan model the least productive areas 
are by definition available for bioenergy crop production; in the study of Hoogwijk this was 
not the case. No simple explanation could be found for the difference in yields calculated for a 
high input crop production system (7.3 odt ha-1 y-1) as defined in Wolf and the yield in 1995 
assumed in Hoogwijk (14 odt ha-1 y-1). Potential explanations are e.g., differences in the land 
allocation procedure and differences in the crop species used (yield data in Wolf represent 
herbaceous crop yields, yield data included in Hoogwijk model are for woody crops). In the 
literature generally constant global average crop yields are assumed that are lower than the 
yield levels included in Hoogwijk and this study for the year 2050. The reason is that most 
studies exclude productivity improvements over time. An exception is a study by the United 
States Environmental Protection Agency (USEPA), in which three scenarios for yields levels 
are included (no year specified): low: 25 odt ha-1 y-1 and 49 odt ha-1 y-1, medium: 37 odt ha-1 y-

1 and 74 odt ha-1 y-1, and high: 49 odt ha-1 y-1 and 99 odt ha-1 y-1 in temperate and tropical 
regions, respectively (USEPA, 1990 in (Berndes et al., 2003)).  
 
Some of the yield levels reported above may seem high, but they are feasible taking into 
account the efficiency of photosynthesis. The present global production of biomass (NPP) per 
hectare land, averaged across all vegetation types, is estimated to be 8.9 odt ha-1 y-1 41. This 
corresponds to an energy storage of 0.3 % of the average 180 W m-2 solar energy falling on the 
earth surface (Kheshgi et al., 2000). The maximum efficiency of photosynthesis is however 
much higher: 3.3 % for C3 plants and 6.7 % of C4 plants. However, it seems unlikely that the 
practical efficiency for recoverable terrestrial plant matter will exceed 2 % of the solar energy 
(Kheshgi et al., 2000). These data suggest that the average yields could increase roughly by a 
factor 7 to an average of 62 odt ha-1 y-1, thereby ignoring water and nutrient constraints for 
crop growth. For comparison: the present average yield of energy crops on earth is calculated 

                                                 
41 The present NPP of the global area of land is 2280 EJ y-1 (IPCC, 2001), the global area of land is 13 Gha (FAO, 
2003a). In addition a higher heating value of 19 GJ odt-1 is assumed. 
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to be 8.4 odt ha-1 y-1, and projected to increase to 18 odt ha-1 y-1 in 2050 following the A1 
SRES scenario42.  
 
The studies discussed above indicate that the (technical) potential to increase the efficiency of 
food production and thus to generate surplus areas of agricultural land for bioenergy crop 
production is large. The area surplus agricultural land ranges from at 0.7 Gha in case of 
system 1 to 3.6 Gha in case of system 2. However, most outlook studies on agricultural land 
use indicate that the area of agricultural land is likely to decrease or remain stable in 
industrialized regions, and increase in developing regions, resulting in a global increase of the 
area of agricultural land (e.g., (Rogner, 2000; Fischer and Schrattenholzer, 2001; Kemp-
Benedict et al., 2002; Bruinsma, 2003; Wirsenius et al., 2004)). For example, FAO projections 
of the change in area of agricultural land to 2030 indicate that the area of agricultural land 
may increase from 5.0 Gha in 1998 to 5.3 Gha in 2030 (Wirsenius et al., 2004). Yet, scenario 
analysis reveals that land use changes could be larger, dependent on the assumptions. For 
instance, Wirsenius and co-workers (2004) calculated that the area agricultural land could 
decrease by 0.2 Gha to 0.9 Gha between 1998 and 2030 as a result of increases in livestock 
productivity, the partial substitution of beef, sheep and goat meat by pig and poultry meat, a 
shift in the structure of diets towards more vegetable and less animal food and less food 
wastes. Scenario analyses using integrated models such as IMAGE, show that the change in 
cropland between 1990 and 2050 could range between –0.02 Gha to +0.17 Gha based on the 
four SRES marker scenarios. The change in the area of grassland between 1990 and 2050 is 
projected to range between –0.65 Gha to +0.16 Gha based on the four marker scenarios 
(IPCC, 2000).  
 
The differences in the projected area of agricultural land are caused by numerous factors, 
including crop yields. Results of the Quickscan model indicate that the application of 
production system 1 to 4 results in an annual increase in cereal yields between 1998 and 2050 
of 2.0 %, 2.5 %, 2.5 % and 3.0 %. Compared to the global average increase in cereal yields 
between 1961 and 1998 of 2.2 % y-1, these numbers seem plausible (FAO, 2003a). However, 
most outlook studies on agriculture indicate that it is unlikely that this yield increase will be 
maintained during the coming decades (Bruinsma, 2003). Yield growth has been slowing 
down for some decades now, and this process is projected to continue during the coming 
decades. The average increase in cereal yields in the developing countries between 1961 and 
1998 has been 2.5 % y-1, compared to 1.7 % y-1 between 1989 and 1999 (Bruinsma, 2003). 
The FAO projects that cereal yields in the developing will increase on average by 0.6 % y-1 

between 1998 and 2030 (Bruinsma, 2003). Calculations representing the four SRES scenarios 
families that are included in IMAGE, indicate that the global average annual yield of 
temperate cereals, tropical cereals, maize and rice may increase between 1998 and 2050 by 
0.3 % to 1.6 %, depending on the crop species and scenario (IMAGE-team, 2001). The reason 
for the slowdown in yield growth is the diminishing effect of the Green Revolution43, the 

                                                 
42 The  bioenergy production potential on the global area of land in 2050 is assumed to be is 4435 EJ y-1. The global 
area of land is 13 Gha (FAO, 2003a). In addition a higher heating value of 19 GJ odt-1 is assumed. 
43 The Green Revolution involved the development of genetically engineered cereal varieties with higher grain to total 
plant biomass ratios. These new varieties were also more responsive to controlled irrigation and to petrochemical 
fertilizers, which allowed the more efficient conversion of industrial inputs into crops. 
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slowdown in food demand in several regions, and the resulting decrease in food prices over 
the previous decades (Evans, 1998; IFPRI, 2001a). Decreasing prices of food have resulted in 
declining investments in fundamental agricultural research, rural infrastructure, and a shift in 
research and development from research focused on increasing the productivity towards 
research focused on reducing the environmental impacts of agriculture.  
 
Despite the lower increase in food crop yields assumed in the SRES scenarios included in the 
IMAGE runs, the (theoretical) bioenergy potential of dedicated bioenergy crops produced in 
2050 is still considerable: 657 EJ y-1, 311 EJ y-1, 322 EJ y-1 and 699 EJ y-1 in the A1, A2, B1 
and B2 scenario, respectively (Hoogwijk, 2004). The apparent contradiction between these 
results and results from the Quickscan model is due to differences in the assumed population 
and income growth as well as differences in the definitions, assumptions and scope. First, in 
the IMAGE model the area agricultural land and the productivity of pastures were allowed to 
increase. In the Quickscan model both were kept constant. The increases in IMAGE allowed 
for lower crop yields compared to the Quickscan model, without that the food supply is 
endangered. Second, results of the IMAGE model also included bioenergy crop production 
from low productive land and rest land in 2050, which was calculated to be 248 EJ y-1, 
182 EJ y-1, 53 EJ y-1 and 43 EJ y-1, respectively (Hoogwijk, 2004). In the Quickscan model, 
‘other land’, which includes various low productive (semi)natural vegetation types such as 
barren land, scrubland and savannas, was excluded from production for reasons of maintaining 
biodiversity. The global bioenergy potential of woody energy crops produced on the 3.6 Gha 
classified as other land (excluding build-up areas), was calculated to be 247 EJ y-1. Further, 
comparison is not straightforward and therefore difficult, because of differences in the 
approach, methodology and scenarios used to estimate bioenergy potentials. 
 
Another category of land frequently mentioned in the literature as potentially available for 
bioenergy production is degraded land. This category was not specifically included in this 
study. Estimates found in the literature indicate that at this moment between 0.58 Gha and 
0.76 Gha land are degraded, of which 0 Gha to 0.43 Gha could be available for bioenergy crop 
production (Hoogwijk, 2004). Assuming a maximum area of 0.58 Mha, the bioenergy 
potential from degraded was calculated to be 110 EJ y-1, assuming the yield of energy crops in 
1995 as calculated as described above. 

10. Conclusions 

 
Part of the research presented in this article involved a review of existing databases and 
outlook studies, in order to develop a bottom-up model, called the Quickscan model, to 
estimate the technical potential of bioenergy crop production in the year 2050. Specific 
attention was paid to the impact of gaps and weak spots in knowledge, the impact of the (most 
important) underlying factors that determine the bioenergy potential and the impact of 
sustainability criteria such as the avoidance of deforestation for the sake of bioenergy 
production, and the competition for land between bioenergy crop production and food 
production, and the protection of biodiversity. Three sources of biomass for energy production 
were discriminated: dedicated crops, surplus natural forest growth, and biomass from residues 
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and waste. The global potential of bioenergy production from agricultural and forestry 
residues and wastes was calculated to range between 76 EJ y-1 and 96 EJ y-1 in the year 2050. 
The technical potential of surplus forest growth was calculated to be 59 EJ y-1 to 103 EJ y-1, 
dependent on the assumed wood demand and plantation establishment scenario. The potential 
of bioenergy production from surplus natural forest growth (forest growth not required for the 
production of industrial roundwood and traditional woodfuel) was calculated to be 74 EJ in 
the year 2050. It should be noted that the potential of natural forest growth is based on a 

constant forest area, which makes the estimate conservative. The largest potential comes from 
energy crops: 215 EJ to 1272 EJ in 2050, so the focus of this study was mainly on this 
category. In addition, bioenergy crop production from low productive and degraded land is an 
other important source of bioenergy, with a maximum potential of one and a half times the 
present global energy consumption.  
 
A prerequisite for the realization of energy crop production is that more advanced agricultural 
production systems are implemented (including an increasing use of inputs such as fertilizers 
and agrochemicals) and that crop production is optimized geographically with respect to 
yields, so that the increase in efficiency of food production more than offsets the increase in 
food consumption projected for the coming decades. As a result, between 15 % to 72 % of the 
agricultural area used in 1998 could be made available for energy crop production, in case of 
system 1 and system 4, respectively.  
 
These results are broadly in line with several other estimates published in the scientific 
literature (Hoogwijk et al., 2003; Wolf et al., 2003). A key issue is the uncertainty with which 
animal products are produced, because the consumption of animal products increases rapidly 
and because the production of animal products is far more land intensive per kg product than 
crop production (Bruinsma, 2003). Despite this importance, data on the feed throughput in the 
animal production system and the capacity to increase the feed subtracted from pastures is 
often uncertain or lacking. Results of the Quickscan model indicate that particularly an 
increase in the efficiency of the production of animal products and a shift in feed mix (from 
feed from pastures to feed from crops) could (in theory) reduce the area of agricultural land 
drastically. An other source of land for energy crop production are areas classified as ‘other 
land’, which include various low productive natural and semi-natural vegetation types such as 
barren land, scrubland and savannas. The global bioenergy potential of woody energy crops 
from areas classified as ‘other land’ was calculated to be 247 EJ y-1 for the year 2050. 
However, these areas may be excluded from energy crop production for reasons of 
maintaining biodiversity. An other key issue is the assumed energy crop yield. In this study, 
the average yield was calculated at 16 odt ha-1 y-1 to 21 odt ha-1 y-1, depending on the 
suitability of the surplus agricultural land and taking into account the future impact of a.o., 
breeding and improved management. Yields for energy crops assumed in other studies range 
broadly from 7 odt ha-1 y-1 to 49 odt ha-1 y-1. Note that the impact of resource constraints and 
resource degradation were only partially taken into account when estimating the potential 
increase in food production efficiency and yield of energy crops. Potential important issues are 
soil erosion, overuse of fresh water resources, and pollution from agrochemicals. Data on 
these issues are, however, uncertain. Also there are many trade offs possible (e.g., increasing 
the use of irrigation for crop production and thereby increasing the risk of environmental 
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degradation as a result of irrigation, but thereby also reducing the need for additional cropland 
and reducing the risk of further deforestation). As a result, assessments of the impact of these 
issues on food production have come to very different conclusions, ranging from very 
pessimistic to very optimistic. In this study we used the more mainstream projections for food, 
industrial roundwood and woodfuel consumption. These projections indicate that, under 
current trends, the efficiency of food production may increase substantially during the coming 
decades, but that the rate of increase may be insufficient to decrease the area of agricultural 
land in most regions. The area of agricultural land is projected to decrease or remain stable in 
industrialized regions, and increase in developing regions, resulting in a global increase of the 
area of agricultural land. Thus, major transitions in the production of food are required to 
increase the efficiency of food production as assumed in this study. The required level of 
increase beyond which surplus agricultural areas are realized and the probability of the 
transition is dependent on the region. Several developing regions (Sub-Saharan Africa, the 
Caribbean & Latin America, and East Asia), have large bioenergy production potentials (31-
317 EJ y-1, 47-221 EJ y-1 and 11-147 EJ y-1, respectively in system 1 to 4). In sub-Saharan 
Africa and the Caribbean & Latin America the potential is the result of a combination of the 
availability of large areas of land suitable for food and feed crop production presently not used 
as such and the potential to increase the efficiency of food and feed crop production as well as 
the efficiency of the animal production system. Efficiency gains can in theory outpace the 
strong increase in the projected population and food consumption. However, various outlook 
studies indicate that the projected efficiency gains are not likely to be realized, resulting in a 
continued increase of the area agricultural land required for food production. The land balance 
of East Asia is less favourable, but the combination of large areas unsuitable for conventional 
commercial crop production and a modest growth in population and food consumption results 
in a considerable potential. Despite the projected increase in population and the high level of 
food consumption in North America and Oceania, both regions have a substantial potential 
(20-174 EJ y-1, 38-102 EJ y-1, respectively in system 1 to 4). These potential are the result of 
the combined effect of: (1) the geographic optimization of food production, (2) the future use 
of pasture as cropland, and (3) the potential impact of irrigation and more intensive production 
systems. The ratio of bioenergy potential to energy demand in 2050 is particularly favourable 
for Oceania, with an exceptionally high figure of 5-28. These results are broadly in line with 
projections found in the literature that indicate a stable or decreasing agricultural land use. 
These data suggest that the realization of the bioenergy production potentials calculated in this 
study requires less drastic changes compared to the developing regions. The same goes for the 
countries of the transition economy regions (East Europe (bioenergy potential of 3-26 EJ y-1) 
and the C.I.S. & Baltic States (bioenergy potential of 45-199 EJ y-1). As a result of economic 
restructuring the food consumption and production has decreased since 1992. In addition, the 
population is projected to decrease. As a result, the agricultural land area is relatively large 
compared to the projected demand for food, which makes the potential of bioenergy 
production in these regions more robust than in other regions. The ratio of bioenergy potential 
to energy demand is in general well above one and can be classified as favourable for 
bioenergy exports. This makes that the potential of these regions for bioenergy production 
robust when compared to other regions. The introduction of large scale energy crop 
production may facilitate the transition to more efficient food production systems. Bioenergy 
may provide new incentives for investments in agricultural research and development and by 
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providing farmers with a new source of income that allows these farmers to invest in 
modernization of the agricultural production systems. The latter goes particularly for 
developing regions. The production of bioenergy in these regions can be a driver to reduce 
poverty and to reduce environmental degradation resulting from poverty.  
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CHAPTER 3 

 

BIOENERGY POTENTIALS FROM BIOENERGY POTENTIALS FROM BIOENERGY POTENTIALS FROM BIOENERGY POTENTIALS FROM 

FORESTRY IN 2050FORESTRY IN 2050FORESTRY IN 2050FORESTRY IN 2050����    
    

AN ASSESSMENT OF THE DRIVERS THAT 

DETERMINE THE POTENTIALS 
 
 
Abstract 

 

The purpose of this study was to evaluate the global energy production potential of woody 
biomass from forestry for the year 2050 using a bottom-up analysis of key factors. Woody 
biomass from forestry was defined as all of the aboveground woody biomass of trees, 
including all products made from woody biomass. This includes the harvesting, processing 
and use of woody biomass. The projection was performed by comparing the future demand 
with the future supply of wood, based on existing databases, scenarios, and outlook studies. 
Specific attention was paid to the impact of the underlying factors that determine this potential 
and to the gaps and uncertainties in our current knowledge. Key variables included the 
demand for industrial roundwood and woodfuel, the plantation establishment rates, and the 
various theoretical, technical, economical, and ecological limitations related to the supply of 
wood from forests. Forests, as defined in this study, exclude forest plantations. Key 
uncertainties were the supply of wood from trees outside forests, the future rates of 
deforestation, the consumption of woodfuel, and the theoretical, technical, economical, or 
ecological wood production potentials of the forests. Based on a medium demand and medium 
plantation scenario, the global theoretical potential of the surplus wood supply (i.e., after the 
demand for woodfuel and industrial roundwood is met) in 2050 was calculated to be 6.1 Gm3 
(71 EJ) and the technical potential to be 5.5 Gm3 (64 EJ). In practice, economical 

considerations further reduced the surplus wood supply from forests to 1.3 Gm3 y-1 (15 EJ y-1). 
When ecological criteria were also included, the demand for woodfuel and industrial 
roundwood exceeded the supply by 0.7 Gm3y-1 (8 EJy-1). The bioenergy potential from 
logging and processing residues and waste was estimated to be equivalent to 2.4 Gm3y-1 
(28 EJ y-1) wood, based on a medium demand scenario. These results indicate that forests can, 
in theory, become a major source of bioenergy, and that the use of this bioenergy can, in 
theory, be realized without endangering the supply of industrial roundwood and woodfuel and 
without further deforestation. Regional shortages in the supply of industrial roundwood and 
woodfuel can, however, occur in some regions, e.g., South Asia and the Middle East & North 
Africa.

                                                 
� Published in Climatic Change (2007), 81, p. 353-390. Co-author: André Faaij (Utrecht University). 
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1. Introduction 
 

A rapid increase of the concentration of CO2 and other greenhouse gasses in the atmosphere 
must be prevented to avoid an anthropogenic change in the climate system. Forests can 
contribute to this goal, because forests have the potential to absorb CO2 and sequester the 
carbon in their biomass for long periods of time. Roughly half of the total terrestrial carbon 
stock is stored in forests and forest soils, equal to 1146 GtC (Dixon et al., 1994). Carbon 
sequestration by forests has received widespread attention and extensive literature is available 
on the issue (e.g., Dixon et al., 1994; Houghton, 1999; Stinson and Freedman, 2001; Zhang 
and Xu, 2003). However, discussions about the contribution of forests to greenhouse gas 
mitigation require a broader perspective since there are various competing ways in which 
forests can contribute to greenhouse gas mitigation. For example, forest biomass can also be 
used as a renewable and CO2 neutral source of energy. In this study, the focus is on the 
potential contribution of forest biomass for energy use.  
 
In 2001 traditional biomass usage (e.g., the use of woodfuel and manure for cooking and 
heating), referred to further as (traditional) woodfuel, accounted for 39 EJy-1 or 9.3 % of the 
global primary energy consumption, while modern biomass usage (e.g., the use of biomass for 
electricity or fuel generation), made up 6 EJy-1 or 1.4 % of the global primary energy 
consumption (Turkenburg, 2000; IEA, 2003). The focus of the present study was on the 
energy potential of woody biomass from forestry in the year 2050 (from now on also referred 
to as woody biomass), whereby woody biomass from forestry was defined as all of the 
aboveground woody biomass of trees, including all products made from woody biomass. This 
includes the harvesting, processing and use of woody biomass. 
 
Various scenario studies were performed during the past decades to estimate the future 
demand and supply of bioenergy (Lashof and Tirpak, 1990; Hall et al., 1993; WEC, 1994; 
Fujino et al., 1999; IPCC, 2000; Rogner, 2000; Fischer and Schrattenholzer, 2001; Hoogwijk, 
2004). Published estimates of the total global bioenergy production potential in 2050, for 
example, ranged from 0 EJ y-1 to 1135 EJ y-1 (Hoogwijk et al., 2003), 0-358 EJ y-1 of which 
came from woody biomass (Sørensen, 1999; Hoogwijk et al., 2003). This large range of 
estimates was the result of: 
• Differences in the type of biomass included. Many studies only included logging residues, 

processing residues, and discarded wood-based products (WEC, 1994; Yamamoto et al., 
1999), while others also included surplus forest growth (Sørensen, 1999; Fischer and 
Schrattenholzer, 2001).  

• Differences in the theoretical, technical, economical, or ecological limitations related to the 
supply of woody biomass for energy use. Lazarus (1993), for example, only considered the 
decrease in (traditional) woodfuel consumption projected for the coming decades, while 
Fischer and Schrattenholzer (2001) focused on the potential of removals from forests 
accessible for industrial roundwood production (Fischer and Schrattenholzer, 2001).  

• Differences in data. Data on key parameters, such as the consumption of woodfuel, the 
annual growth of forests, and the efficiency of conversion, were accompanied by 
considerable uncertainty (Brooks et al., 1996; FAO, 1998c; WRI, 1999; FAO, 2001). 
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• Differences in scope. Most of the existing bioenergy potential assessments focused on 
either the demand (e.g., WEC, 1994) or the supply (e.g., Yamamoto et al., 1999) of 
bioenergy and consequently ignored demand-supply interactions. Moreover, most of the 
studies reviewed ignored existing studies on the demand and supply of wood (e.g., Lazarus 

et al., 1993; Sørensen, 2001)44, despite the extensive literature and data on the subject (e.g., 
Solberg et al., 1996; FAO, 1998d; Sedjo and Lyon, 1998). Further, few studies assessed 
the maximum potential supply of wood from plantations and forests taking into account 
various theoretical, technical, economical and/or ecological barriers. This is relevant 
considering the potentially very large demand for (bio)energy.  

In addition, attention was rarely paid to the uncertainties and ranges in data and to the impact 
of assumptions regarding the underlying factors that determine the energy potential of woody 
biomass from forestry.  
 
The aim of the present study was to project the energy production potentials of woody 
biomass from forestry in the year 2050. Particular consideration was given to the data and 
projections from existing studies and the factors that determine the energy production 
potential of woody biomass. First, an extensive literature study of existing databases and 
outlook studies was carried out. Then, the most important factors that determine the bioenergy 
potential of woody biomass were identified. Finally, an Excel spreadsheet tool was 
constructed to identify and quantify the key factors that determine the energy potential of 
woody biomass and in which the various databases and scenarios derived from literature could 
be combined. Specific attention was paid to the theoretical, technical, economical, and 
ecological limitations of biomass production from forests. One sub-objective of the study was 
to identify the gaps and weak spots in the current knowledge base and their implications for 
the reliability of the calculated energy potential of woody biomass.  
 
The results of this exercise are available at the national level, but in this paper results have 
been generated at a regional level. 11 regions are distinguished based on the definition of 
regions used by the Food Agricultural Organisation (Bruinsma, 2003)45: North America, 
Oceania, Japan, West Europe, East Europe, the C.I.S. & Baltic States, sub-Saharan Africa, the 
Caribbean & Latin America, Middle East & North Africa, East Asia, and South Asia.  

2. Approach 
 

Figure 1 gives an overview of the key elements included in this study.  

                                                 
44 For example, Lazarus (1993) assumed a rapid transition from the use of traditional biomass fuels to the use of fossil 
and renewable fuels, while most existing studies projected a constant or increasing use of traditional biomass fuels 
(e.g., Solberg et al., 1996; IMAGE-team, 2001). Another example is the study by Sørensen (2001), who used the 
percentage of 30 % to represent the fraction of the total annual woody biomass production in 2050 that is available for 
bioenergy, without specifying the future demand for industrial roundwood and traditional woodfuel. 
45 The definition of regions used in this study varies slightly from that used by the FAO, because for practical reasons 
small countries (mainly small island states) included in the FAO definition of regions were excluded from this study. 
Considering the limited size of these countries and the overall precision of the projection method, the exclusion of 
these countries did not have an impact on the results or conclusions of this study. Similarly, the use of data from 
various datasets that vary slightly with respect to the countries included, the defintion of regions, and the year did not 
have an impact on the results of conclusions in this study.  
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Figure 1. Overview of key parameters included in this study. 
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The demand for wood was defined as the demand for industrial roundwood plus the demand 
for woodfuel. The term ‘woodfuel’ refers to the use of woody biomass for cooking and 
heating, mainly in developing countries, and excludes modern biomass usage. The demand for 
wood is included by means of three scenarios (low, medium, and high demand) that we 
derived from the ranges found in the literature. Three sources of wood supply were included: 
plantations, trees outside forests, and natural forests. Note that natural forests as defined in this 
study excluded forest plantations and are referred to further as forests. Forests as defined in 
this study excluded plantations specifically planted for the production of modern bioenergy 
and are referred to further as plantations (see Section 3 for detailed definitions). Trees outside 
forests are defined as all trees not belonging to forests or plantations. The supply of wood 
from plantations was also categorized into three scenarios (low, medium, and high plantation 
establishment); these scenarios differed with regard to the future rate of plantation 
establishment and the yield level. The supply of wood from trees outside forests was estimated 
based on a literature review. The potential supply of wood from forests was calculated by 
multiplying the area of forest by the annual forest growth per hectare. Five types of potentials 
of the supply of biomass from forests could be distinguished; they differed with respect to the 
theoretical, technical, economical, and ecological limitations for forest productivity46. The 
potential supply of bioenergy from wood was calculated by comparing the demand for 
industrial roundwood and woodfuel with the supply of wood from plantations, trees outside 
forests, and forests. The potential supply of bioenergy from residues (logging residues, 
processing residues, and discarded forestry products) was the consumption and harvest of 
wood multiplied by the appropriate residue generation ratios and recoverability fractions as 
described below.  
 
Surplus forest growth  

 
In this study the bioenergy potential of forests was limited to surplus forest growth, which was 
defined as forest growth not needed for the production of woodfuel and industrial roundwood. 
Thus, the use of wood from forests as woodfuel and industrial roundwood was given priority 
above its use as modern bioenergy. The reason for this approach is that we consider 
competition between the use of forest growth for modern bioenergy and its use for woodfuel 
and industrial roundwood to be unsustainable, because wood products can be a substitute for 
more energy-intensive products that require more fossil fuels for the production and/or can be 
a physical carbon pool. The global carbon stored in wood products is estimated to be 4.2 Pg 
(Brown et al., 1998). Competition may lead to the substitution of woodfuel and wood products 
for fossil fuels and this could (partially) offset the reduction of CO2 emissions from the 
replacement of fossil fuels by bioenergy. Further, competition may hamper the supply of 
woodfuel and industrial roundwood and, consequently, economical growth. The surplus forest 
growth was calculated by means of a comparison of the demand and supply of woody 

                                                 
46 A distinction was made between five potentials for the wood supply from forests. The economical potential was 
estimated for both the demand and the supply of wood from sources other than natural forests, because the definition 
of the various potentials was only considered applicable for forest growth and/or a lack of data. For example, the 
theoretical demand for wood excluding the limitations of supply is obviously larger than the scenarios included in this 
study.   



 
 
 
 
 
Chapter 3 

92 

biomass, following Equation 1 in Appendix A. On the supply side three sources of woody 
biomass were included: 
• Forests. The supply of wood of forests was calculated by multiplying the forest area by 

the annual forest growth per hectare. Five types of potentials of wood supply from forests 
were included and, as a result of theoretical, technical, economical, and/or ecological 
barriers, differed with respect to the forest area and the forest productivity (Section 3.1).  

• Plantations. Three scenarios were composed that represent the ranges found in the 
literature. They varied with respect to the rate of plantation establishment and yield level 
(Section 3.2).  

• Trees outside forests. The contribution of trees outside forests to the supply of wood was 
estimated using values found in the literature and our own assumptions (Section 3.3). 

On the demand side two categories were distinguised: 
• Industrial roundwood. Three scenarios for the consumption of industrial roundwood in 

2050 were composed based on the ranges found in the literature (Section 3.4).  
• Woodfuel. Three scenarios for the consumption of woodfuel in 2050 were used based on 

the ranges of woodfuel consumption projected by other researchers (Section 3.5). 
  
When the demand for wood is larger than the supply in one region (F<0 in Equation 1 in 
Appendix A), the residual demand is subtracted from the supply of wood from forests in 
regions with a surplus (F>0), or, in other words, trade is assumed to take place. In reality, 
demand and supply are kept in balance through price fluctuations. In this study, however, 
demand and supply were treated as independent variables. The three demand scenarios 
included in this study were based on projections that included some sort of supply-and-
demand matching. Further, we acknowledge that long-distance trade of traditional woodfuel is 
rather unlikely between the regions used in this study. Nevertheless, the trade of woodfuel was 
included to avoid an overestimation of the bioenergy production potential. The allocation of a 
wood shortage to various regions with a surplus was based on the share that each region had in 
the total global surplus wood supply.  
 
Wood logging residues  

 
The bioenergy potential of logging residues (e.g., bark, branches, needles) was calculated by 
multiplying the production of woodfuel and industrial roundwood by the wood logging 
residue generation ratio and recoverability fraction (see further Equation 2 in Appendix A and 
Section 3.6). The logging residue generation ratio (h in Equation 2) is the ratio between the 
amount of residues generated and the amount of wood harvested. The logging residue 
recoverability fraction (hr) is the share of the logging residues that can be realistically 
recovered. Data for hr were derived from the literature. Note that no clear definition of the 
term ‘realistically’ was given, although the descriptions found in the literature state that the 
term includes both technical and economical barriers. 
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Wood processing residues  

 

The bioenergy potential of wood processing residues (e.g., woodchips, sawdust, black liquor) 
was calculated by multiplying the production of industrial roundwood by the wood processing 
residue generation ratio and the wood processing residue recoverability fraction, according to 
Equation 3 in Appendix A (see also Section 3.7). The wood processing residue generation 
ratio (p in equation 3) is defined as the ratio between the amount of residues generated from 
the processing of industrial roundwood into wood products (e.g., paper, fiberboard, plywood, 
sawn wood) and the total consumption of industrial roundwood. The wood processing residue 
recoverability fraction (pr) is the share of the processing residues that can be realistically made 
available for bioenergy production. The term ‘realistically’ is defined the same as in the 
definition of hr in Equation 2.  
 
Discarded wood-based products  

 
The bioenergy potential of wood waste (e.g., waste paper, discarded furniture, demolition 
wood) was estimated based on the consumption of industrial roundwood and data on the wood 
product generation ratio and the wood waste residue recoverability fraction, following 
equation 4 in Appendix A. See Section 3.8 for results. The wood product generation ratio (wr) 
is the ratio of the biomass of industrial roundwood incorporated in wood products and the total 
biomass of industrial roundwood processed. w is equal to that part of the consumed industrial 
roundwood not converted into residues during the processing of industrial roundwood (=1-p). 
The wood waste residue recoverability fraction is the share of the waste that can be 
realistically recovered for bioenergy production. The term ‘realistically’ is defined the same as 
for wood logging and wood processing residues.  

3. Methodology and input data for the calculations 
 

3.1 Supply of wood from forests 
 
The demand for wood from forests47 was defined in this study as the demand for wood minus 
the supply of wood from plantations and trees outside forests. Based on data on the 
consumption of industrial roundwood and woodfuel and on the supply of industrial 
roundwood and woodfuel from plantations and trees outside forests, the supply of industrial 
roundwood from forests in 1998 was calculated to be 76 % and the supply of woodfuel to be 
34 %. This corresponds with 1.2 Gm3 and 0.6 Gm3 wood, respectively (14 EJ and 7 EJ, 
respectively), assuming a density of 0.58 oven dry tm-3 green wood (FAO, 1998c) and a 
higher heating value (HHV) of 20 GJ oven dry t-1 (Hall, 1997), both of which were used as 
default values in this study. According to the World Resources Institute (WRI) approximately 
three fourths of the industrial roundwood supply comes from forests (WRI, 1999). Which 
portion comes from old-growth undisturbed forests and which from secondary forests (forests 

                                                 
47 Forests were defined as “land with tree crown cover (or equivalent stocking level) or more than 10 % and area of 

more than 0.5 ha. The trees should be able to reach a minimum height of 5 m. at maturity in situ” (FAO, 1998c). In 
addition, plantations as defined in Section 3.2 were excluded.  
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that have been cut down but have regrown) is not known, although estimates found in the 
literature indicate that roughly half the world’s industrial roundwood is produced from old-
growth forests (Solberg et al., 1996; Sedjo and Botkin, 1997).  
 
This study used data on the Gross Annual Increment (GAI)48 as a proxy for the wood 
production potential of forests. The GAI includes biological, climatological, and physiological 
limitations to forest growth, such as rainfall, radiation and species type, as well as theoretical, 
technical, economical, and ecological limitations, depending on the chosen potential. By 
harvesting only the annual increment, the standing stock is kept constant and thus also the 
carbon sequestered in forest biomass. A second reason for using the GAI as a proxy for the 
wood production potential is that if the standing stock is kept constant the yields can, in 
principle, be sustained continuously if limiting factors like nutrient depletion are disregarded. 
Note that the use of the GAI ignores the impact of disturbances (e.g., pests, fires, drought) that 
could have a large impact on wood production49.  
 
Data on natural forest area and GAI in 1995 from the Global Fibre Supply Model (GFSM) of 
the Food Agricultural Organization (FAO) of the United Nations were used (FAO, 1998c). 
These data were available per country and aggregated regionally. Data on the GAI were 
available for both the total growing stock and the commercial growing stock. The commercial 
growing stock is “the part of the growing stock that consists of species considered as actually 

or potentially commercial under current (1995) market conditions (…) and includes species 

which are currently not exported, but potentially commercial having appropriate 

technological properties; species provided to the local market are include” (FAO, 1998c). 
The difference between the (GAI of the) total growing stock and the (GAI of the) commercial 
growing stock was defined in this study as the noncommercial growing stock. Note that 
existing outlook studies on the consumption of wood generally included some form of supply-
and-demand matching (e.g., Brooks et al., 1996; FAO, 1998d; Sedjo and Lyon, 1998). 
Consequently, the resulting equilibrium supply of wood from forests may differ from the 
wood supply from forests based on GAI.  
 
The global average GAI of the total growing stock in 1998 was 3.4 m3ha-1y-1 (39 GJ ha-1y-1), 
with a regional variation of 0.8 m3ha-1y-1 (9 GJ ha-1y-1) in South Asia to 5.3 m3ha-1y-1 (61 GJ 
ha-1y-1) in West Europe (FAO, 1998c). These values are in line with other data found in the 
literature. Fischer and Schrattenholzer (2001), for example, reported a global average value 
ranging from 30 GJ ha-1y-1 to 38 GJ ha-1y-1. Note that these global average yield levels are 
lower than the average yield from plantations (ca. 6 m3ha-1y-1 or 70 GJ ha-1y-1), but 

                                                 
48 The GAI is the annual above-ground forest growth per hectare measured in m3ha-1y-1 for wood of a minimum 
diameter at breast height of 0 cm and excludes mortality. Mortality is dependent on site characteristics (climate, slope, 
fertility, etc.), age of the trees, management system, and the occurrence of major disturbances (fires, pests, droughts, 
floods, etc.). In undisturbed full-grown forests mortality offsets annual growth and the net annual increment (NAI) is 
zero; in undisturbed managed forests the mortality rate can be as low as a 2-6 % of the GAI (UNECE/FAO, 2000a).  
49 Disturbances can drastically increase mortality. For example, a mountain pine beetle epidemic in British Columbia 
is projected to result in a 50 % mortality rate of mature pine trees in 2008, and 80 % by 2013. Pine trees account for 
25-30 % of the harvestable timber in British Columbia (BC, 2005). Globally, some 2.6 % of the worldwide area of 
forests is reported to be affected, but data on the total loss of biomass as a result of these disturbances are not 
available (FAO, 2005b). 
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substantially higher than the present global average harvest intensity of 0.5 m3ha-1y-1 (5.8 GJ 
ha-1y-1). Depending on the scenario the current intensity was projected to increase to 0.8-0.9 
m3ha-1y-1 (9-10 GJ ha-1y-1) in 2020 (Brooks et al., 1996). More intensive forest management 
schemes may result in increasing pressure on forest ecosystems, although this is not 
necessarily unsustainable. The large regional differences in the GAI are the result of 
differences in both the management scheme and the natural circumstances (e.g., climate, soil, 
solar radiation). Although the GAI was assumed to be constant in this study, it can change as a 
result of changes in forest management or climatic change.  
 
The total global average GAI of the total growing stock is 3.4 m3ha-1y-1 (39 GJha-1y-1), of 
which some three fifths or 2.1 m3ha-1y-1 (24 GJha-1y-1) comes from commercial growing stock 
and two fifths or 1.3 m3ha-1y-1 (15 GJha-1y-1) from noncommercial growing stock. In West 
Europe, East Europe, and North America, the commercial growing stock made up 90 % or 
more of the GAI of the total growing stock. In contrast, it comprised ca. 40 % and 29 %, 
respectively, of the GAI in sub-Saharan Africa and the Caribbean & Latin America The 
regional variation in the GAI of the commercial growing stock ranged from 0.5 m3ha-1y-1 (6 
GJha-1y-1) in South Asia to 4.8 m3ha-1y-1 (55 GJha-1y-1) in West Europe. The GAI of the 
noncommercial growing stock varied from approximately zero in North America and the 
Middle East & North Africa to 2.8 m3ha-1y-1 (32 GJha-1y-1) in the Caribbean & Latin America. 
The ratio of the GAI of the commercial growing stock to the GAI of the noncommercial 
growing stock was kept constant in this study, even though it was based on the demand for 
species that were noncommercial under 1995 market conditions. Most of the published 
projections also indicated that long-term prices for wood are likely to remain stable, which 
supports the assumption of a constant ratio (Bruinsma, 2003). Further, the GAI may change as 
a result of changes in management or climate, as explained above.  
 
The classification of forest areas used in this study is a modified version of the GFSM 
classification of forest areas, as shown in Figure 2 and described below. Inaccessible forest 
areas are economically inaccessible areas, which include physically inaccessible areas (e.g., 
due to steepness of terrain), areas far from infrastructure (e.g., industrial sites, roads, or 
railways), or areas unsuitable for logging due to other reasons (too low in commercial volume, 
degraded forest areas, or other reasons specific to each country). We adjusted the GFSM 
classification in two ways. First, in the original GFSM classification the unavailable forest 
area was divided into protected and inaccessible areas and into undisturbed and disturbed 
areas50. In this study, the unavailable forest area was divided into protected and inaccessible 
areas. This reclassification was done using a simple set of allocation rules: (1) the protected 
areas were allocated to undisturbed forests (i.e., with a minimum of 10 % of the total forest 
area as described below) and (2) the remaining protected and inaccessible areas were allocated 
to disturbed areas. The rationale was that old-growth undisturbed forests are likely to be the 
first to qualify for protection. Second, data on the GAI were only given for forests available 

                                                 
50 Undisturbed forest was defined as ”forest which shows natural forest dynamics, such as natural tree composition, 

occurrence of dead wood, natural age structure and natural regeneration processes, the area of which is large 

enough to maintain its natural characteristics and where there has been no known significant human intervention or 

where the last significant human intervention was long enough ago to have allowed the natural species composition 

and processes to have become re-established” (FAO, 1998c).  
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Figure 2. The classification of the natural forest area and the gross annual increment (GAI) used in the Global Fibre Supply Model (FAO, 
1998c) (left box) and the classification used in this study (right box; the GAI of the commercial and noncommercial growing stock is 

included for the forest areas numbered 1-5 and 8-10). 
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for wood supply. In this study the GAI of forests available for wood supply was also used for 
undisturbed forest areas. 
 
Five types of forest biomass potentials were included in this study: theoretical, technical, 
economical, economical-ecological, and ecological. The overlap between the various 
potentials is depicted in Figure 3 and described below. 
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Figure 3. The overlap between the theoretical, technical, economical, and ecological 
potentials of forest growth, excluding protected areas (the size of the areas does not represent 
the true size of the forest areas). 
 
In all cases the protected areas were excluded as a source of biomass, with a minimum of 
10 % of the total forest area at a national level51. Ten percent is a popular goal for the 
protection of the most important global ecosystems and was originally proposed by the World 
Conservation Union (IUCN, 1992). Twelve percent is also found in the literature (WCED, 
1987). The 10 % and 12 % guidelines, however, may be insufficient for the protection of 
biodiversity (Soulé and Sanjayan, 1998). Therefore, one potential is considered in which a 
larger forest area was excluded from forestry operations as described below. Five types of 
potentials were considered in this study:  
• Theoretical potential: the maximum wood production potential of forests. As a proxy for 

the theoretical potential, we used the total wood production potential of all forest areas 
excluding the protected areas. This corresponds to forest areas numbers 1-5 and 8-10 in 
Figure 2. The theoretical wood production potential in 1995 was calculated to be 9.6 
Gm3y-1 (112 EJy-1) in a forest area of 2.8 Gha. The carbon sequestered in 9.6 Gm3 
roundwood is calculated to be 2.8 Gt, assuming a density of wood of 0.58 oven dry tm-3 
green wood (FAO, 1998c) and a carbon content of 50 % of oven dry wood.  

• Technical potential: the theoretical potential including limitations due to technical 
barriers. As a proxy for the technical potential, we used the total wood production 
potential of all forest areas, excluding the protected areas and the physically inaccessible 
areas due to factors such as steepness of terrain, because these areas cannot be harvested 
using conventional logging methods. This corresponds with areas 1, 2, 4, 5, 9, and 10 in 

                                                 
51 Worldwide, 12.4 % of the world’s forests is in protected areas (FAO, 2001). For many countries, however, this 
percentage is less than 10 % of the total area.  
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Figure 2. The technical potential in 1995 was calculated to be 8.9 Gm3y-1 (104 EJy-1) in a 
2.6 Gha forest. 8.7 Gm3 roundwood represents a carbon pool of 2.6 Gt. 

• Economical potential: the technical potential that can be produced at economically 
profitable levels. As a proxy we used the GAI of the commercial growing stock in 1995. 
The forest area included areas classified as ‘available for supply’, i.e., areas 1 and 2 in 
Figure 2. Since, in principle, all woody biomass can be used as a source of bioenergy, this 
potential may be an underestimation of the economical potential of bioenergy. 
Worldwide, the GAI of the total growing stock is 1.6 times the GAI of commercial 
growing stock52. The economical potential in 1995 was estimated to be 3.9 Gm3y-1 
(45 EJy-1) in a 1.5 Gha forest. The 3.9 Gm3y-1 forest growth represents a carbon flux of 
1.1 Gt.  

• Ecological-economical potential: the economical potential taking into account an 
additional ecological criterion other than the 10 % criterion. The 10 % criterion was 
upheld to prevent a further decrease of biodiversity in undisturbed forests. It is more a 
political target supported by nature conservation organizations such as the World Wildlife 
Foundation than a scientifically supported threshold that ensures a sufficiently diverse 
biodiversity for a stable global ecosystem (Soulé and Sanjayan, 1998)53. The ecological-
economical potential is limited to the growth of the commercial stock of forests classified 
as ‘disturbed’. The restriction to using existing disturbed forest areas avoids a further 
increase of the pressure on biodiversity in undisturbed old-growth forests. Consequently, 
the present species diversity in undisturbed forests was used as a baseline. As a result the 
ecological-economical wood production potential was limited to area 1 in Figure 2 and 
equaled 2.2 Gm3y-1 (25 EJy-1) in a 0.9 Gha forest. 2.0 Gm3 roundwood represents a carbon 
pool of 0.6 Gt. Note that the inclusion of other ecological criteria, such as nutrient 
depletion resulting from increased biomass removals, may further limit the ecological-
economical potential. 

  
In addition to the four potentials defined above, a fifth potential was analyzed: the ecological 
potential. The ecological potential is the theoretical potential taking into account ecological 
criteria related to biodiversity as described under the ecological-economical potential and 
criteria related to soil erosion. This potential was based on forest growth of the commercial 
and noncommercial growing stocks in all already disturbed forest areas, excluding the 
physically inaccessible areas. In this way, forest areas in mountainous regions that are 
sensitive to soil erosion were excluded and a further increase in the pressure on biodiversity in 
undisturbed forests avoided. The ecological potential included forest areas 1, 4, and 5 in 
Figure 2 and was estimated to be 3.6 Gm3y-1 (42 EJy-1; 1.0 GtCy-1) in a 1.3 Gha forest. 
 

                                                 
52 Regional figures are 1.0 for North America, 1.2 for Oceania, 1.2 for Japan, 1.1 for West Europe, 1.1 for East 
Europe, 1.4 for the C.I.S. & Baltic States, 2.5 for sub-Saharan Africa, 3.2 for the Caribbean & Latin America, 1.0 for 
Middle East & North Africa, 1.3 for East Asia, and 1.6 for South Asia. 
53 Protection of only 10 % would make half of the earth’s terrestrial species vulnerable to extinction (Soulé and 
Sanjayan, 1998). The basis for this calculation is the species diversity - area correlation, which is S = k Az (where S is 
species richness, A is area, and k and z are fitted parameters, and z<1); thus, the larger the area, the more diverse the 
species mix. 
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Deforestation can reduce the forest area and consequently the standing stock and the supply of 
woody biomass from forestry. Deforestation results of a reduction of the carbon stock in forest 
biomass and forest soils. The worldwide carbon stocks in forest biomass and forest soils are 
estimated at 359 Gt and 787 Gt, respectively (Watson et al., 2001). The main cause of 
deforestation is land clearing for agricultural purposes. Two scenarios were included in this 
study:  
• No deforestation. In this scenario all forest areas were kept constant at the 1995 state. 

Various studies projected that the global area under forest cover will decrease during the 
coming decades, mainly as a result of an increase in the area of agricultural land in the 
developing regions (Bruinsma, 2003). More efficient food production, however, could (at 
least in theory) reduce the area of agricultural land without endangering the supply of 
food in the coming decades (Hoogwijk et al., 2003; Wolf et al., 2003; Smeets et al., 
2004).  

• Deforestation. In this scenario deforestation rates (annual forest cover change rate in % y-

1) were kept constant at the average rate reported for the period 1990-2000 in the Global 
Forest Resource Assessment 2000 (FRA 2000, (FAO, 2001)54. This rate was applied to all 
forest types. When the forest area of a region increased between 1990 to 2000, the 1995 
level was used for calculations. The forest area and, thereby, the wood production 
potential decreased as a result of deforestation: the theoretical, technical, economical, 
ecological-economical, and ecological potentials of the supply of wood from forests 
decreased to 89 %, 90 %, 96 %, 94 %, and 87 %, respectively, between 1995 and 2050 
compared to the potentials where deforestation was excluded. The bulk of the decrease 
came from the developing regions (all figures are averages of the five types of potentials): 
-83 % for South Asia, -38 % for sub-Saharan Africa, -26 % for the Caribbean & Latin 
America, -20 % for East Asia, and -17 % for Middle East & North Africa55. The projected 
loss of forest area may be overestimated for two reasons. First, the assumed deforestation 
rates included the conversion of forests into plantations. A constant deforestation rate 
implies a constant plantation establishment rate. Assuming the plantation establishment 
rate measured in 2000 (FAO, 2001), the plantation area would increase by 245 million ha 
over the period from 1995 to 2050. The current plantation establishment rates, however, 
are likely to decrease during the coming decades (see also Section 3.2). Second, 
deforestation rates have decreased during the past decades (FAO, 2001) and population 
growth, which is an important cause of agricultural expansion and thus deforestation, was 

                                                 
54 In the FRA 2000 the definition of forests includes plantations. In this study the term forests excluded plantations. 
Therefore, the deforestation rates given in the FRA 2000 are increased by the annual plantation establishment rate in 
2000 (given in the FRA 2000 to calculate the deforestation rate of natural forests). The present global deforestation 
rate of natural forests was calculated to be 0.36 % vs. 0.24 % if plantations were included in the definition of forests. 
55 One of the few sources that provide projections of deforestation rates is the IMAGE model. The IMAGE model is a 
dynamic integrated assessment modelling framework to assess the impact of global change and indicate the impact of 
climate change mitigation policies. The IMAGE model uses various scenarios based on storylines from the 
Intergovernmental Panel on Climate Change (IPCC, 2000), that vary with respect to the degree of globalization vs. 
regionalization and the degree of orientation on materialistic vs. social and ecological values; all IMAGE scenarios 
are considered equally plausible. The loss (-) or gain (+) of forest area projected by the IMAGE model between 1995 
and 2050 for various regions was -7 % to -53 % for Saharan Africa, -23 % to +10 % for the Caribbean & Latin 
America, -90 % to -40 % for Middle East & North Africa, -25 % to +35 % for East Asia, and -88 % to -24 % for 
South Asia. Comparison between deforestation projections included in this study and the IMAGE model is, however, 
problematic because of differences in the definitions and because the IMAGE projections were based on scenarios.  
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projected to slow down in the coming decades (FAO, 2001; UNPD, 2003). Although 
these trends suggest a continuing decline in the rate of forest cover loss, the extent to 
which deforestation rates may decrease is difficult to quantify. 

Note that the projections of the global fiber supply up to 2050, included in the GFSM, were 
excluded because they included various (scenario) specific assumptions that were not 
documented.  
 
In theory, deforestation accounts for one fourth56 to two fourths57 of the global supply of 
industrial roundwood and woodfuel. However, deforestation as a source of woody biomass 
was excluded from this study for three reasons. First, we do not want to imply that wood from 
deforestation should be used as source of bioenergy, regardless of the cause of the 
deforestation. Second, data on the amount of wood from deforestation were considered not 
available. Finally, the contribution to the supply of woodfuel and industrial roundwood is 
probably limited because biomass from deforestation is often not used as a source of wood for 
various reasons: (1) the number of commercially tradable species may be low, particularly in 
unmanaged remote forest areas where deforestation is currently taking place; (2) forest areas 
are often burnt to clear land for agriculture; (3) the lack of infrastructure to harvest and 
transport wood, particularly in remote areas where deforestation is taking place today, 
prevents the commercial use of wood from deforestation. If deforestation as a source of wood 
had been included in the calculations of the global theoretical and technical wood potentials, 
then these potentials would have been one eighth to one fourth higher.  
 
3.2 Supply of wood from plantations 
 
Data regarding plantations58 is often incomplete or unreliable (Bazett, 2000; FAO, 2000b; 
FAO, 2001). This uncertainty not only concerns the total plantation areas and establishment 
rates, but is also particularly relevant to data on net planted area by species, yield levels, and 
the purpose of plantations. This is especially true for the developing regions (Pandy and Ball, 
1998; Bazett, 2000). Consequently, most data on plantations are derived from trend 
extrapolations and estimates based on available data and expert judgment (FAO, 2001). 
Estimates of the global plantation area found in the literature ranged from 130 million hectares 
(Solberg et al., 1996) to 204 million hectares (Siry et al., 2005) as a result of differences in 
definitions and base year. In this study we used data from the Global Outlook for Future 
Wood Supply from Plantations, which was published by FAO’s Forestry Department (FAO, 
2000b). According to that study the plantation area in 1995 was 124 Mha. More recently, in 

                                                 
56 Assuming a deforestation rate of 0.36 % (FAO, 2001), an average standing volume of 100 m3ha-1 (FAO, 2001), a 
forest area of 3.2 Gha (FAO, 1998c), a fraction of the total GAI that comes from commercial species of 0.6 (see 
Section 3.1) and a global wood consumption in 1998 of 3.4 Gm3.  
57 Assuming an annual decrease of the carbon stock in forest biomass of 1.1 Gt (FAO, 2005b), a carbon content of 50 
% on dry weight basis, a density of 0.58 oven dry tm-3 green wood (FAO, 1998c), a fraction of the total GAI that 
comes from commercial species of 0.6 (see Section 3.1), a logging residues generation ratio of 0.6 (see Section 3.6), 
and a global wood consumption in 1998 of 3.4 Gm3. 
58 Plantations were defined as “forest stands established by planting and/or seeding in the process of afforestation or 

reforestation. They are either of introduced species (all planted stands), or intensively managed stands of indigenous 

species, which meet the following criteria: one or two species at plantation, even age class, regular spacing. Stands 

which were established as plantations, but which have been without intensive management for a significant period of 

time are excluded (...)” (FAO, 1998c). 
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their Forest Resource Assessment 2000 (FRA 2000), the FAO reported a global plantation 
area of 187 Mha (FAO, 2001). The difference in estimates was partially caused by changes in 
the definitions. The data cannot, therefore, be compared directly. The FRA2000 data are more 
accurate and up-to-date than the data presented in the Global Outlook for Future Wood Supply 
from Plantations. Nevertheless, we used data from the latter study because, unlike the FRA 
2000 study, it did include projections of the future supply of wood from plantations to the year 
2050.  
 
Two types of plantations were included in this study: industrial and non-industrial. Industrial 
plantations are established to produce industrial roundwood, while non-industrial plantations 
are established for woodfuel production or soil and water protection. The latter may also be 
planted for recreation or similar nonproductive purposes (FAO, 2000b). The area of industrial 
roundwood plantations in 1995 was estimated to be 103 Mha and that of the non-industrial 
roundwood plantations 20 Mha (FAO, 1998c). In 1995, industrial plantations supplied 24 % of 
the total industrial roundwood production and 6 % of the woodfuel production, assuming that 
all wood from non-industrial plantations was used as woodfuel59.  
 
Three scenarios (low, medium, and high) were included for the supply of wood from 
plantations that differ in plantation establishment rate and productivity, as projected by the 
FAO (FAO, 1998c). The productivity of the plantations was calculated by the FAO based on 
an assessment of the current yield levels and age-class distribution and on the assumption that 
all harvested areas were replanted with the same species mix and for the same purpose after 
harvesting. Variations in yield levels per hectare between the base year and 2050 were the 
result of the age-class distribution effect, as described below (FAO, 2000b). Data available at 
the national level were aggregated to provide regional totals.  
• The low scenario was based on a plantation area equal to the 1995 area. Despite the 

constant plantation area, the wood production was projected to increase from 331 Mm3 
(3.8 EJ) industrial roundwood and 86 Mm3 (1 EJ) woodfuel in 1995 to 612 Mm3 (7 EJ) 
industrial roundwood and 175 Mm3 (2 EJ) woodfuel in 2050. This increase was the result 
of the large share of young immature plantations in the present plantation age-class 
structure: in 1995, 54 % of the industrial plantations and 80 % of the non-industrial 
plantations were less than 15 years old (FAO, 2000b). These plantations could become 
fully productive in the following decades, resulting in an irregular production pattern. A 
peak in industrial roundwood production of 670 Mm3 (8 EJ) was projected for 2020, 
resulting from the medium rotation plantations (20-40 years) reaching maturity. A second 
peak in industrial roundwood production (710 Mm3; 8 EJ) was projected for 2040 as a 
result of the coincident maturation of long rotation length plantations (40+ years) and 
medium rotation length plantations. A peak for woodfuel was anticipated in 2045: ca. 190 
Gm3 (2.2 EJ). 

• The medium scenario was based on a fixed 1 % annual increase of the plantation area of 
the 1995 plantation area. This resulted in an industrial plantation area in 2050 of 160 Mha 

                                                 
59 According to the FRA2000 study these figures were 35 % and 5 %, respectively, for 2000 (FAO, 2001). 
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and a non-industrial plantation area of 31 Mha60. The calculated wood production 
potentials of industrial and non-industrial plantations in 2050 were 867 and 247 Mm3, 
respectively (10 and 3 EJ). 

• The high scenario was based on the gradual reduction of the current establishment rates61. 
Plantation establishment rates had increased during the past decades, from 0.42 Mha y-1 
between 1946 and 1950 to 4.3 Mha y-1 between 1991 and 1995 (FAO, 2000b). Today, Asia 
accounts for 63 % of the plantation establishment. A decrease in the current plantation 
establishment rates is likely because a continuation of current trends would result in 
unlikely high plantation areas, particularly in Asia. In the high scenario an industrial 
plantation area of 234 Mha and a non-industrial plantation area of 58 Mha in 2050 would 
produce 1500 and 487 Mm3 industrial roundwood and woodfuel, respectively (17 and 
6 EJ). The total global plantation area and wood production from plantations in 2050 in the 
high scenario were larger than in the medium scenario. In two regions, however, the 
plantation area and production in 2050 were smaller in the high scenario than in the 
medium scenario: Japan (12 Mha in the high scenario and 17 Mha in the medium scenario) 
and the C.I.S. & Baltic States region (28 Mha in the high scenario and 34 Mha in the 
medium scenario). The FAO states that the high scenario “seems to be achievable in 

physical terms and represents the upper boundary of new planting rates”. However, it also 
states, “this scenario requires a significant change in current thinking about ecology and 

desired forest practices”. Concerns have arisen in Europe and North America, in 
particular, the extent to which plantations are beneficial from an environmental point of 
view, especially with respect to possible negative impacts on water resources (FAO, 
2000b).  

 
Note that due to the age class distribution effect, countries that establish plantations with 
medium and long rotation species, plantations established after 2025 have no or little impact 
on the wood production from plantations in 2050. As a result, the potential wood production 
from the plantation area in scenarios 2 and 3 was much larger than was realized in 2050. For 
example, in the high plantation establishment scenario, the area industrial plantation 
establishment in 2050 could, in theory, supply ca. 2.0 Gm3 compared to the 1.5 Gm3 
production projected for 2050 (FAO, 2000b). The age class distribution effect can be reduced 
if more short rotation plantations are established that have considerably shorter rotation cycles 
than the 25 years mentioned above. For example, eucalyptus plantations in Brazil have a 
typical rotation cycle of 6-7 years (IEA, 1997).  
 

                                                 
60 The areas refer to the net plantation establishment, thus excluding areas that were planted but failed to become 
productive plantations. In 2000, two-thirds of all newly established plantations were successful (FAO, 2001).  
61 The description of Scenario 3 as given by (FAO, 2000b) is: “annual rates of new planting in tropical and 

subtropical countries were taken from Pandey (1997) and current new planting rates were estimated for temperate 

countries. These rates of new planting were then used for the first ten years of the scenario (i.e. 1995-2004). For the 

next ten years (2005-2014), these rates were reduced by 20 percent (i.e. to 80 percent of the current rate). The same 

reduction (in absolute terms, i.e. the number of hectares rather than a compounded percentage) was then applied to 

both of the following two ten-year periods (i.e. 2015-2024 and 2025-2034) and for the final 16 years of the projection 

period (2035-2050). Thus, in the final 16 years of the projection period, it was assumed that the annual rate of new 

planting in each country will have fallen to 20 percent of the current new planting rate”. 
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3.3 Supply of wood from trees outside forests 
 
Trees outside forests are defined as all trees not belonging to forests or plantations. Trees 
outside forests are located in orchards, meadows, home gardens, and parks, alongside roads 
and waterways, and so on. A comprehensive global assessment of the number of trees outside 
forests and their products does not exist (FAO, 2001); however, various regional and national 
assessments have provided some information. According to the Asia Pacific Forestry Sector 
Outlook Study, the total production of industrial roundwood and woodfuel in the Asia-Pacific 
region in 2010 will be supplied for 35 % by trees outside forests (FAO, 1998a). Studies 
undertaken by FAO’s Regional Wood Energy Development Programme (RWEDP) concluded 
that in 15 of the Asian countries covered, as much as two thirds of the woodfuel is derived 
from non-forest sources; national data range from 49 % in India to 87 % in Bangladesh (FAO, 
1997d). In France TOF make up 5 % of the total wood production. In Morocco 20 % of the 
land is occupied by TOF, while less than 5 % of the land cover is classified as forest cover 
(FAO, 2002d). 
 
It can be concluded that TOF (trees outside forests) contribute significantly to the supply of 
woodfuel in developing regions. In this study, we assumed that TOF supplied 67 % of the 
woodfuel consumption in the developing regions in 1998 based on data reported for Asia by 
the RWECP. For Africa we used a figure of 50 %, because woodfuel production is more 
commercialized in Africa than in Asia (Whiteman, personal communication). We assume that 
as a result in Africa a larger portion of the woodfuel supply comes from 
conventional/commercial forestry operations compared to Asia. For all other developing 
regions, we assumed that TOF accounted for 67 % of the woodfuel supply in 1998. We 
assumed that TOF did not contribute to the supply of woodfuel in the industrialized countries 
and economies in transition. Note that in the industrialized and transition economies woodfuel 
consumption accounts for only 13 % of the total wood consumption. In all regions the 
contribution of TOF to the supply of industrial roundwood consumption was set at 0 % for 
two reasons. First, no detailed regional data on the contribution of TOF were available. Data 
were only available for France: it was suggested that 5 % of the total wood supply came from 
TOF. Second, the introduction of assumptions regarding the contribution of TOF to the supply 
of industrial roundwood could lead to an overestimation of the supply of TOF and thus an 
underestimation of the supply of wood from forests and an overestimation of the energy 
potential from forest biomass.  
 
Based on the assumptions just described, we calculated that TOF contributed one-third to the 
total global wood consumption and about two-thirds to the total woodfuel consumption in 
1998. This is equivalent to 1.1 Gm3 wood (13 EJ). In this study the supply of wood from TOF 
is assumed constant to the year 2050.  
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3.4 Demand for industrial roundwood 
 
The global demand for industrial roundwood in 2002 was 1.6 Gm3 (19 EJ) (FAO, 2003a). We 
analyzed the various projections of the global demand for industrial roundwood in 2050 that 
were found in the literature. Table 1 shows the results of this literature scan.  
 
As shown in Table 1, the consumption of industrial roundwood in 2050 was estimated to be 
0.9-6.9 Gm3 (10-80 EJ). This large range was the result of differences in the calculation 
methodology applied in the various studies and the assumptions on key parameters and their 
correlations. Most important, however, were the objective and scope of the studies. Scenario 
studies are intended to describe the potential impact of assumptions and measures on future 
developments or to focus on the impact of assumptions about the value of a specific parameter 
(e.g., Brooks et al., 1996; Sohngen, 1997; Sedjo and Lyon, 1998; IMAGE-team, 2001). Most 
of the studies included supply-and-demand matching using demand and supply curves: the 
intersection of the two curves shows the equilibrium between demand and supply and the 
equilibrium price level. The key parameters in these studies were population growth, income 
growth, plantation establishment rates and costs, harvesting levels and costs, the impact of 
policies related to agriculture, forestry, trade, and so on. Other studies aimed at an 
approximation of the most likely consumption level of industrial roundwood in 2050 (e.g., 
Alexandratos, 1994; FAO, 1995; FAO, 1999; Bazett, 2000). The scenario studies usually 
yielded a wider range in projections than studies that focused on (assumed) likely 
developments. Sedjo and Lyon (1998), for example, reported that the consumption of 
industrial roundwood ranged from 0.9 to 6.3 Gm3 (10 and 73 EJ) in 2050, depending on 
various scenario variables such as the demand for wood and the plantation establishment rate. 
Estimates of the FAO that focused on likely developments projected a consumption of 2.4-3.1 
Gm3 in 2050 (FAO, 2000b), which is in line with other baseline scenarios for 2050: e.g., 2.2 
Gm3y-1 in Sohngen (1997), 2.5 Gm3y-1 in Bazett (2000), and 2.3 Gm3y-1 in Sedjo and Lyon 
(1998). A detailed comparison or appreciation of the various studies, however, was difficult 
because the methodologies and assumptions were often not or insufficiently described.  
 
Our study used three scenarios for the consumption of industrial roundwood that represent the 
range found in the literature:  
• The low scenario: 1.9 Gm3 (22 EJ) in 2050. This figure was based on the lower range of 

projections found in literature (Brooks et al., 1996).  
• The medium scenario: 2.5 Gm3 (29 EJ) in 2050. This figure was the average of the high 

and low scenarios.  
• The high scenario: 3.1 Gm3 (36 EJ). This scenario represented the higher range of 

estimates of industrial roundwood consumption (FAO, 2000b).  
The consumption of industrial roundwood in the low, medium and high scenario represents a 
carbon flux of 0.55, 0.73, and 0.90 Gt, respectively. 
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Table 1. Selection of projections for the consumption of industrial roundwood in 2050 found 
in the literature (Mm3). Source: supplemented and modified from Weiner and Victor (2000). 
N/a = the publication is not available; N/d = the methodology is not described. 
Source mid 

90's 
2000 2010 2020 2030 2040 2050 Method 

Alexandratos (1994)   2700     N/d 
Apsey and Reed (1995) demand 1660 1790 1940 2250    The demand is assumed to 

increase at 1.5 % per year; N/a. 
Apsey and Reed (1995) supply   1510 1680    The supply is estimated based 

on “judgemental extrapolation 

from region and country data 

and a network of experts”.  
Bazett (2000)       2500 The average of various 

projections found in literature. 
Brooks et al., (1996) low GDP, high price   1730 1840 1870 1880 1880 1880 
Brooks et al., (1996) high GDP, high price   1730 1860 1910 1930 1950 1970 
Brooks et al., (1996) low GDP, medium price   1780 1980 2120 2230 2340 2450 
Brooks et al., (1996) high GDP, medium price  1780 2000 2150 2290 2430 2570 
Brooks et al., (1996) low GDP, stable price   1810 2080 2290 2490 2710 2930 
Brooks et al., (1996) high GDP, stable price  1810 2090 2330 2560 2810 3070 
Brooks et al., (1996) constant per capita 
consumption 

 1890 2030 2160 2270 2380 2490 

The consumption of industrial 
roundwood per capita is 
modeled as a function of income 
per capita and prices. Price and 
income elasticities are derived 
from historic data.  

FAO 1995 in FAO (1997b)  1900 2280     N/a 
FAO (1997c) 1475 1627 1784     The Global Forests Product 

Model (GFPM) (Buongiorno et 

al., 2003) is a dynamic 
economical equilibrium model 
that predicts production, 
consumption, trade and prices of 
14 forest products in 180 
countries. 

FAO (1999) 1490  1870     GFPM, see (FAO, 1997c). 
FAO (2000a) 1491    2412    
FAO (2000b) scenario 1 1500      3100 Consumption increases at the 

growth rate projected by the 
GFPM over the period 2005 - 
2010 (1.27 % y-1); see (FAO, 
1997c). 

FAO (2000b) scenario 2 1500      2900 Consumption increases at the 
average growth rate of industrial 
roundwood consumption over 
the period 1961 - 1998 (1.1 % y-

1). 
FAO (2000b) scenario 3 1500      2340 Consumption initially increases 

at the average growth rate of 
industrial roundwood 
consumption over the period 
1961 – 1998 and the annual 
growth rate decreases by 0.03 % 
y-1. 

FAO (2003a) 1513 1588      Historic data. 
FAO (2003, unpublished data) GFPM model runs to 
2030  

1621 1689 1887 2155 2470   GFPM, see (Buongiorno et al., 
2003) 

IIED (1996) 1784 1878 2046 2177    N/a 
Nilsson (1996), demand   2100 2400    Methods are similar to those 

used by Apsey and Reed (1995). 
Nilsson (1996), non-mainstream demand  1730 1895 2000   2200 Methods are similar to those 

used by Apsey and Reed (1995). 
ITTO (1999)  1995 2166 2260    N/a 
Poyry, 1995 in FAO (1997b)  1500 1700     Economical demand and supply 

modeling, includes population 
growth and economical growth; 
n/d 
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Table 1 (continued)  
IMAGE-team (2001) A1 scenario  1505 1634 2022 2511 3134 3993 5014 
IMAGE-team (2001) A2 scenario  1505 1632 1877 2095 2301 2562 2852 
IMAGE-team (2001) B1 scenario  1505 1633 1778 1896 2023 2191 2341 
IMAGE-team (2001) B2 scenario  1505 1634 1911 2186 2397 2597 2844 

Consumption is modeled as a 
function of population growth, 
industrial value added, the 
availability of forests, prices and 
wood demand. Correlations are 
statistically derived from historic 
data. 

Sedjo and Lyon (1998)  
base case 

1700      2300 

Sedjo and Lyon (1998)  
decreasing demand 

1700      930 

Sedjo and Lyon (1998)  
high demand (FAO forecasts) 

1700      2600 

Sedjo and Lyon (1998)  
very high demand 

1700      2900 

Sedjo and Lyon (1998)  
low supply, low demand 

1700      1250 

Sedjo and Lyon (1998)  
low supply, base case demand 

1700      1650 

Sedjo and Lyon (1998)  
high demand, high plantation  

1700      6900 

Timber Supply Model (TSM) ’96 is 
a rotational expectations model. The 
model includes demand and supply 
matching. The supply is modeled as 
a function of e.g. forest rotation 
length, rate of technological change 
and price levels. The demand is 
included based on exogenous 
assumption on growth rates.  

Simons (1994)    2551    N/a 
Sohngen (1997)* high demand  1500   2150   2500 
Sohngen (1997) high plantation  1650   2050   2450 
Sohngen (1997) high inaccessible 1750   2050   2300 
Sohngen (1997) baseline 1600   1900   2150 
Sohngen (1997) low plantation  1600   1850   2000 

Sohngen (1997) low demand  1650   1750   1950 

Economical demand-supply model; 
includes data on e.g. plantation 
establishment rates, timberland 
management schemes and the 
accessibility of forests. 

Whiteman (1999) 1493  1881     GFPM, see (Buongiorno et al., 
2003) 

World Bank/WWF Alliance  
unpublished in (Weiner and Victor, 2000) 

1500      3000 N/a 

WRI (1998)   1907 2251    N/a 
Constant per capita consumption  1588 1789 1986 2167 2320 2442 Based on population projections of 

the United Nations (UNPD, 2003) 
and historic data. 

* All data from Sohngen (1997) are estimated from graph. 

 
We acknowledge that the selection of these scenarios was somewhat arbitrary because, as 
shown in Table 1, higher and lower consumption levels are possible. Nevertheless, we 
considered the three scenarios representative of the (assumed) likely developments found in 
literature. The three global scenarios were translated into regionally aggregated scenarios 
using data from the Global Forests Product Model (GFPM) (FAO, 1998d). The GFPM is a 
spatial equilibrium model developed at the FAO. It is the only model that presents long-term 
(to 2030) projections per country and per forest product type. The consumption of woodfuel 
and industrial roundwood in 2050 was calculated by means of trend extrapolation based on the 
consumption in 2030 and the annual average increase of consumption between 2020 and 2030, 
as projected by the GFPM. The results were upscaled or downscaled so that the total global 
consumption in 2050 matched the three scenarios. For example, if in the global scenario the 
demand in 2050 was 20 % above the projected (trend extrapolated) demand by the GFPM for 
2050, we assumed as a first-order approach, due to a lack of projections, that the regional 
demand was 20 % higher than projected by the GFPM.  
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3.5 Demand for woodfuel 
 
Data on the consumption of woodfuel (including charcoal) and the sources of woodfuel are 
very uncertain because they are largely derived from samples and limited survey data. Sharma 
et al. (1992) suggested a much higher woodfuel consumption than the FAO (2.9 Gm3 vs. 1.7 
Gm3 in 1995) and Jones pointed out that the woodfuel consumption in India may be 10 times 
higher than that officially reported (Jones (1995) in Sundquist, 2003). The FAO estimated the 
consumption of woodfuel in 2002 to be 1.8 Gm3 (21 EJ) (FAO, 2003a)62. This study also used 
the FAO data. Table 2 gives an overview of the various projections of woodfuel consumption 
found in the literature.  
 
Projections of the use of woodfuel in 2050 that were found in the literature ranged between 0 
and 2.9 Gm3 63 (0 and 34 EJ). This large range was the result of differences in methodology, 
objectives, assumptions, or a combination of these factors. Johanssen (1993b) assumed that 
the use of woodfuel was completely phased out between 2025 and 2050, i.e., it was replaced 
by other energy sources (oil, gas, coal), as a result of urbanization and increasing income. 
Nilsson (1996) estimated the requirements for woodfuel necessary to achieve development 
objectives (4.3 Gm3 in 2010), excluding an analysis on the extent to which this demand can be 
met. Zuidema (1994) estimated woodfuel consumption patterns including the impact of large 
land use and vegetation changes due to the greenhouse effect and the impact on wood supply 
(1.5 Gm3 in 2010). These three studies resulted in unlikely high or low levels of consumption 
because supply and demand interactions were excluded or the impact of a certain parameter 
was exaggerated, at least compared with other studies, namely Alexandratos (1994), Apsey 
and Reed (1995), Brooks et al., (1996), and IMAGE-team (2001), and various FAO 
projections. All of these studies included some sort of supply-and-demand matching or aimed 
at an estimation of a (assumed) most likely scenario. We composed three scenarios for the 
consumption of woodfuel in 2050 based on the ranges reported in these studies. 
• The low scenario: set at 1.7 Gm3 (20 EJ) in 2050. This scenario represented the lowest 

projection found in the literature: the IMAGE B1 scenario (IMAGE-team, 2001). We 
disregarded the 0 Gm3 assumed by Johanssen (1993b).  

• The medium scenario: 2.2 Gm3 (25 EJ) in 2050, which was the average of the low and high 
scenarios.  

• The high scenario: 2.6 Gm3 (30 EJ) in 2050. This scenario was based on a constant 
woodfuel consumption per capita and an increase in global population to 2050 following 
the medium population growth scenario projected by the United Nations Population 
Division (UNPD, 2003). That scenario was higher than the projections found in the 
literature for 2050. We included the scenario because some of the projections to 2010 and 
2020 that exclude projections for 2050 were based on higher consumption growth rates  

                                                 
62 The 21 EJ of woodfuel consumption in 2002 mentioned here is lower than the 39 EJ of traditional biomass 
consumption reported in the introduction because of differences in classification: the 21 EJ includes traditional 
woodfuel only, while the 39 EJ also includes other bioenergy sources, such as manure and agricultural residues.  
63 Based on a consumption of 2.9 Gm3 in 2020 as projected by Solomon in (Nilsson, 1996) and assuming constant 
consumption from 2020 to 2050.  
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Table 2. Selection of projections for the consumption of woodfuel in 2050 found in the 
literature (Mm3). Source: supplemented and modified from Weiner and Victor (2000). N/a = 
the publication is not available; N/d = the methodology is not described. 
Source mid 

1990’
s 

2000 2010 2020 2030 2040 2050 Method 

Alexandratos (1994)   2400     N/d 
Apsey and Reed (1995)*   2325 2607    N/a 
FAO (1995) 1940 2090 2380     N/d 
Brooks et al., (1996) lower GDP growth   1900 1980 2030 2030 2060 2100 
Brooks et al., (1996) higher GDP growth  1900 1940 1930 1880 1850 1860 
Brooks et al., (1996) constant per capita 
consumption 

 2120 2440 2730 3020 3350 3710 

Economical supply demand matching: 
demand is projected based on GDP 
projections; supply is projected based on 
assumptions on price levels.  

FAO (1997c) 1736 1885 2052     The Global Forests Product Model 
(GFPM) (Buongiorno et al., 2003) is a 
dynamic economical equilibrium model 
that is used to predict production, 
consumption, trade and prices of 14 forest 
products in 180 countries. 

FAO (2003a) 1735 1761      Historic data. 
FAO (2003, unpublished data) GFPM 
model runs to 2030 

1778 1828 2020 2273 2585   GFPM, see (Buongiorno et al., 2003) 

FAO (2000a)   2200     Based on an annual 1.4 % increase in 
consumption as projected by Alexandratos 
(1994). 

IMAGE-team (2001)** A1 scenario 1789 1874 1997 2053 2065 2028 1954 
IMAGE-team (2001) A2 scenario 1789 1887 2121 2306 2416 2474 2480 
IMAGE-team (2001) B1 scenario 1789 1876 1987 1937 1937 1840 1734 
IMAGE-team (2001) B2 scenario 1789 1858 1933 1961 1941 1868 1768 

Based on a fixed fraction of the demand 
for traditional biofuels, calculated by the 
TIMER (Targets Image Energy Regional) 
model. TIMER is an economical energy 
supply demand model. 

Johanssen et al., (1993b)       0 Based on the assumption that woodfuel is 
phased between 2025 and 2050. 

Nilsson (1996)  3800 4250     Based on the per capita demand for 
woodfuel necessary to achieve 
development objectives (taken from FAO, 
1981 in Nilsson (1996) multiplied by the 
population projections of the United 
Nations Populations Division. 

Sharma et al., (1992) in (Brooks et al., 
1996) 

2800 3050 3400 3900    N/a 

Solomon in (Nilsson, 1996)   2520 2920    N/a 
Whiteman et al., (1999) 1802  2210     GFPM, see (Buongiorno et al., 2003) 
Zuidema (1994)   1500     N/a; Projections include the impact of 

large land use and vegetation changes due 
to the greenhouse effect and the impact on 
wood supply.  

Constant per capita consumption  1761     2621 Based on population projections of the 
United Nations (UNPD, 2003) and historic 
data.  

* Projections given by Apsey and Reed (1995) are based on a higher estimate on the present woodfuel consumption and consequently 
project a higher woodfuel consumption for 2010. 
** The relatively low level of woodfuel consumption projected by the IMAGE-team compared to other projections can be explained 
by the relatively strong increase in income in particularly the developing countries. Income projections from the World Bank, on which 
FAO projections are based, indicate a slower increase in income.  

 
than the projections to 2050 (compare, e.g., the various IMAGE projections (2001) with 
the projections in Alexandratos (1994)). 

The low, medium and high scenario represent a carbon flux of 0.49, 0.62, and 0.75 Gt, 
respectively. 
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Regionally aggregated data on woodfuel consumption in 2050 were estimated based on trend 
extrapolations of the projections for 2030 by the GFPM (FAO, 1998d). The same 
methodology was applied here as for industrial roundwood.  
 

3.6 Wood logging residues 
 
Logging residues are also called primary residues and include e.g., twigs, branches, and 
stumps. The bioenergy potential of logging residues is dependent on a large number of 
variables, e.g., the tree species, the harvesting system, the amount of residues that can be 
recovered, the alternative use of residues as animal bedding, protection against soil depletion 
or soil erosion, and the loss of biodiversity.  
 
Considering the large number of factors involved and the lack of detailed data on most of 
them, no detailed assessment of the availability of residues for bioenergy was carried out. 
Instead, we used Formula 2 in Appendix A, which includes data on: 
• The harvest of roundwood from forests and plantations. Logging residues from trees 

outside forests were excluded because trees outside forests are scattered over the land area 
and thus limit the amount of residues that can be recovered realistically. Moreover, we 
did not want to overestimate the bioenergy potential of logging residues.  

• The logging residue generation ratio (h). This is the ratio between the amount of residues 
generated and the amount of wood harvested. The residue generation ratio for industrial 
roundwood was set at 0.6 (FAO, 1990; Hall et al., 1993). Other researchers reported 
comparable figures, ranging from 0.65 to 0.82 (Kauppi et al., 1992). The same residue 
generation ratio was assumed for woodfuel. For woodfuel, however, we acknowledge that 
the whole tree is suitable for energy use and thus the whole tree may be harvested. 
Harvesting and processing entire trees may, however, be impractical, particularly in the 
case of commercial woodfuel production in Africa and specifically in charcoal 
production. Consequently, h varies per region and the energy potential from logging 
residues may, therefore, be overestimated, but this is uncertain because no region specific 
data are available.  

• The logging residue recoverability fraction (hr). This is the fraction of generated residues 
that can be realistically harvested. Values found in the literature for industrial roundwood 
logging range from 25 % (Hall et al., 1993) to 50 % (Johanssen et al., 1993b). The 
recoverability fraction was set at 25 % in this study to avoid an overestimation of the 
bioenergy production potential. The same value was used for woodfuel logging residues.  

 
3.7 Wood processing residues  
 
Processing residues are also called secondary residues and include e.g., sawdust, woodchips, 
and black liquor. The energy potential of secondary residues is dependent on a variety of 
factors like the efficiency of the process, the amount of residues that can be realistically 
gathered, and the alternative use of residues as pulpwood, animal bedding, or woodfuel. It 
goes beyond the scope of this study to analyze in detail the potential of wood processing 
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residues. As a result, we used Formula 3 in Appendix A to calculate the potential. It includes 
data on: 
• The consumption of industrial roundwood and woodfuel.  
• The wood processing residue generation fraction (p). This is the fraction of consumed 

wood that is converted into residues during the processing of wood. Hall (1993) reported 
a wood processing residue generation fraction of 0.5. Other studies mentioned 
comparable figures: 0.42 and 0.60 were reported by Heath et al. (1996) and Plantinga and 
Birdsey (1993) in Sohngen and Sedjo (2000), 0.45 to 0.55 for sawmills and plywood 
plants by the FAO (1990), and 0.50 for sawn wood and 0.58 for pulpwood by Plantinga 
and Birdsey (1993) in Sohngen and Sedjo (2000). The World Resources Institute reported 
a figure of 0.30 for the best sawmills in Europe and the USA and 0.7 for many developing 
countries (GFTN/WWF, 2000). This study used 0.5 as the wood processing residue 
generation fraction, due to a lack of region specific data.  

• The wood processing residue recoverability fraction (pr). This is the fraction of 
processing residues that can be realistically collected. Data on the recoverability fraction 
found in the literature vary considerably: roughly from 0.33 (Hall et al., 1993) to 0.75 
(Johanssen et al., 1993b; Williams, 1995). Yamamoto and co-workers (1999) reported a 
recoverability fraction of 0.42 for sawmill residues in developing countries and 0.75 in 
developed countries. This study used a recoverability fraction of wood processing 
residues of 0.75. 

 

3.8 Wood waste 
 
In the end all forest products become available as waste, also referred to as tertiary residues 
(e.g., discarded furniture, demolition wood, and waste paper). An assessment of the bioenergy 
potential of tertiary residues requires a detailed assessment of the amount of wood products 
produced, their life span, the energy content, the recoverability fraction, the recycling of, e.g., 
waste paper. Such an assessment goes beyond the scope of this paper. In order to obtain a 
“first order of magnitude” estimate, therefore, we used Formula 4 in Appendix A. It includes: 
• The consumption of industrial roundwood. 
• The wood product generation ratio (w). This is the fraction of the processed industrial 

roundwood that is incorporated into final wood products. w is equal to the share of the 
consumed industrial roundwood not included in residues, or 1 - p (see Section 3.7). 
Nearly all wood products become available as waste after a time delay. This delay can 
vary from several weeks as in the case of paper to hundreds of years as in the case of 
construction wood.  

• The wood waste residue recoverability fraction (wr). This is the fraction of waste that can 
be realistically harvested. No data are available for the recoverability fraction. This study 
set the recoverability fraction at 0.75, which is the same as the recoverability fraction of 
wood processing residues and municipal solid waste (e.g., Fujino et al., 1999). 

 
3.9 Technological change 
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Despite the importance of changes in wood processing and recycling technologies, 
technological change is usually not specifically included in outlook studies on wood 
consumption. The conversion efficiency of roundwood to wood products has increased 
considerably during the last decades: the use of roundwood has decreased from 3.1 m3 per ton 
product in 1945 to 2.4 m3 per ton product in 1990 (Solberg, 1996). The Global Fibre Supply 
Model (GFSM) of the FAO included data on the efficiency of wood conversion for various 
products; however, these values were fixed in time (FAO, 1998c). Table 3 shows data derived 
from the GFSM for the conversion efficiency of roundwood to various wood products in 
different regions of the world in 1998. The data are regional averages based on national data 
and are weighed on the basis of the production volume. The bottom row shows the conversion 
efficiency based on the best available technology, which was the value obtained in 
countr(y)(ies) with the highest efficiency. Table 3 also shows the potential reduction of 
roundwood input if the currently installed technologies are replaced by the best available 
technologies.  
 
Finally, Table 3 presents the potential to increase the efficiency of wood processing and its 
potential impact on the demand for wood. The data show that even without further 
technological developments, i.e., other than the implementation of the best available 
technologies that exist today, there is a considerable potential to reduce the demand for 
industrial roundwood. Globally, the demand for wood could decrease by 16 % if the best 
available technology were applied. The calculated decrease of 16 % was the average 
unweighed decrease in wood demand for the six production processes included in Table 3. 
Regional figures ranged from 0 % in Japan to 44 % for sub-Saharan Africa.  
 
Table 3. Average conversion efficiency of roundwood to wood products in 2000 for different 
regions and for the best available technology (input per unit of output; dimensionless). Also, 
input reductions are indicated if the best available technology is used (in %). Source: FAO 
(2003, unpublished data). 

roundwood to → Sawn 
wood 

Pulp 
wood 

Particle  
board 

Fibre 
board 

Mechanical 
pulp 

Chemical 
pulp 

 - % - % - % - % - % - % 
North America 1.51 2 1.80 0 1.50 20 1.60 25 2.50 20 3.50 13 
Oceania 1.51 2 1.89 5 1.36 12 1.24 3 2.19 9 3.25 6 
Japan 1.50 2 1.80 0 1.20 0 1.20 0 2.00 0 2.90 0 
West Europe 1.62 9 1.86 3 1.33 10 1.44 16 2.34 14 3.48 11 
East Europe 2.10 30 2.34 23 1.73 31 1.81 34 2.93 32 4.14 30 
C.I.S. & Baltic States 1.87 22 2.15 16 1.68 29 1.79 33 2.68 25 3.94 25 
sub-Saharan Africa 2.52 42 3.69 51 1.84 35 2.14 44 3.77 47 4.80 44 
Caribbean & Latin America 2.08 29 2.28 21 1.66 28 1.78 33 3.08 35 4.13 29 
Middle East & North Africa 1.70 13 2.20 18 1.50 20 1.62 26 3.00 33 4.21 22 
East Asia 1.84 20 1.93 7 1.46 18 1.55 22 2.89 31 3.73 20 
South Asia 1.76 17 1.96 8 1.47 18 1.55 23 2.90 31 3.86 19 
World 1.70 13 1.88 4 1.45 17 1.56 23 2.50 20 3.54 16 
Best available technology 1.47  1.80  1.20  1.20  2.00  2.00  
* All product specific conversion factors are the weighed average conversion factors based on national data on the 
roundwood conversion efficiency and production of the product on volume basis. The average reduction of the 
required roundwood is the unweighed average of the reduction of all five wood conversion processes.  
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The growth in the demand for wood may be reduced further by various other technologies and 
technology-driven developments. These include: 
• Increasing the utilization of recycled wood fibers. The recycling of wood fibers was 

rarely explicitly included in the projections found in the literature. According to the FAO, 
however, 41-77 % of the 390 million tons of paper consumption projected for 2010 could 
be recycled, compared to 44 % of the 120 million tons consumed in 1995 (Mabee, 1998). 
Feber and Gielen (2000) estimated that, in theory, maximum application of wood 
cascading and recycling could reduce the demand for wood by 45 % in 2030.  

• Increasing the utilization of new fiber products, such as medium density fiberboard, 
oriented strand board, and laminated boards. These products maximize the utilization of 
low grade small size fiber and have a considerable potential to temper the increase in 
wood demand (Solberg, 1996; Whiteman, 1999; GFTN/WWF, 2000). Quantitative 
projections are not, however, available.  

New processes that expand the range of types and qualities of wood and non-wood fibers that 
can be processed into useful products, such as rubberwood fibers, oil palm fibers, straws, and 
bagasse (Pande, 1998; Whiteman, 1999). The potential impact on wood consumption or on the 
bioenergy production potential is, however, difficult to estimate. 

4. Results 
 

Figure 4 shows the demand for industrial roundwood and woodfuel in 1998 and the assumed 
demand in 2050. Figures for the supply of wood from trees outside forests, plantations, and 
forests are also presented.  
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Figure 4. Demand for industrial roundwood and woodfuel in 1998 and 2050, the supply of 
wood from plantations and trees outside forests in 1998 and 2050, and the potential supply of 
wood from forests in 2050 based on the theoretical, technical, economical, economical-
ecological, and ecological supply potentials of wood from forests (including deforestation; in 
EJ). 
 



 
 
 
 
 

Bioenergy potentials from forestry in 2050 

113 

The global consumption of wood (industrial roundwood and woodfuel) increased from 2.3 
Gm3 (27 EJ) in 1961 to 3.3 Gm3 (38 EJ) in 2002 and was projected to increase to 3.6-5.7 Gm3 
(42-66 EJ) in 2050. Slightly more than half of this consumption comprised industrial 
roundwood, the remaining was woodfuel. The global supply of woodfuel from trees outside 
forests was assumed to remain stable, namely the equivalent of 1.1 Gm3y-1 (13 EJ y-1) 
roundwood. Consequently, the supply of roundwood from plantations and forest growth had to 
increase from 2.2 Gm3 (26 EJ) in 1995 to 2.5-4.6 Gm3 (29-53 EJ) in 2050 in order to meet the 
projected demand. The supply of wood from plantations was projected to increase 
considerably, from 0.5 Gm3 (6 EJ) in 1995 to 0.8-2.0 Gm3 (9-23 EJ) in 2050. The remaining 
demand for wood from forests was estimated to range from 0.5 to 3.8 Gm3y-1 (6 to 44 EJy-1), 
whereby these values represent two extreme scenarios: a low demand/high plantation 
establishment scenario and a high demand/low plantation establishment scenario. In the case 
of a medium demand/medium plantation scenario, the demand was calculated to be 2.5 Gm3y-1 
(28 EJy-1).  
 
The theoretical potential of the 2050 wood supply from forests, excluding protected areas, was 
calculated to be 8.5 Gm3y-1 (99 EJy-1) including deforestation and 9.6 Gm3y-1 (112 EJy-1) 
excluding deforestation. When protected areas were included, the potential rose 15 % and 
13 %, respectively. These figures excluded the growth of leaves, twigs, needles, etc. When 
this type of biomass was also included, then the total gross annual increment of woody 
biomass increased 67 %, which is equivalent to 14 Gm3y-1 (165 EJy-1) including deforestation 
and 16 Gm3y-1 (186 EJy-1) excluding deforestation. The carbon content of these quantities is 
4.1 Gt and 4.6 Gt, respectively. Spurr (1979, in Sundquist, 2003) reported that the net primary 
productivity of forests equals 13 Gt. For comparison: the total worldwide net primary 
productivity is estimated at 60 Gt C y-1 and the total net ecosystem productivity (net primary 
productivity minus losses from the decomposition of organic material) was estimated at 10 Gt 
C y-1 (Watson et al., 2001). The technical potential of the 2050 wood supply was estimated to 
be 8.0 Gm3 (92 EJ) including deforestation and 8.9 Gm3 (103 EJ) excluding deforestation. The 
economical potential in 2050 was lower: 3.7 Gm3 (43 EJ) including deforestation and 3.9 Gm3 
(45 EJ) excluding deforestation, which is in line with the results of other authors. Hagler 
(1995) and Sundquist (2003), for example, estimated that forests can support a sustainable 
long-term harvest of 3.7 Gm3 (43 EJ) and 4.3 Gm3y-1 (50 EJy-1), respectively. Their data did, 
however, exclude the production of leaves, needles, and twigs. When this production and the 
logging residue generation ratio and the logging residue recoverability fraction as defined in 
Section 3.6 were included, then the economical potential increased by 17 %. When the 
ecological criteria were also included, then the potential supply from forests in 2050 was 
limited to 1.8 Gm3 (21 EJ) including deforestation and 2.0 Gm3 (23 EJ) excluding 
deforestation. When the supply of wood from forests was restricted by ecological criteria only, 
then the supply of wood was 3.1 Gm3y-1 (36 EJy-1) including deforestation and 3.6 Gm3y-1 
(42 EJy-1) excluding deforestation.  
  
The data in Figure 4 show that the theoretical, technological, economical, and ecological 
potential supplies of wood from forests in 2050 (including deforestation) are, in general, large 
enough to fulfill the projected demand for wood from forests. The surplus forest growth 
available for bioenergy production was calculated by subtracting the demand for wood from 



 
 
 
 
 
Chapter 3 

114 

forests from the total forest growth. The surplus theoretical forest growth available for 
bioenergy production was then estimated to range from 4.7 Gm3 (54 EJ) to 8.0 Gm3 (93 EJ), 
depending on the combination of the demand (low, medium, high) and the plantation 
establishment (low, medium, high) scenarios. Based on a medium demand/medium plantation 
scenario, the theoretical surplus forest growth was estimated to be 6.1 Gm3y-1 (70 EJy-1). The 
surplus forest growth based on the technical potential ranged from 4.1 to 7.4 Gm3y-1 (48 and 
86 EJy-1). Assuming a medium demand/medium plantation scenario, the technical potential 
was valued at 5.5 Gm3y-1 (64 EJy-1). When twigs and leaves were included and the wood 
processing residue recoverability fraction excluded, the surplus theoretical and technical forest 
growth increased 67 %. The surplus forest growth (including deforestation) based on the 2050 
economical, ecological, and economical-ecological potentials ranged from 0 Gm3 to 3.2 Gm3 
(37 EJ), 0 Gm3 to 2.6 Gm3 (30 EJ), and 0 Gm3 to 1.3 Gm3 (15 EJ), respectively. Wood supply 
shortages may arise, depending on the plantation establishment scenario, the demand scenario, 
and the potential of the biomass from forests: up to 2 % of the total demand for wood may not 
be met if the economical potential is considered, up to 13 % in the case of the ecological 
potential, and up to 35 % in the case of the economical-ecological potential (including 
deforestation). When the medium demand/medium plantation establishment scenario was 
applied, the surplus forest growth based on the economical and ecological potentials of forest 
growth in 2050 were calculated to be 1.3 Gm3 (15 EJ) and 0.7 Gm3 (8 EJ), respectively. When 
the economical-ecological potential was considered, a shortage of 13 % of the global demand 
for wood was calculated, i.e., 0.6 Gm3 (7 EJ).  
 
The total potential of residues available for bioenergy in 2050 was calculated to be 1.8-3.0 
Gm3 (21-35 EJ), depending on the demand and the supply of wood. Based on a medium 
demand/medium plantation establishment scenario, the potential of residues was 2.4 Gm3y-1 
(28 EJy-1). Of this potential, 39 % consisted of processing residues, 39 % waste, and 22 % 
logging residues.  
 
Figure 5 gives an overview of the projected regional demand and supply of wood and the 
potential for bioenergy from residues and surplus forest growth in 2050. The results were 
based on the medium demand/medium plantation establishment scenario and included 
deforestation. Like above, the surplus forest growth available for bioenergy production was 
calculated by subtracting the demand for wood from forests from the total forest growth. The 
demand for wood from forests was calculated as the domestic demand for wood minus the 
domestic supply of wood from plantations, minus the domestic supply of trees outside forests, 
plus exports to compensate for wood shortages in forest scarce regions. Figure 5 presents the 
demand for wood in negative values and the bioenergy production potentials in positive 
values. 
 
Figure 5 also shows that the bulk of the technical and theoretical bioenergy potentials of 
surplus forest growth came from the C.I.S & Baltic States, the Caribbean & Latin America, 
and, to a lesser extent, North America and West Europe. The economical potential of surplus 
forest growth came mainly from the C.I.S & Baltic States, while the ecological-economical 
potential came mainly from West Europe, Eastern Europe, and the Caribbean & Latin 
America. The annual theoretical, technical, economical, ecological-economical, and 
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Figure 5. Regional demand and supply of industrial roundwood and woodfuel in 2050 and the 
potential for bioenergy production from surplus forest growth and residues and waste (based 
on a medium demand/medium plantation establishment scenario; EJ). Positive values indicate 
the bioenergy production potential from surplus forest growth and residues, negative values 
indicate the sources of the domestic supply of wood. 
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Figure 5 (continued) 
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import 1.0 1.0 1.2 0.3 1.1
export 0.0 0.0 0.0 0.0 0.0

woodfuel
trees outside forests 0.0 0.0 0.0 0.0 0.0

plantations 0.0 0.0 0.0 0.0 0.0
forests 0.0 0.0 0.0 0.0 0.0
import 0.0 0.0 0.0 0.0 0.0
export 0.0 0.0 0.0 0.0 0.0

bioenergy
surplus forest growth 0.0 0.0 0.0 0.0 0.0

logging residues 0.1 0.1 0.1 0.1 0.1
processing residues 0.7 0.7 0.7 0.4 0.7

wastes 0.7 0.7 0.7 0.4 0.7
TOTAL 1.5 1.5 1.4 0.8 1.5

-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0

1.5
2.0

theor. techn. econ. econ.-
ecol.

ecol.

E
J

West Europe

East Europe

EJ theor. techn. econ. econ.-
ecol.

ecol.

industrial roundwood
plantations 0.9 0.9 0.9 0.9 0.9

forests 3.4 3.4 3.4 3.4 3.4
import 0.0 0.0 0.0 0.0 0.0
export 0.0 0.0 0.1 0.5 0.4

woodfuel
trees outside forests 0.0 0.0 0.0 0.0 0.0

plantations 0.0 0.0 0.0 0.0 0.0
forests 0.0 0.0 0.0 0.0 0.0
import 0.0 0.0 0.0 0.0 0.0
export 0.1 0.1 0.4 0.9 0.7

bioenergy
surplus forest growth 2.0 2.0 0.9 0.0 1.1

logging residues 0.7 0.7 0.7 0.8 0.8
processing residues 1.6 1.6 1.6 1.6 1.6

wastes 1.6 1.6 1.6 1.6 1.6
TOTAL 5.9 5.8 4.8 4.0 5.1

EJ theor. techn. econ. econ.-
ecol.

ecol.

industrial roundwood
plantations 0.1 0.1 0.1 0.1 0.1

forests 0.6 0.6 0.6 0.6 0.6
import 0.0 0.0 0.0 0.0 0.0
export 0.0 0.0 0.1 0.3 0.2

woodfuel
trees outside forests 0.0 0.0 0.0 0.0 0.0

plantations 0.0 0.0 0.0 0.0 0.0
forests 0.0 0.0 0.0 0.0 0.0
import 0.0 0.0 0.0 0.0 0.0
export 0.1 0.1 0.2 0.5 0.3

bioenergy
surplus forest growth 0.8 0.8 0.5 0.0 0.5

logging residues 0.1 0.1 0.1 0.2 0.2
processing residues 0.3 0.3 0.3 0.3 0.3

wastes 0.3 0.3 0.3 0.3 0.3
TOTAL 1.5 1.5 1.1 0.7 1.1

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

theor. techn. econ. econ.-
ecol.

ecol.

E
J

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

theor. techn. econ. econ.-
ecol.

ecol.

E
J

 
 



 
 
 
 
 

Bioenergy potentials from forestry in 2050 

117 

Figure 5 (continued) 
 

sub-Saharan Africa
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Figure 5 (continued) 
 

East Asia

Middle East & North Africa

South Asia
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Figure 5 (continued) 

 
World EJ theor. techn. econ. econ.-
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ecological surplus forest growth in the C.I.S & Baltic States were estimated to be 2.8 Gm3y-1 
(32 EJy-1), 2.7 Gm3y-1 (32 EJy-1), 1.1 Gm3y-1 (13 EJy-1), 0 Gm3y-1 (0 EJy-1), and 0 Gm3y-1 
(0 EJy-1), respectively. The data show that although the C.I.S. & Baltic States region had large 
surplus supplies of forest growth available at present economical market prices for timber, the 
realization of this potential required the logging of previously undisturbed forests. Only ca. 
3 % of the forest area, however, was disturbed in the C.I.S & Baltic States. The region with 
the second lowest share of disturbed forest area was the Caribbean & Latin America (42 %). 
The Caribbean & Latin America region was projected to have theoretical, technical, ecological 
potentials of surplus forest growth of 2.0 Gm3 (23 EJ), 1.9 Gm3 (22 EJ), and 0.4 Gm3 (4 EJ), 
respectively, in 2050. The economical potential of surplus forest growth was 32 Mm3y-1 
(0.4 EJy-1). The regions with the highest ecological-economical potential supply of wood were 
North America and West Europe, but the supply in these regions was needed for domestic 
consumption. 
 
It was projected that the other regions had a very limited potential of surplus forest growth. 
For example, the 2050 theoretical and technical surpluses in sub-Saharan Africa were 
calculated to be only 218 Mm3 (2.5 EJ) and 156 Mm3 (1.8 EJ), respectively, and there was 
virtually no surplus with regard to the other types of potentials. This was due to the 
combination of high woodfuel consumption and low annual forest growth per hectare (less 
than half of that of South America). The domestic supply of wood in Japan, South Asia, and 
the Middle East & North Africa was projected as probably being insufficient to meet the 
projected demand. If this were true, then these regions would have to depend on imports to 
meet their demand in 2050. East Asia had no 2050 potentials of surplus forest growth because 
of a lack of forest resources in combination with an increasing demand for woodfuel and 
industrial roundwood. When deforestation was excluded, the amount of forest growth 
available for bioenergy increased. This was particularly true for sub-Saharan Africa and the 
Caribbean & Latin America. The theoretical and technical potentials of surplus forest growth 
in these regions increased by half. The surplus forest growth in the industrialized countries 
also increased as a result of reduced exports to forest-scarce regions. The global picture 
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remained roughly the same, however: the theoretical and technical potential supplies of wood 
from forests were large enough to meet the demand for wood from forests in 2050. Yet, 
economical and ecological criteria could reduce the amount of wood harvested from forests 
and thus result in wood shortages in 2050. 
 
The supply of wood processing residues originated particularly from regions with high levels 
of industrial roundwood consumption, i.e., mainly North America, West Europe, East Asia, 
and the C.I.S. & Baltic States. The same was true for the potential supply of bioenergy from 
waste, such as discarded forest production, and demolition wood. The supply of logging 
residues was concentrated in those regions with a large demand for woodfuel and industrial 
roundwood in combination with a supply large enough to meet the demand (e.g., in North 
America and West Europe) or in regions with a large supply that is used for the production 
and export of wood to forest-scarce regions (e.g., the C.I.S. & Baltic States and the Caribbean 
& Latin America). 

5. Discussion and conclusions 
 

In this study a bottom-up analysis was used to determine the energy production potential of 
woody biomass from forestry to 2050. First, an extensive literature review was carried out to 
identify the key drivers that determine these potentials. Second, the key drivers are included in 
a spreadsheet to calculate the energy, using existing databases and scenarios derived from the 
literature. The results show that, in theory, the demand for woodfuel and industrial roundwood 
in 2050 can be met, both with and without further deforestation, although regional shortages 
may occur. Further, the results indicate that woody biomass from forests, plantations, trees 
outside forests, and wood logging and processing residues can, in theory, be a large source of 
bioenergy in 2050, up to 8.5 Gm3 (98 EJ) including deforestation and 9.6 Gm3 (111 EJ) 
excluding deforestation. These amounts represent a carbon content of 2.5 Gt and 2.8 Gt, 
respectively. Economical and ecological criteria may, however, limit the supply of wood from 
forests. As a result, the economical-ecological potential of the wood supply from natural 
forests will be insufficient to meet the projected demand for 2050. Based on a medium 
demand/medium plantation establishment scenario, the total global bioenergy production 
potentials including deforestation of forests in 2050 were estimated to be 6.1 Gm3y-1 (71 EJy-

1), 5.2 Gm3y-1 (64 EJy-1), 1.3 Gm3y-1 (15 EJy-1), 0 Gm3y-1 (0 EJy-1), and 0.7 Gm3y-1 (8 EJy-1), 
based on the theoretical, technical, economical, ecological-economical, and ecological 
potentials, respectively, of wood supplies from forests. The most promising woody biomass 
suppliers were the Caribbean & Latin America (biomass from already disturbed forest areas), 
the C.I.S. & Baltic States (biomass from economically attractive forest areas), and, in part, 
North America. Other regions with some potential included West Europe (mainly residues), 
East Asia (mainly residues), and sub-Saharan Africa (based on the theoretical and technical 
wood supplies). Japan, South Asia, and the Middle East & North Africa were projected to 
have wood shortages in 2050. These data correspond with those found in the literature. Fischer 
and Schrattenholzer (2001), for example, reported 2050 values of 91-114 EJ for the potential 
supply of wood from accessible forest areas and 322-407 EJ for the total potential supply of 
wood from forests, both depending on the harvest intensity. Sørensen (1999) estimated the 
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total wood resource in 2050 to be 358 EJ, 107 EJ of which was considered available for 
bioenergy.  
 
Our results also showed that residues and waste may add an amount equivalent to 3.0 Gm3y-1 
(35 EJ) roundwood, which stems mainly from the industrialized regions with high levels of 
wood consumption. These results are in line with data found in the literature. The potential 
supply of bioenergy from wood logging residues and wood processing residues in this study 
was estimated to be 13-22 EJ in 2050. Other researchers reported values of 10-13 EJ in the 
year 2025 (Hall et al., 1993; Johanssen et al., 1993a; Williams, 1995) and 11 EJ in 2050 
(Johanssen et al., 1993a; Williams, 1995).  
 
The key factors included in this study to determine the energy production potential of woody 
biomass from forestry were the future demand for woodfuel and industrial roundwood, 
plantation establishment rates, and, in particular, the supply of wood from forests. The supply 
of wood from forests depends on the size of the forest area available for wood harvesting and 
the yield level. For most of these factors, scenarios were used that capture (at least some of) 
the uncertainty related to the poor quality of the data and the uncertainty related to future 
developments. Data and projections on average annual long-term harvest intensity are 
especially uncertain for various reasons. For example, data on this issue are scarce and largely 
dependent on the estimates of varying degrees of reliability, and economical and ecological 
considerations determine the actual logging intensity. The implementation of sustainable 
forest management (SFM) principles in particular may put a limit on the future harvest 
intensity64.  
 
We acknowledge that the methodology used in this study was based on a static approach to the 
demand and supply of forest growth, forest areas, wood demand, etc. In reality, complex 
iterative processes and feedback mechanisms related to supply-and-demand matching and the 
socio-economical system in general determine the penetration of bioenergy from woody 
biomass into the future energy mix. This applies to all markets, but particularly to a very 
dynamic market like the demand and supply of wood and is visible in the large range in 
projections of demand and supply found in the literature. In addition, technological change in 
the wood processing and plantation industries may increase the global bioenergy potential. No 
attempt was made in the present study to include these dynamics because the complexity of 
the correlations included in the socio-economical system makes it very difficult to calculate 
the implementation potential of bioenergy. The results presented here, therefore, provide a 
rough estimate of the energy potential of woody biomass in 2050. Our approach did, however, 
have the advantage of being transparent: it clearly showed the key variables for the supply of 
energy from woody biomass. These variables are potential targets for policymakers: e.g., the 
plantation establishment rates, the forest areas available for wood harvesting, and the 
productivity (management) of these areas. The key uncertainties in this study and thus targets 

                                                 
64

 There are various definitions for SFM. We used the following definition: “The stewardship and use of forests and 
forest lands in a way, and at a rate, that maintains their biodiversity, productivity, regeneration capacity, vitality and 
their potential to fulfil, now and in the future, relevant ecological, economic and social functions, at local, national, 
and global levels, and that does not cause damage to other ecosystems.” (MCPFE, 1993). 
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for further research include the supply of wood from trees outside forests, woodfuel 
consumption, and the impact of various theoretical, technical, economical, or ecological 
limitations on forest productivity and, in particular, the impact of SFM on these limitations. 
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Appendix A 
 
Equation 1. Bioenergy potential of (surplus) forest growth 
 
F  =  FG + PLA + TOF – IRW – WF  [Gm3y-1] or [EJy-1] (1) 
 
where 
F  = bioenergy potential of (surplus) forest growth  
FG  = forest growth (Section 3.1)  
PLA  = production of wood from plantations (Section 3.2) 
TOF = production of wood from trees outside forests (Section 3.3) 
IRW  = consumption of industrial roundwood (Section 3.4)  
WF = consumption of (traditional) woodfuel (Section 3.5) 
 
Equation 2. Bioenergy potential of wood logging residues  
 
HR =  ( IRWP + WFP ) x h x hr  [Gm3y-1] or [EJy-1] (2) 
 
where 
HR  =  bioenergy potential of logging residues (Section 3.6)  
IRWP  =  production of industrial roundwood from forests and plantations 
WFP =  production of (traditional) woodfuel from forests and plantations  
h  = logging residue generation ratio  
hr = logging residue recoverability fraction 
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Equation 3. Bioenergy potential of wood processing residues  
 
PR = IRW x p x pr [Gm3y-1] or [EJy-1] (3) 
 
where  
PR = bioenergy potential of processing residues (Section 3.7) 
IRW  = consumption of industrial roundwood 
p  = wood processing residue generation ratio 
pr = wood processing residue recoverability fraction 
 
Equation 4. Bioenergy potential of discarded wood-based products  

 

WA =  IRW x w x wr [Gm3y-1] or [EJy-1] (4) 

 
where 
WA  =  bioenergy potential of wood waste (Section 3.8) 
IRW  =  consumption of industrial roundwood 
w  = wood product generation ratio 
wr =  wood waste residue recoverability fractio n 
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Abstract 

 
This study aims to analyse to what extent implementing a sustainability certification system 
affects the management system (costs) of bioenergy production and the availability (quantity) 
of land for energy plantations. The certification system studied takes account of twelve 
sustainability criteria and accompanying indicators in three areas: socio-economic issues (i.e. 
child labour, employment, wages, healthcare and education); land issues (i.e. food supply and 
deforestation); and environmental issues (i.e. soil erosion, depletion of freshwater resources, 
nutrient losses and soil nutrient depletion, agrochemical pollution, and biodiversity). Since 
there is no generally accepted definition of sustainability, two sets of criteria are defined in 
this study: a loose set and a strict set. The impacts of each criterion on the costs and potential 
quantity of bioenergy are calculated, insofar and as accurately as this is possible. The chosen 
case studies are short rotation coppice (SRC) in south-east Brazil (eucalyptus) and Ukraine 
(poplar) in 2015. The loose set of criteria has no impact on the costs of energy crop 
production, because no management adjustments are required. These bioenergy costs are 
calculated to be 1.6 € GJ-1 in Brazil and 1.8 € GJ-1 in Ukraine. SRC is limited to surplus 
agricultural land (i.e. land that is no longer needed for food production), which can be realised 
provided that increases in the efficiency of food production are realised. The strict set of 
criteria results in an increase in the average costs of energy crop production to 2.3 € GJ-1 
(+44 %) in Brazil and 2.1€ GJ-1 (+15 %) in Ukraine. The socio-economic criteria contribute 
far less to this increase than the land and environmental criteria do. This is because SRC is 
relatively labour-extensive and increases in labour costs due to the application of strict criteria 
therefore have a limited impact on overall performance. However, our cost calculations must 
be regarded as being merely indicative. In order to verify and refine the framework proposed 
in this study, additional research is required. Preferably, this should include more specific 
regional analysis, and regional and (inter)national stakeholders should be involved in the 
process of formulating sustainability criteria. 

                                                 
� Accepted for publication (with changes) in Biomass and Bioenergy. Co-authors:  André Faaij (Utrecht University), 
Iris Lewandowski (Utrecht University and Shell). 
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1. Introduction 
 

In recent years, bioenergy production and trade have increased significantly. They are 
projected to increase further during the coming decades. For example, worldwide trade in 
ethanol increased from 3.1 Gl in 2000 to 4.8 Gl in 2004 (F.O. Licht, 2005), while the export of 
wood pellets from Western Canada increased from 97 kt in 2000 to 412 kt in 2004 (Bradley, 
2005). Concerns have arisen as to possible negative impacts of these activities: for example, 
reduced security of food and energy supply in developing countries; unsustainable biomass 
production methods; and impacts on deforestation (for an overview, see Lewandowski and 
Faaij (2006)). Therefore, a prerequisite for large-scale production and trade of bioenergy is 
that it take place in a sustainable way. Consequently, the potential impact of bioenergy 
production and trade must be analysed using an integrated approach that takes account of the 
three dimensions of sustainable development: people (social well-being), planet (maintaining 
environmental quality), and profit (economic viability of bioenergy production). Certification 
systems can be used as a tool to monitor the sustainability of bioenergy production and trade 
and to ensure that well-defined sustainability criteria are met. Lewandowski and Faaij 
(Lewandowski and Faaij, 2006) identified a set of 127 criteria relevant to the development of 
certification systems for bioenergy production and trade, based on an extensive analysis of the 
impact of existing certification systems on forestry and agriculture, for example. Various 
bioenergy certification schemes already exist or are under development. For example, the 
Dutch energy utility Essent has developed the Green Gold Certificate, an audit and 
certification scheme that gives information on the origin of the traded biomass and does not 
permit the use of biomass from sources that have contributed to deforestation or other forms 
of environmental degradation (Van Wereld et al., 2003). Another example is the EUGENE 
Standard developed by the European Green Electricity Network, a member-based body for the 
certification of electricity from biomass. This standard defines which biomass resources are 
permissible for the generation of green electricity (EUGENE, 2005). Recently, a framework 
for evaluating the sustainability of bioenergy has been developed for the production and use of 
bioenergy applications in the Netherlands (DPB, 2007). In other countries, ongoing activities 
aim to safeguard the sustainable production and use of bioenergy (for an overview, see (Van 
Dam et al., 2008). None of the bioenergy certification schemes currently in operation are as 
detailed as those used in agriculture (e.g. the EKO certification system for organic foodstuff) 
and forestry (e.g. the Forest Stewardship Council certification system for wood products). 
Various studies have examined the impact of bioenergy production on specific aspects of 
sustainability, though without defining exactly what ‘sustainable’ means. Some studies have 
focused on economic performance (e.g., Faundez, 2003; Nord-Larsen and Talbot, 2004; 
Hamelinck et al., 2005; Hoogwijk et al., 2008), ecological performance (Kort et al., 1998; 
Börjesson, 1999; Berndes, 2002; Hamelinck et al., 2005) and/or the social implications of 
energy crop production and trade (e.g., Van den Broek et al., 2000; Hillring, 2002). Several 
studies have investigated the potential of bioenergy production and trade, taking account of 
demand for land for other uses and land productivity as limited by climatological and/or soil 
constraints (e.g.Hoogwijk et al., 2005; Smeets et al., 2007). However, no one has yet studied 
the impact of implementing a certification system on the possibilities and limitations of 
bioenergy production and trade. Obviously, information on these impacts is an important 
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prerequisite for the development of a practical certification system for bioenergy production 
and trade. 
 
This study aims to analyse to what extent implementing a certification system for bioenergy 
production and trade has an impact on the costs (per unit) and the potential (quantity) of 
bioenergy. The first task is to select quantifiable sustainability criteria; in other words, 
standards for assessing whether bioenergy production is sustainable. An example of such a 
criterion is the requirement that the rate of soil erosion must not increase when pastureland is 
transformed into a bioenergy plantation. The selected criteria are then operationalised; that is, 
translated into a set of concrete, practically measurable criteria, as well as accompanying 
indicators and measures, which have an impact on the management system (costs) and/or the 
availability (quantity) of land for biomass production. In this context, indicators are used to 
quantify specific impacts of bioenergy production (e.g. the rate of soil erosion, in t ha-1 y-1) 
and measures are implemented to meet specific criteria (e.g. the use of contour ploughing to 
reduce soil erosion). It seems likely that the stricter the set of sustainability criteria that are 
applied, the greater the impact on costs and potential will be. Therefore, we analyse the 
impacts of two sets of criteria – strict and loose – through case studies in Brazil and Ukraine, 
both of which countries have been identified as promising future bioenergy producers (Smeets 

et al., 2007). This study is necessarily exploratory in nature: the sets of issues chosen are 
defined in only broad terms, and there is little previously published and relevant work on 
which we could build. 
 
This section is divided into five (sub)sections. Section 2 describes the general approach taken 
in selecting and quantifying the impact of sustainability criteria on bioenergy production. 
Section 3 contains more detailed descriptions of how the criteria were selected and how the 
various social, ecological and economical sustainability criteria were operationalised. 
Section 4 presents the impacts of the selected criteria. In Section 5 we discuss these results 
and in Section 6 we present our conclusions. 

2. Approach 
 

The impact of sustainability criteria on bioenergy production and trade is analysed as outlined 
in Figure 1. The focus is on energy crop production, as this is crucial to sustainability 
(Lewandowski and Faaij, 2006). 
 
First, sustainability criteria are selected from 33 areas of concern and 127 criteria relevant to 
sustainable bioenergy production and trade, as identified by Lewandowski and Faaij (2006). 
Of these 127 criteria, 77 are excluded because they cannot be operationalised into quantitative 
measures. For example, the criterion “Women should not be subject to discrimination and 

their rights must be respected”, although highly relevant, is excluded from the analysis 
because it cannot readily be translated into activities that may have an impact on the 
management system (costs) or the availability (quantity) of land for energy crop production. It 
should be noted that this does not imply that such criteria are unimportant or may impede 
sustainable bioenergy production and trade. The remaining 50 criteria are combined into 12 
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Figure 1. The general procedure followed in analysing the impact of sustainability criteria on 
the cost-supply curve of energy crop production (top), with an example (labour conditions, 
bottom). 
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areas of concern, because the scope of these 50 criteria overlaps. An area of concern is an 
essential issue that requires attention when assessing sustainability. (Details on the selection 
and combining of criteria can be found in (Smeets et al., 2005). Next, each area of concern is 
translated into a loose and a strict criterion representing a mild and a stringent interpretation of 
sustainability. Obviously, the stricter set of criteria is more difficult to implement than the 
loose set. Each criterion is operationalised into practically measurable indicators and measures 
that have a direct or indirect impact on the costs and/or potential of biomass supply. Table 1 
shows the 12 areas of concern and 24 corresponding criteria included in this study. As 
explained in Section 3, the criteria in brackets are not operationalised in this study. Criteria 
related to energy use and greenhouse gas (GHG) emissions associated with SRC are excluded, 
because various studies indicate that the use of SRC biomass to replace fossil fuels and 
feedstock for energy and material production strongly reduces fossil fuel use and GHG 
emissions (e.g. JRC et al., 2004). Emissions due to changes in above- or belowground 
biomass and soil organic matter content that result from changes in land use may generally be 
important; however, in our analysis these impacts play a limited role because we adopt the 
criterion that SRC is only permissible on surplus agricultural land. 
 
In general, the scope of the loose set of criteria covers aspects relevant to the site (farm) where 
the biomass is produced, such as soil erosion and workers’ wages. This scope is also used in a 
number of existing certification systems (e.g. EKO and ISO 14000). The scope of the strict set 
of criteria also includes aspects not directly related to the production site, such as workers’ 
access to education and healthcare, and the quality of the infrastructure in the 
bioenergy-exporting region. 
 
The selected case studies are eucalyptus production in Brazil and poplar production in 
Ukraine. This is because Latin America and Eastern Europe have been identified as regions 
with great potential for energy crop production (Smeets et al., 2007); see also Section 3.2). 
Short Rotation Coppice (SRC) is the selected object of study because it has been identified as 
being more environmental benign – with respect to erosion, biodiversity, nitrogen demand and  
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Table 1. Areas of concern and sustainability criteria included in this study. Criteria in brackets 
are not translated into costs (for reasons given in Section 3). 
 Area of concern Loose set of criteria Strict set of criteria 

1. Food supply Energy crop production must not endanger the food supply. 

2. Deforestation Energy crop production must not result in deforestation. 
3. Child labour (Child labour is prohibited.) Child labour is prohibited. 

4. Wages Fair wages must be paid to avoid 
poverty as defined by (inter)national 

standards. 

Fair wages must be paid to avoid poverty as 
defined by (inter)national standards and to ensure 
that wages are fair compared to national average. 

5. Employment Energy crop production must contribute 
to employment. 

Energy crop production must contribute to 
employment, including all indirect and induced 

effects. 

6. Education (Education must be provided for the 
workers’ children). 

Education must be provided for the workers’ 
children by the energy crop producer. 

7. Healthcare (Healthcare services must be provided 
for all workers’ family members). 

Healthcare services must be provided for all 
workers’ family members by the energy crop 

producer. 

8. Soil erosion Soil erosion rates must not exceed those 
due to conventional agricultural land 

use. 

Soil erosion rates must not exceed those due to 
conventional agricultural land use; they must be 
reduced to match the natural soil-regeneration 

capacity. 
9. Depletion of fresh 

water resources 
(Freshwater resources must not be depleted). 

10. Nutrient losses and 
soil nutrient 
depletion 

Soil nutrient depletion must be 
prevented as far as reasonably 

achievable. 

Soil nutrient depletion and nutrient leaching must 
be prevented as far as reasonably achievable. 

11. Pollution Agrochemical pollution must be avoided as far as reasonably achievable. 
12. Biodiversity Biodiversity must be protected. 

 
energy use – than annual energy crop production (e.g., Biewinga and Van der Bijl, 1996; 
Thornton et al., 1998; Börjesson, 1999). 
 
This study defines a reference scenario: a production system excluding the impact of any 
criteria, which is assumed to represent conventional, non-certified SRC systems. This scenario 
is taken as the starting point for analysing the impact of the sustainability criteria. The target 
year of 2015 is chosen, because it is assumed that several years are required to implement 
changes in land use, establish plantations, and develop a framework for implementing 
measures to meet the various sustainability criteria. 

3. Methodology 
 

Section 3.1 presents the method used to calculate the costs of energy crop production. Sections 
3.2 to 3.12 give a matching set of indicators and measures that can be applied to meet each 
criterion and translated into changes in the management system (costs) or the availability 
(quantity) of land, following the approach outlined in Figure 1. 
 
3.1 Costs of energy crop production 
 
The costs of energy crop production should be described in sufficient detail to allow costs to 
be quantified for all measures taken to fulfil the requirements of the various sustainability 
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criteria. In applying both the loose and the strict set of sustainability criteria, a rather detailed 
methodology is used to estimate the costs of a short rotation coppice (SRC) production 
system, expressed by the equation below (adapted from Van den Broek, (2000)). 
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C = costs of biomass [€ per oven dry tonne] 
yld = energy crop yield [oven dry tonne per hectare per year] 
rot = rotation cycle [year] 
n = plantation lifetime [year] 
ecci = cost of energy crop cost item [€] 
fi(y) = number of times that cost item is applied on the plantation in year y 
[dimensionless] 
dr = discount rate [dimensionless] 
fyld = binary number: harvest (1) or not (0) in year y [dimensionless] 
 
Data on the costs of eucalyptus production in Brazil and poplar production in Ukraine can be 
derived from a wide variety of literature sources (e.g., Hartsough and Richter, 1994; WSRG, 
1994; Biewinga and Van der Bijl, 1996; IEA, 1997; FAO, 1998c; Gigler et al., 1999; Tuskan, 
2000; Van den Broek et al., 2000; Faundez, 2003; Fischer et al., 2005). Detailed data are 
presented in Smeets et al. (2005). Table 2 shows the cost items that are included in the 
calculations, and their application during the plantation lifetime. These data represent an 
intensive management system under rain-fed conditions — a system commonly used in 
commercial SRC. 
 
For each cost item in Table 2, we estimate the extent to which labour, materials (e.g. planting 
materials and chemicals) and machinery (including depreciation, maintenance and fuel) 
contribute to the total costs. All costs and benefits are evenly distributed over the relevant 
years.65 All costs in euros refer to the net present value (NPV) in 2002, unless stated 
otherwise. The management scheme and rotation cycle shown in Table 2 is applicable to both  
 

                                                 
65 To distribute costs evenly over the years, we converted them into annuities. However, the benefits, based on the 
production of wood as an intermediate product and electricity as a external product, are not evenly distributed over the 
years. Eucalyptus and poplar are harvested once every seven years. This production (the ‘benefits’) can be converted 
into annuities, in the same way as the costs are. Converting physical units into annuities may be unusual, but they do 
represent monetary values, so this is basically the same as converting costs into annuities. Since the annuity factor (to 
derive the annual costs from the present value) is the same for both costs and benefits, this factor can be eliminated 
(adapted from (Van den Broek et al., 2000). 
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Table 2. Application of various cost items included in the calculations over the plantation 
lifetime. 
Plantation year → 
Cost item ↓ 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Soil preparation �                     
Fencing �                     
Planting �                     
Weed control  �       �       �       
Fertilisation  � �      � �      � �     
Pest and disease control �       �       �       
Land rent � � � � � � � � � � � � � � � � � � � � � 
Harvestinga       �       �       � 
Stump removal                     � 
Technical assistance � � � � � � � � � � � � � � � � � � � � � 
Administration & other overheads � � � � � � � � � � � � � � � � � � � � � 

a Harvesting includes chipping and transportation of the chipped biomass to the field boundary. 
 
Table 3. Yield of short rotation coppice (SRC) in Brazil (eucalyptus) and Ukraine (poplar) for 
various land suitability classes (dry tonne ha-1y-1). Sources: (IEA, 1997; Fischer et al., 2001; 
Fischer et al., 2005). 
 Very suitable Suitable Moderately 

suitable 
Marginally 

suitable 
Very marginally 

suitable 
Not suitable 

 

Brazil 29 22 16 10 5 0 
Ukraine 16 14 11 6 2 0 

 
eucalyptus and poplar plantations. In terms of economic performance, differences between 
eucalyptus and poplar production result from differences in yield and the costs of various 
items. For eucalyptus plantations in Brazil and poplar plantations in Ukraine, the yields 
assumed for various land suitability classes are shown in Table 366,67 (IEA, 1997; Fischer et 

al., 2001). 
 
3.2 Security of food supply 
 
Land demand for energy crop production could compete with land demand for food 
production. This, in turn, could raise costs, thus endangering food supply security or 
accessibility to food. A starting point in our analysis is that competition between bioenergy 
production and food production is unacceptable; therefore, in both the strict and the loose set 
of criteria, bioenergy production is only permissible on surplus agricultural land (i.e. land not 
needed for food production). Degraded or marginal agricultural land has potential for 
bioenergy crop production because its use competes with food production to a very limited 
extent, or not at all. However, this source of land is excluded from the study, as there is 
insufficient data on its availability (quantity) and current use. For the purposes of this study, 

                                                 
66 In reality, coppice yields may vary between rotations, due to the timing of the harvesting and the length of cutting 
interval (see (Ribeiro and Betters, 1995). 
67 Yields are estimated for five land-suitability classes, which are based on the percentage maximum constraint free 
yield (MCFY) (see (IIASA/FAO, 2002). The MCFY is determined by considering the temperature and radiation 
regime. The five land suitability classes are: very suitable, 80-100% of the MCFY; suitable, 60-80%; moderately 
suitable, 40-60%; marginally suitable, 20-40%; very marginally suitable, 5-20%; not suitable, 0-5%. Yields for NS 
areas are not given, because such areas are regarded as economically unattractive for energy crop production. 
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clearing land under forest cover for agricultural use is not permitted. Consequently, making 
land available for energy crop production requires that an increase in food demand be met by 
increased productivity of food growth and enhanced efficiency of food production.68 Food 
production efficiency incorporates crop production efficiency (crop yields in t ha-1 y-1) and 
animal production efficiency (in t ha-1 y-1). The area of surplus agricultural land that can be 
made available for energy crop production in Brazil and Ukraine is analysed using the 
Quickscan model developed by Smeets et al. (2007). Selected input data and sources are 
shown in Table 4. Using this model, the areas of agricultural land that will be required for 
food production in the future can be assessed, given an assumed population size, level of food 
consumption and level of advancement of agricultural technology (and thereby increased 
production efficiency) in 2015. Food production is assumed to be concentrated in the most 
productive areas of the agricultural land that was in use in 1998. Consequently, in the 
allocation procedure the least productive areas are reserved for energy crop production. We 
acknowledge that under current economic conditions (without strict central planning) it is 
unlikely that energy crop production will be restricted to the least productive areas, because 
the higher the yield (in t ha-1 yr-1), the lower the bioenergy production costs. Therefore, in this 
analysis, 10 % of the present agricultural land use is allocated to energy crop production, 
including 10 % of the most suitable areas. This value is arbitrarily chosen. As results from the 
Quickscan model show, a fraction of the remaining 90 % may also be made available for 
energy production. However, these additional surplus areas are not the most productive areas, 
as those are allocated to food crop production. The prerequisite remains that, in all cases, the 
demand for food be met. 
 
3.3 Deforestation 
 
In both the strict and the loose set of criteria, deforestation in order to obtain land for food or 
energy crop production is not permitted. 
 
3.4 Child labour 

 
In both the loose and the strict set of criteria, child labour as defined in international and/or 
national legislation is prohibited. Therefore, the labour costs included in the cost-price 
calculations represent the costs of adult labour only. In the loose set of criteria, it is assumed 
that preventing child labour does not result in additional costs, because this is considered to be 
a parental and governmental responsibility. 
 
In the strict set of criteria, however, it is assumed that prevention of child labour does result in 
additional costs, because this is considered to be the bioenergy producer’s responsibility. Two 
types of costs are included: firstly, parents are compensated for the loss of family income, 
which is added to the labour costs and calculated on the basis of data shown in Table 4; 
secondly, parents are compensated for education costs, as children must be able to attend 
school rather than being send to work elsewhere (see further, Section 3.7). 

                                                 
68 We did not investigate alternative strategies, such as a reduction in the consumption of meat, the production of 
which is relatively land-intensive. 
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3.5 Wages 
 
The loose set of criteria requires that fair wages be paid to keep fieldworkers above the 
poverty line. We use average wages as a proxy, assuming that minimum wages ensure a 
minimum subsistence level. Actual wages are used if they exceed minimum wages. 
 
In addition, the strict set of criteria requires that fair wages be paid, the concept of fairness 
being based on comparison with what other workers receive. Thus, national average wages are 
taken as a proxy. We readily acknowledge that determining wage levels in this way does not 
guarantee that poverty is avoided. Therefore, wages are compared to (inter)national defined 
poverty lines and increased if the minimum or average wages are too low. Input data are 
shown in Table 4. 
 
3.6 Employment 
 
The loose set of criteria requires that energy crop production contributes to direct 
employment; that is, the employment generated by organisations directly involved in the 
production, transport and processing of the crops. By definition, the direct employment effect 
is positive. 
 
The strict set of criteria requires that the net employment effect of the production of dedicated 
energy crops be positive. Net employment is the sum of direct, indirect and induced 
employment.69 Ideally, the net employment effect is estimated and, if it is negative, actions are 
taken to compensate for loss of employment. The associated costs are added to the costs of 
energy crop production.70 
 
3.7 Education 
 
In the loose set of criteria, children’s education is regarded as a parental, social and 
governmental responsibility. Therefore, no costs for education are included. 
 
In the strict set of criteria, however, the bioenergy producer must pay the costs of educating 
workers’ children. These costs are added to the labour costs. As a proxy for education costs, 
we use the national average public expenditure per primary school pupil per year (see 

Table 4). 

                                                 
69 Indirect employment is generated throughout the supply chain by sub-contractors or suppliers to the organisations 
directly involved in the production, transport and processing of the energy crops. Induced employment includes 
various employment effects due to displacement of agricultural activities by energy crop production and/or increased 
food production efficiency and/or re-investment of income from bioenergy production. 
70 Insufficient data and a lack of suitable methodologies made it impossible to estimate the total net employment 
effect with sufficient accuracy and completeness to draw conclusions. Therefore, this study focuses on the generation 
of direct employment only. 
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Table 4. Selection of data used to calculate the extent to which measures required to meet the 
sustainability criteria have an impact on the costs and quantity of bioenergy. All data refer to 
the year 2002, unless indicated otherwise. 
 Brazil Ukraine Unit Source(s) 

► Competition with food production and 
deforestation 

   
 

Population growth: 1998 to 2015 1.1 -0.8 % y-1 (UNPD, 2003) 
Food consumption growth: 1998 to 2015 0.4 0.3 % y-1 (Bruinsma, 2003) 

► Child laboura     
Wage of child fieldworker 0.1 0.1 € h-1 (ILO and SSCU, 2001; 

Child Right, 2004) 
Average family sizeb 4.1 3.2 people (UNPD, 2003) 

► Wages     
Wage of adult fieldworker 0.9 0.2 € h-1 (ILO, 2003) 
Wage of adult supervisor 2.4 0.6 € h-1 (ILO, 2003) 

Wage growth rate: 2002 to 2015c 2.6 3.5 % y-1 (WB, 2003) 
Minimum wage 0.5 0.2 € h-1 (FEE, 2004) 

Working hours per week 44 40 h (ILO, 2003) 
Ratio of average to fieldworker’s waged 2.6 2.0 – (ILO, 2003) 

Ratio labour costs to wages 1.6 1.4 – (ILO, 2003) 
► Educatione     

Average annual costs per childf 592 472 € y-1 (ILO, 2002) 
► Healthcareg     

Average costs per person 222 23 € y-1 (WB, 2004a) 
► Soil erosionh     

Rainfall erosion index (R)i 75-327 327-997 MJ mm 
ha-1y-1h-1 

(UNEP, 1991; Renard 
and Freimund, 1994) 

Soil erodibility factor (K)j 0.13-0.38 0.13-0.38 t h mm-1 MJ-1 (USDA, 2005.) 
Slope length and gradient factor (LS)k 0.28-2.48 0.28-2.48 – (Wischmeier and Smith, 

1978; FAO, 2002c) 
Crop vegetation factor (C)l 0.05 0.08 –  

► Depletion of fresh water resources     
Crop evapotranspiration coefficient (Kc)m 0.55-1.30 0.35-1.10 – (NMCC, 2001) 

► Nutrient losses and depletionn     
N content biomass 4.5 4.2 kg odt-1 
P content biomass 0.3 0.6 kg odt-1 
K content biomass 2.3 3.1 kg odt-1 

P recovery percentage 100 100 % 
K recovery percentage 100 100 % 
N recovery percentage 

– fertilizer once per rotation cycle 
65 65 % 

N recovery percentage 
– fertilizer once per year 

80 80 % 

Sources reported in: 
Jorgensen and Schelde, 
(2001); (Parrotta, 1999; 
Kauter et al., 2003); 
(Biewinga and Van der 
Bijl, 1996; Nario et al., 
2003; Lewandowski, 2004; 
Stape et al., 2004). Also, 
our own assumptions. 

► Agrochemical pollution     
effectiveness of chemical weed controlo 56 56 days (McNabb, 1994) 

effectiveness of mechanical weed controlp 12 12 days (IEA, 1997) 
a Includes the following assumptions: working hours are the same as for adult labour; wage growth rate is the same as 
for adult labour; and non-wage labour costs are zero. 
b An average family is assumed to consist of two adults plus the average number of children born per women (UNPD, 
2003). 
c The annual average increase in per capita gross domestic product projected for the period 2005 to 2015 is used as a 
proxy for the annual average increase in wages. Wages of fieldworkers and supervisors are assumed to increase at the 
same rate. 
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d The difference between total labour costs and wages is due to costs associated with pensions, health insurance, social 
welfare, training and wage administration (ILO, 2003), for example. No projections are available for this ratio up to 
2015, so it is assumed constant. Inclusion of these non-wage labour costs could lead to double counting, because the 
costs of education and healthcare are also included elsewhere. However, this factor has not been excluded, in order to 
avoid underestimating costs. 
e The following assumptions are included: compensation is required for all children in an average-sized family as 
defined above, and each bioenergy fieldworker receives compensation because the other parent may not. 
f The average annual costs of education per child are based on the national annual average public expenditures per 
pupil in Brazilian and Ukrainian primary education. 
g The following assumptions are included: compensation is required for members of an average-sized family as 
defined above, and each bioenergy fieldworker receives compensation because the other family members may not. 
h The rate of erosion A, in t ha-1 y-1 is calculated using the universal soil loss equation (USLE): A = R K LS C P. P is 
the management factor, which is set at 1, meaning that no erosion prevention measures are taken. The various factors 
are described elsewhere in this table. 
I The rainfall erosion index is calculated using the formula R = (0.04830 A1.610) 0.1 (Renard and Freimund, 1994). A is 
the annual rainfall in mm y-1. Data on annual rainfall are derived from statistics. The following ranges in rainfall are 
included: 1000-2000 mm y-1 for Brazil and 400-600 mm y-1 for Ukraine. 
j A global soil texture map is used to identify soil textures in Brazil and Ukraine (FAO, 2002c). In this study, two soil 
texture profiles are distinguished: ‘fine’ (K factor of 0.13) and ‘medium’ (K factor of 0.38), based on (USDA, 2005.) 
k The slope length factor is calculated using the formula LS = (x/22.13)n (0.065 + 0.045s + 0.0065s2) ((Wischmeier 
and Smith, 1978), whereby: 
x = slope length in m, set at 100 m. 
s = slope gradient in x, derived from a slope gradient map (IIASA and FAO, 2002). Values are calculated for slope 
gradients ranging from 2 % to 10 %, which are representative for Brazil and Ukraine. 
n = a constant: 0.5 for slopes less than 5 %; 0.4 for slopes between 3.5 % and 5 %; 0.3 for slopes between 1 % and 
3.5 %; and 0.2 for slopes less than 1 %. 
l Soil erosion rates on land under SRC are 7 to 70 times lower than in wheat cultivations (Pimentel and Kummel, 1987 
in Börjesson, 1999). The C factor of wheat is 0.35, thus the C factor of SRC is 0.005 to 0.05. A value of 0.5 is 
assumed for SRC without winter leaf fall (e.g. eucalyptus production in Brazil), whereas a value of 0.8 is assumed for 
SRC with winter leaf fall (e.g. poplar production in Ukraine), in accordance with Biewinga and Van der Bijl (1996). 
m The first and second figures given for Brazil and Ukraine indicate the Kc value during the first and the fourth (and 
successive) years after planting. For other vegetation types, the FAO default values are used (FAO, 1998b). 
n Nutrient losses through soil erosion are excluded, because these losses depend on the initial nutrient content of the 
soil, which requires site-specific information, and because soil erosion can be prevented. 
o Chemical weed control is effective for 6 to 12 weeks, the latter value being used in this study. 
p Mechanical weed control is effective for 10 days to 2 weeks, the average value being used in this study. 
 
3.8 Healthcare 
 
In the loose set of criteria, healthcare is considered to be the responsibility of the government 
and the workers themselves, so no additional costs are included. 
 
In the strict set of criteria, the bioenergy producer has to pay for the workers’ healthcare 
services. The average costs of healthcare per family are added to the labour costs. As a proxy 
for healthcare costs, the average healthcare expenditures per person per year are included 
(ILO, 2002) (see Table 4). 
 
3.9 Soil erosion 

 
In our analysis, the soil erosion risk associated with various crop/vegetation types (including 
energy crops) is investigated using the Universal Soil Loss Equation (USLE, see(Wischmeier 
and Smith, 1965; Wischmeier and Smith, 1978), which is an empirically derived method of 
calculating water soil erosion rates under various vegetation types expressed in tonnes of 
topsoil lost per hectare per year. The input data are shown in Table 4. The loose set of criteria 
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requires that soil erosion rates be equal to or less than the soil erosion rate of the vegetation 
type that is replaced by energy crop production. 
 
The strict set of criteria requires that soil erosion rates be further reduced to the rate of natural 
soil formation, which is 1 t ha-1 y-1.71 The soil erosion rates in the case of SRC and other 
land-use types are calculated using the USLE, with data on soil type, rainfall, slope gradient 
and length, and management for the land-use type in question (see Table 4). Furthermore, if 
erosion rates exceed the rate of natural soil formation, erosion control measures are required, 
such as the construction of rainfall runoff detention basins, slope grade control structures, 
contour slope cropping and ploughing, ridge tillage and/or the use of cover crops. Due to a 
lack of detailed data on their costs and effectiveness, this study uses the average costs of such 
measures in the USA; that is, 2.3 € t-1 of prevented soil loss (Pimentel et al., 1995). 
 
3.10 Depletion of fresh water resources 
 
In both the loose and the strict set of criteria, energy crop production must not deplete 
groundwater. Surface water depletion is excluded, as this is only relevant if the SRC 
plantation is situated close to a lake or river. Irrigation is not permissible because of the risk of 
salinisation and waterlogging, so the crop yield data used in our analysis are from purely 
rain-fed plantations. The risk of groundwater depletion is analysed by comparing the 
evapotranspiration72 of the energy crops with the total and the effective rainfall (in 
mm month-1 or mm y-1). Effective rainfall is defined as total rainfall minus non-effective 
rainfall, which is that lost from the upper soil layer due to deep percolation or runoff. Part of 
the non-effective rainfall may be available for crop growth, though this depends on local 
conditions. The reference evapotranspiration is calculated using the CROPWAT software tool 
of the FAO (1998b), which applies the Penman-Monteith method. Climate data are derived 
from various databases (FAO, 1994; IPCC-DCC, 2004; Sperling, 2004). Crop- and 
vegetation-specific water demand factors (the crop evapotranspiration coefficient, Kc)

73 are 
derived from the literature (FAO, 1998b; NMCC, 2001) (see Table 4). Although there are 
many ways to reduce the risk of surface water depletion, due to lack of data the costs 
associated with these measures are excluded from our analysis. 
 
3.11 Soil nutrient depletion and losses 
 
Soil nutrient depletion and losses are closely linked processes. Applying fertilizers to reduce 
nutrient depletion may increase nutrient losses. The loose set of criteria requires that sufficient 
quantities of fertilizers be applied to avoid soil nutrient depletion. Avoiding nutrient depletion 
is given priority over avoiding nutrient losses, because soil depletion leads to partially 
                                                 
71 1.0 t ha-1 y-1 is the rate of soil formation under natural conditions (see (OTA, 1993). Under cultivation, the rate of 
soil formation increases somewhat, though data on this increase under SRC are not available. Therefore, the rate of 
soil formation under natural conditions is used in this study. 
72 Evaporation is the process of vaporisation of liquid water from surfaces such as lakes, rivers, pavements, soils and 
wet vegetation. Transpiration is the process of vaporisation of water through leaf stomata. 
73 Crop evapotranspiration differs from ET0 because of differences in crop height, albedo (reflectance) of the crop-soil 
surface, canopy resistance and evaporation from the exposed soil. The Kc factor is largely independent of climate data 
and can be used across climate zones and soil types. Kc factors vary with growth stage and are empirically derived. 
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irreversible reduction of both soil fertility and yields of energy crop plantations. The input of 
fertilizers needed to avoid nutrient depletion is calculated by means of a nutrient balance (in 
kg ha-1 y-1), whereby the nutrient input to the soil must equal the nutrient output. The required 
fertilizer input is calculated on the basis of the nutrient content of the harvested biomass, the 
biomass yield and the fertilizer uptake coefficient. The remaining nutrients are lost. Other 
nutrient inputs (i.e. nitrogen fixation, atmospheric deposition and planting material) are 
excluded from our analysis because their contribution to the total input is negligible. The 
calculated fertilizer demand is included in the fertilisation costs. Data on nutrient contents and 
nutrient recovery coefficients are shown in Table 4; data on fertilizer prices are derived from 
the FAOSTAT database (FAO, 2003a). 
 
The strict set of criteria requires that nutrient losses be prevented as far as reasonable 
achievable without risking soil nutrient depletion. In this study, the splitting of fertilizer doses 
is included because it improves nitrogen recovery. Increasing the frequency of fertilizer 
applications results in an increase in labour and machinery costs and a decrease in nitrogen 
fertilizer costs. Key data used in the calculations are given in Table 4. 
 
3.12 Agrochemical pollution 
 
In the loose set of criteria, certain agrochemicals (e.g. herbicides, fungicides and insecticides) 
are not permitted, in accordance with Forest Steward Council (FSC) guidelines, which state 
that: “World Health Organization Type 1A and 1B and chlorinated hydrocarbon pesticides; 

pesticides that are persistent, toxic or whose derivatives remain biologically active and 

accumulate in the food chain beyond their intended use; as well as any pesticides banned by 

international agreement, shall be prohibited” (FSC, 2002). The prohibition of certain 
chemicals has no significant impact on the yield or costs of energy crop production, because 
resistant varieties and less harmful pesticides are continually being developed and 
implemented, and because only a fraction of the agrochemicals are prohibited. 
 
The strict set of criteria requires that agrochemical pollution be avoided as far as reasonably 
achievable. Herbicides are the most relevant agrochemicals in SRC because effective weed 
control is essential to the productivity of SRC plantations. Weed control can be preformed 
equally well by herbicide application as by mechanical or manual weed control. In the strict 
set of criteria, only mechanical weed control is permitted. This results in cost changes: the 
costs related to the use of pesticides decrease to zero, while the costs of labour and machinery 
for mechanical weeding increase. Selected input data are given in Table 4. Yields are assumed 
to be independent of the kind of weed control applied. 
 
3.13 Loss of biodiversity 
 
Various studies show that SRC has the potential to support a wide range of species, including 
bacteria, fungi, insects, reptiles, birds and mammals (e.g., Christian et al., 1994; Biewinga and 
Van der Bijl, 1996; Thornton et al., 1998; Tolbert and Wright, 1998; Börjesson, 1999; Hope 
and Johnson, 2003). However, for various reasons it is difficult to formulate criteria and 
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indicators relevant to biodiversity protection. Firstly, the habitat requirements of different 
species may conflict. Secondly, there is no general consensus on the preferred combination of 
species. Thirdly, the costs incurred in protecting or creating suitable habitats for the various 
species are difficult to estimate, because data on the correlation between these activities and 
biodiversity are virtually non-existent. However, noting that extensive forms of agriculture 
and forestry are preferred by many (Bruinsma, 2003), we assume that undisturbed, natural 
vegetation and matching biodiversity is the most appreciated form. For these reasons, a 
practical though rather crude approach is taken in this study. A fraction of the plantation area 
– 10 % in the loose set and 20 % in the strict set of criteria – is completely allocated to nature 
conservation and/or biodiversity protection. This reduces the land that is available for energy 
crop production.74 The values of 10 % and 20 % represent the fraction of the total global land 
area that is required for protection of biodiversity and comprises a representative selection of 
the various ecosystems found in the world (WBGU, 2001). We acknowledge that allocating 
10 % or 20 % of the total area may be insufficient to preserve biodiversity (Soulé and 
Sanjayan, 1998) and that including these criteria does not mean that energy crop producers an 
best practice management. However, this is the only (indirectly) suitable valuation of 
biodiversity protection that we were able to find in the literature. 

4. Results 
 

Section 4.1 deals with the competition between bioenergy and food production, and the 
availability of land for bioenergy production. In Section 4.2, a reference cost-supply curve is 
generated. In Sections 4.3 to 4.12, the impact of various sustainability criteria is quantified. 
 
4.1 Competition with food production and deforestation 
 
Results of applying the Quickscan model are shown in Table 5. The data include the 10 % of 
the present area of agricultural land specifically reserved for bioenergy production. Table 5 
shows that, in Brazil and Ukraine, the area of agricultural land required for food production 
could (in theory) be significantly decreased by increasing food production efficiency. 
Excluded from Table 5 are results in which the demand for food cannot be met by using 90 % 
of the agricultural land that was in use in 1998.  
 
In Brazil and Ukraine, as much as half of that land area could be made available for energy 
crop production in 2015, without endangering the food supply and without further 
deforestation. However, FAO projections indicate that (assumed) developments – excluding 
the impact of large-scale energy crop production – may prevent these efficiency gains from 
being realised under the projected socio-economic conditions. According to FAO projections, 

                                                 
74 The costs of renting land for biodiversity protection are excluded, due to a lack of data. Land rents for biodiversity 
protection are likely to be lower than those for energy crop production because degraded, hilly areas and various other 
types of low-productive and economically unattractive areas are likely to qualify first for this purpose. Yet, for the 
sake of completeness, we calculate bioenergy costs assuming a land rent for biodiversity protection that is the same as 
that for energy crop production. 
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Table 5. Potential increase in crop yields and feed conversion efficiency by 2015, compared 
to 1998, based on various levels of technology, and the area of agricultural land in 2015, 
compared to 1998, in Brazil (Bra) and Ukraine (Ukr). The data are change ratios, whereby 
1998 is set at 1.0. 

Average of 
all crops 

yields 

Cereal 
yields 

Bovine 
meat 

Milk Poultry 
meat and 

eggs 

Area required 
for food 

production Level of agricultural 
technology Bra Ukr Bra Ukr Bra Ukr Bra Ukr Bra Ukr Bra Ukr 

Crops: very high, rain-fed/irrigated 
Animal products: high 

3.6 3.8 3.5 5.1 4.5 1.4 2.7 1.4 1.3 1.3 0.49 0.47 

Crops: very high, rain fed 
Animal products: high 

3.1 2.5 3.4 2.4 4.5 1.4 2.7 1.4 1.3 1.3 0.51 0.54 

Crops: high, rain-fed 
Animal products: high 

2.9 3.5 3.0 3.8 4.5 1.4 2.7 1.4 1.3 1.3 0.50 0.50 

Crops: intermediate 
Animal products: intermediate 

2.2 1.9 2.4 2.3 2.1 0.7 1.6 0.8 1.2 1.1 0.81 0.85 

 
by 2015 the area of arable land in Brazil will have increased by one-fifth with respect to 1998; 
whereas in Ukraine, over the same period, the area of arable land will remain stable 
(Bruinsma, 2003). In general, the socio-economic and institutional (e.g. land tenure) 
conditions in many countries are such that increases in food production are obtained mainly 
through land area expansion, where this is physically possible (Bruinsma, 2003). A clear 
example of this is the expansion of the agricultural land area in Brazil, at the expense of 
cerrado (savannah) areas of the Brazilian Central Plateau (Schnepf et al., 2001). These data 
suggest that additional investments in a further rationalisation of production processes through 
mechanisation, optimised management and training of farmers may be required to increase 
food production efficiency to the level projected by the Quicksan model for 2015. However, 
data and suitable methodologies for estimating these investment requirements are lacking. If 
these costs or the rate of the required increase in food production efficiency are unrealistically 
high, then the potential is zero, except for bioenergy produced from degraded land. 

 
4.2 Cost-supply curve of energy crop production 
 
The costs of eucalyptus production in Brazil and poplar production in Ukraine, ignoring 
impacts of sustainability criteria (i.e. in the reference scenario), are calculated as described in 
Section 3.1. These results, shown in Figure 2a,b are also valid for the loose set of criteria.75 
The bioenergy production costs range from 1.5 to 3.2 € GJ-1 in Brazil, and from 1.5 to 
5.6 € GJ-1 in Ukraine. The costs in low productive areas exceed those in high productive areas 
because fixed costs, such as ploughing and machinery depreciation, are divided by a lower 
yield in the case of the former areas than in the case of the latter. Despite the higher labour 
costs in Brazil, overall costs are lower there than in Ukraine, mainly due to higher yields. 
 
 

 

                                                 
75 An exception is the costs of fertilizers, which are based on the amounts of nutrients in the harvested biomass that 
are necessary to avoid nutrient depletion, according to the approach taken in the loose set of criteria. 
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Figure 2a Cost breakdown into production factors (labour, machinery, inputs and land rent) of 
eucalyptus production and harvesting in Brazil in 2015 for various land suitability classes: VS 
= very suitable, S = suitable, MS = moderately suitable, mS = marginally suitable, VmS = 
very marginally suitable (€ GJ-1). 
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Figure 2b. Cost breakdown into production factors (labour, machinery, inputs and land rent) 
of poplar production and harvesting in Ukraine in 2015 for various land suitability classes: VS 
= very suitable, S = suitable, MS = moderately suitable, mS = marginally suitable, VmS = 
very marginally suitable (€ GJ-1). 
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Based on the available land for energy crop production in 2015 (providing that the efficiency 
of food production is increased; see Section 4.2), the assumed yield of energy crops 
(Section 4.2) and the reference costs of energy crop production as described above, a reference 
cost-supply curve is generated.76 (See Figure 3). The average costs of bioenergy are 1.6 € GJ-1 
in Brazil and 1.8 € GJ-1 in Ukraine. In the remaining sections, all cost data are area-weighted 
averages, unless indicated otherwise. 
 

                                                 
76 Excluding the impact of biodiversity. 
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Figure 3 . Cost-supply curve for eucalyptus production in south-east Brazil and poplar 
production in Ukraine for 2015 (€ GJ-1). 
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4.3 Child labour 
 
In both Brazil and Ukraine, child labour is prohibited under the age of 16 (ILO, 2005). 
Nevertheless, in Brazil 6 % and in Ukraine 7 % of all children aged 7-14 were involved in 
child labour in the period 1999-2005 (UNICEF, 2007). In the year 2004, the occurrence of 
child labour could be lower or higher, as no specific information is available. The loose set of 
criteria as defined in Section 4.3 does not result in additional costs. 
 
The strict set of criteria, however, requires that loss of family income be compensated, which 
may increase the costs of adult labour in 2015 by 0.25 € h-1 in Brazil and 0.26 € h-1 in Ukraine. 
The overall impact on costs per tonne of biomass is limited to no more than 3 % in both Brazil 
and Ukraine, because labour costs account for only 15 % and 6 % of the total costs in those 
countries, respectively. 
 
4.4 Wages 
 
The loose set of criteria requires that fieldworkers’ wages equal or exceed minimum wages, 
which is the case in both Brazil and Ukraine. The strict set of criteria requires that average 
wages be paid, which means that wages (and labour costs) should increase by a factor of 2.6 in 
Brazil and 2.0 in Ukraine. The greater impact in Brazil is due to the higher labour costs there. 
This approach may under- or overestimate the impact of meeting the ‘fair wages’ criterion: on 
the one hand, wages in agriculture are generally lower than in other economic sectors (i.e. 
impact is overestimated); on the other hand, average wages may not always be sufficient to 
avoid poverty (i.e. impact is underestimated). These data indicate that the overall impact of 
meeting the strict criterion is considerable: biomass production costs increase by 24 % in 
Brazil and by 6 % in Ukraine. A check confirms that, in both Brazil and Ukraine, average per 
capita income exceeds the international poverty lines of 1 or 2 US$ day-1, assuming two wage 
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earners and an average number of children per family. Thus, in general, no additional wage 
increases are required in order to avoid poverty. 
 
4.5 Employment 
 
The loose set of criteria requires that energy crop production contributes to direct 
employment. Direct employment by SRC plantations is calculated on the basis of detailed 
information on labour requirements for various activities involved in the growing, harvesting 
and processing of SRC. The average annual labour requirement is calculated to be 20 h ha-1 y-1 

for eucalyptus production in Brazil and 22 h ha-1 y-1 for poplar production in Ukraine. In 
reality, the labour intensity depends on the price of labour compared to the price of machinery 
and other non-labour inputs, as well as on various other factors that determine the selection of 
a management system and harvesting method, such as climate, accessibility of the plantation, 
availability of infrastructure, and the farmer’s know-how. For example, a manual harvesting 
and in-field transport system (using only chainsaws and manpower) has a labour intensity of 
13-20 h odt-1 (Perlack et al., 1997), while a mechanical harvesting and in-field transport 
system (using large, self-propelled harvester-chippers) has a labour intensity of 
0.27-0.42 h odt-1. In this study, mechanical harvesting systems are assumed. If a manual 
harvesting system were to be used for eucalyptus production, the harvesting costs would 
triple, which shows that these harvesting systems are only feasible in areas with very low 
wages, or in areas that are remote or difficult to access. Consequently, estimates of the labour 
requirement for SRC found in the literature range vary widely, between 0.4 and 30 h ha-1 y-1 
(Biewinga and Van der Bijl, 1996; Van den Broek et al., 2000; Berndes et al., 2001; Faundez, 
2003). The labour requirement for SRC is calculated to be 22 h ha-1 y-1in Brazil and 
20 h ha-1 y-1 in Ukraine. 
 

The strict set of criteria requires that the net employment effect of the production of dedicated 
energy crops, which is the sum of direct, indirect and induced employment, be positive. Due 
to a lack of suitable methodologies, it is not possible to calculate these effects accurately, 
though various data indicate that the indirect and induced employment effects can be large. 
For example, the direct, indirect and induced employment effects of a 500 ha SRC farm in the 
United Kingdom are calculated to be +5.5, +4.0 and –9.2 jobs, respectively (Environment, 
2004). 
 
4.6 Education 
 
The loose set of criteria has no impact on the cost-supply curve of bioenergy production. The 
strict set of criteria requires that education be provided. As a proxy, average expenditures on 
education per child, which are 592 € y-1 in Brazil and 472 € y-1 in Ukraine (ILO, 2002), are 
added to the labour costs. The labour costs thus increase by 0.7 € h-1 in Brazil and 0.3 € h-1 in 
Ukraine, assuming an average-sized family dependent on one wage earner, and an average 
working week. As a result, the overall costs of bioenergy production increase by 4 % in Brazil 
and 3 % and in Ukraine. Note that this approach ignores the quality of education, which may 
be inadequate and therefore necessitate additional investments. 
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4.7 Healthcare 

 
The loose criterion related to healthcare has no impact on the cost-supply curve of energy 
production. The strict set of criteria requires that healthcare services be available. The national 
average health case expenditures per person are added to the labour costs. In 2002, these 
expenditures were 222 € y-1 in Brazil and 33 € y-1 in Ukraine (WB, 2004b). This equals 
0.5 € h-1 for Brazil and 0.1 € h-1 for Ukraine, assuming an average-sized family dependent on 
one wage earner, and an average working week. As a result, the total costs of bioenergy 
increase by 3 % in Brazil and 1 % in Ukraine, on average. Note that this approach ignores the 
quality of healthcare, which may be inadequate and therefore necessitate additional 
investments. 
 
4.8 Soil erosion 
 
The loose set of criteria requires that the (risk of) soil erosion under SRC be equal to or less 
than that in the case of the land cover that is replaced by an energy crop. Table 6 shows the 
relative change in soil erosion when various land-cover types are converted to eucalyptus and 
poplar production. 
 
Table 6. Relative change in erosion sensitivity due to conversion of various land-cover types 
to eucalyptus production. A value of 0.14 means that the soil erosion risk in eucalyptus 
plantations is 0.14 times the soil erosion risk of cereals. Sources: (Biewinga and Van der Bijl, 
1996; Börjesson, 1999; Stone and Hilborn, 2000; Ma, 2001). 
Original land cover Eucalyptus Poplar 

Fresh clean-tilled seedbed  0.06 0.10 
Seasonal horticultural crops 0.10 0.16 
Orchards/nurseries 0.10 0.16 
Cereals (spring & winter) 0.14 0.22 
Pasture/hay/grassland 1.00 1.55 
Mixed forest  1.00 1.55 
Deciduous forest  7.14 11.09 

 
The data in Table 6 show that SRC is particularly likely to reduce soil erosion when it replaces 
seasonal horticultural crops, orchards/nurseries and cereals. Perennial energy crops reduce soil 
erosion, because the lower (average) intensity of soil cultivation (only once, in the year of 
establishment) leads to better soil structure (higher organic matter content and improved 
permeability) combined with greater (average) ground cover (OTA, 1993; Joslin and 
Schoenholtz, 1997; Börjesson, 1999). Pastures and grassland have comparable or lower 
erosion sensitivities. 
 
The strict set of criteria requires that the absolute level of soil erosion be reduced to 1.0 
t ha-1 y-1. Table 7 shows the costs necessary to achieve that, with calculated soil erosion rates 
(in brackets). 
 



 
 
 
 
 
Chapter 4 

144 

Table 7. Soil erosion rates (t ha-1 y-1, in brackets) and costs necessary to avoid soil erosion 
(€ ha-1 y-1) in mature eucalyptus plantations in Brazil (rainfall: 1000-2000 mm y-1) and poplar 
plantations in Ukraine (rainfall: 400-600 mm y-1) for various combinations of rainfall, soil 
texture and slope. Sources: (Wischmeier and Smith, 1978; UNEP, 1991; Renard and 
Freimund, 1994; FAO, 2002c; IIASA and FAO, 2002; USDA, 2005.) and our own 
calculations. 
Soil texture class → Fine Medium 
Slope (%) → 2 4 6 10 2 4 6 10 
Rainfall (mm y-1) ↓         

400 (0) 0 (0) 0 (1) 0 (2) 0 (1) 0 (1) 0 (3) 4 (6) 10 Ukraine 
600 (0) 0 (1) 0 (2) 0 (4) 6 (1) 0 (3) 4 (5) 10 (11) 22 

1000 (1) 0 (1) 0 (3) 4 (5) 10 (2) 0 (4) 7 (8) 15 (15) 33 
1250 (1) 0 (2) 0 (4) 6 (8) 15 (2) 3 (6) 11 (11) 22 (22) 48 
1500 (1) 0 (3) 4 (5) 9 (10 21 (3) 5 (8) 15 (14) 30 (30) 65 
1750 (1) 0 (3) 5 (6) 12 (13) 27 (4) 7 (10) 20 (18) 40 (38) 83 

Brazil 

2000 (2) 0 (4) 7 (8) 15 (16) 34 (5) 10 (12) 25 (23) 50 (47) 104 
 

Soil erosion rates vary, with slope, soil texture and rainfall, roughly between 1 and 47 t ha-1 y-1 
in Brazil and 0 and 11 t ha-1 y-1 in Ukraine. The costs necessary to avoid soil erosion are 
calculated to be 0-104 € ha-1 y-1 in Brazil and 0-22 € ha-1 y-1 in Ukraine. The final results, 
including total costs based on 6 % to 10 % slope and medium soil texture, are 49 € ha-1 y-1 for 
Brazil and 12 € ha-1 y-1 for Ukraine. As a result, energy production costs increase by 8 % in 
Brazil and 3 % in Ukraine. 
 
4.9 Depletion of fresh water resources 
 
In both the loose and the strict set of criteria, energy crop production must not deplete fresh 
water resources. Figure 4 shows the relative evapotranspiration of eucalyptus and poplar 
plantations compared to that in the case of conventional agricultural land use (arable land and 
permanent pastures), based on the Kc factor. 
 
As Figure 4 shows, eucalyptus and poplar require more water for optimal growth than 
conventional agricultural crops. Compared to pastures, eucalyptus requires more water and 
poplar the same amount. Therefore, SRC is sometimes used to lower groundwater tables 
(FAO, 2002a). 
 
These data should be regarded as being merely indicative of potential water use; in reality, 
water use depends on multiple variables, including soil texture, rainfall patterns, wind speed, 
cropping pattern, and species. Consequently, Kc factors found in the literature range from 
approx. 0.7 to over 1.5 for eucalyptus (Worledge et al., 1998), and from 0.3 to over 1.0 for 
poplar (NMCC, 2001). We calculated total annual evapotranspiration and rainfall in Brazil 
(climate data for Passo Fundo, in central Rio Grande do Sul) and Ukraine (climate data for 
Zhytomyr, in north-west Ukraine). The results are shown in Table 8. 
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Figure 4. Potential evapotranspiration of eucalyptus and poplar plantations compared to the 
reference evapotranspiration (ET0) and to that of conventional agricultural crops (cereals) and 
permanent pastures. Sources: (FAO, 1998b; NMCC, 2001) and our own estimates. 
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The (potential) evapotranspiration of eucalyptus plantations is estimated to be 
676-1597 mm y-1, depending on the plantation age. As the effective rainfall is sufficient to 
match the evapotranspiration in the first year, the risk of groundwater depletion is low. In 
full-grown eucalyptus plantations, however, water could become a growth-limiting factor, 
particularly during hotter parts of the year. During the first year, the (potential) 
evapotranspiration of poplar is calculated to be 271 mm y-1, which is well above the effective 
rainfall in Ukraine, so the risk of groundwater depletion is low. During the fourth year and 
beyond, the evapotranspiration is greater than the effective rainfall but less than the total 
rainfall, indicating a risk of groundwater depletion. Additional costs to reduce this risk are not 
quantified, due to a lack of data and suitable methodologies.  
 
Table 8. Evapotranspiration of eucalyptus and poplar plantations in years 1 and 4, with total 
and effective rainfall in Brazil (Passo Fundo) and Ukraine (Zhytomyr) (in mm y-1). 
 Brazil 

(eucalyptus) 
Ukraine 
(poplar) 

Evapotranspiration – year 1 676 271 
Evapotranspiration – year 4 (and beyond) 1597 851 

Effective rainfall  1288 547 
Total rainfall  1659 597 

 
4.10 Nutrient losses and soil nutrient depletion 
 
The loose set of criteria requires that soil depletion be prevented by applying sufficient 
fertilizers. The fertilizer demand is calculated to be 33-201 kg N ha-1 y-1, 1-8 kg P ha-1 y-1 and 
11-68 kg K ha-1 y-1 for Brazil and 14-103 kg N ha-1 y-1, 1-10 kg P ha-1 y-1 and 
7-50 kg K ha-1 y-1 for Ukraine. The range depends on the amount of biomass removed or the 
yield level, which in turn depends on the land suitability class: the lowest figure is for 
marginally suitable (mS) land; the highest figure is for very suitable (VS) land. The average 
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demand of N, P and K is calculated to be 138 kg ha-1 y-1, 13 kg ha-1 y-1 and 56 kg ha-1 y-1 in 
Brazil, and 66 kg ha-1 y-1, 15 kg ha-1 y-1 and 39 kg ha-1 y-1 in Ukraine, respectively. 
 
The strict set of criteria requires that nutrient losses be reduced as far as reasonable achievable 
and at the same time that soil depletion be prevented. The fertilizer application frequency is 
increased and also the nutrient uptake efficiency, as shown in Table 4. As a result, average 
nitrogen losses are reduced from 48 kg ha-1 y-1 to 23 kg ha-1 y-1 in Brazil, and from 
23 kg ha-1 y-1 to 11 kg ha-1 y-1 in Ukraine for land classified as VS and mS, respectively. 
Phosphor and potassium losses are zero, because the nutrient uptake efficiency is 100 % 
(Biewinga and Van der Bijl, 1996). By splitting fertilizer applications, the costs are reduced 
(i.e. an increase in fertilizer update efficiency results in a decrease in the amount of fertilizer 
required to avoid soil nutrient depletion), though the costs of labour and machinery increase. 
The net production costs of bioenergy decrease by 4 % in Brazil and 5 % in Ukraine, thus the 
reduction in fertilizer costs may outweigh the additional machinery and labour costs. 
 

4.11 Agrochemical pollution 
 
As explained in Section 3.12, applying the loose set of criteria does not result in additional 
costs. Note that, in general, if measured over the entire plantation period, the relative toxicity 
of the herbicides, fungicides, insecticides and other pesticides used in energy crop production 
is at least 80 % lower than is the case with conventional food crops (Biewinga and Van der 
Bijl, 1996). Only when grassland is converted to SRC does pesticidal pollution increase. The 
strict set of criteria requires that agrochemical pollution be avoided as far as reasonable 
achievable, by using manual and mechanical weeding instead of chemicals. This reduces the 
costs of agrochemicals and their application from 12 € ha-1 y-1 to zero, both in Brazil and 
Ukraine, whereas the costs of manual and mechanical weeding increase by a factor of 6, to 
66 € ha-1 y-1 in Brazil and 31 € ha-1 y-1 in Ukraine. Consequently, on average, the costs of 
bioenergy increase by 8 % in Brazil and 3 % in Ukraine. 
 
4.12 Loss of biodiversity 
 
As both the loose and the strict set of criteria require that biodiversity be protected, 10 % and 
20 %, respectively, of the plantation area is allocated to nature conservation and/or 
biodiversity protection. This reduces the bioenergy production potential by the same 
percentages. In this study, we assume that renting land for conservation and/or protection 
costs as much as renting land for energy crop production. The impact is that bioenergy costs 
increase by a maximum of 1.6 % in the case of the loose set, and by a maximum of 3.5 % in 
case of the strict set of criteria. We acknowledge that these percentages are based on an expert 
assessment of the extent to which representative ecosystems should be protected, rather than 
on a biological-physiological assessment of the actual dynamics of biodiversity in Brazil and 
Ukraine. Additional research is required on the dynamics of biodiversity in SRC and on 
methods to increase biodiversity. The term ‘biodiversity’ needs to be accurately defined: each 
species has its own specific habitat requirements, which sometimes conflict with those of 
other species. 
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5. Discussion 
 

Figure 5 shows the bioenergy production costs in the reference scenario, which meets the 
requirements of the loose set of sustainability criteria, and the additional costs that result from 
meeting the requirements of the strict set of criteria. 
 
Figure 5. Bioenergy production costs in the reference scenario (loose set of criteria), and the 
costs of meeting the various sustainability criteria included in the strict set. VS = very suitable 
areas, mS = marginally suitable areas. 
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The total costs of energy crop production in the reference scenario are calculated to be 1.5 to 
3.2 € GJ-1 in Brazil and 1.5 to 5.6 € GJ-1 in Ukraine, depending on the land suitability class 
and respective yields. The area-weighted average is 1.6 € GJ-1 for Brazil and 1.8 € GJ-1 for 
Ukraine. The same results are produced by applying the loose set of criteria. With respect to 
the reference scenario (and the loose set), applying the strict set of criteria increases the costs 
to 2.3 € GJ-1 (+44 %) for Brazil and 2.1 € GJ-1 (+15 %) for Ukraine. Under the strict criteria, 
the estimated biomass production costs do not exceed 2.5 € GJ-1 for most of the identified 
potentials. This cost range can be considered to be attractive in comparison to the price of 
fossil fuels. For example, in 2015 the EU border prices of natural gas and oil are projected to 
be around 4 and 5 € GJ-1 (EC, 2007a). Drying, densification and long-distance transportation 
of woody biomass increases the costs substantially, though not unacceptably. For example, the 
costs of transporting woody biomass (including sizing, drying, densification and storage) from 
a Latin American production site to a European destination, including inland transport in both 
regions, are calculated to be 2 € GJ-1 (Hamelinck et al., 2005). There is, however, a significant 
range in the production costs, which is due to differences in yields. For very suitable and 
marginally suitable lands, applying the strict set of criteria increases the costs by 33-71 % in 
Brazil and 10-21 % in Ukraine, respectively. The highest impact on costs occurs in areas of 
the lowest productivity, because the absolute increase in costs due to meeting the criteria is 
roughly the same for various land suitability classes. Note that, in reality, the range in costs is 
probably greater than the variation included in this study, because of differences in 
site-specific circumstances and in the management system applied. For example, as explained 
in Section 4.5, the labour requirement for SRC may vary between 0.4 h ha-1 y-1 and 
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30 h ha-1 y-1. The costs of meeting socio-economic criteria depend on the number of workers 
and therefore vary with the labour intensity of the management system. Also, the costs of 
meeting any particular criterion are site-specific. For example, in the case of education costs 
the average expenditures per pupil per year are included, though this approach ignores the 
quality of the education, which may be inadequate and therefore require additional 
investments. Site-specific circumstances may also have a great impact on environmental 
issues. As shown in Section 4.9, the costs of soil erosion prevention depend on rainfall, soil 
type, and slope length and gradient. 
 
Various types of criteria have varying impacts on the costs of bioenergy production. 
Complying with various socio-economic criteria (e.g. prevention of child labour, (minimum) 
wages, employment, healthcare and education) has a limited impact on costs. This is because, 
on average, labour costs account for no more than one-seventh of the total production costs. 
Only if labour costs increase strongly, as in the case of the strict wage-related criterion, do 
bioenergy costs increase significantly. With respect to the reference scenario, no additional 
costs are required in order to meet the loose environmental criteria. This is because SRC has 
lower environmental impacts than conventional agricultural land use, especially annual crop 
production (OTA, 1993; Perttu, 1995; Biewinga and Van der Bijl, 1996; Paine et al., 1996; 
Perry et al., 2001; Hope and Johnson, 2003). For example, Biewinga and Van der Bijl (1996) 
showed that converting land use from annual crop production to woody perennial crop 
production reduces soil erosion and nitrogen leaching. Hope et al. (2003) report that SRC 
could provide net benefits for biodiversity if it is agricultural land that is converted into energy 
crop plantations. The strict set of criteria, however, requires additional measures to meet 
environmental criteria, which may lead to a cost increase of 14 % in Brazil and 3 % in 
Ukraine. Furthermore, protecting biodiversity requires that the potential for biomass 
production should decrease by 10 % in the case of the loose set of criteria, and by 20 % in the 
case of the strict set. 
 
A key issue is the overall effect of energy crop production on employment, including direct, 
indirect and induced effects. Indirect employment is generated throughout the supply chain, by 
sub-contractors or suppliers to the organisations that are directly involved in production, 
transport and processing of the energy crops. Induced employment includes employment 
effects resulting from the displacement of agricultural activities by energy crop production 
and/or an increase in food production efficiency and/or the re-investment of income from 
bioenergy production. In the approach taken in this study, the induced employment effect of 
agricultural activities being displacing by energy crop production is zero, because energy crop 
production is restricted to surplus areas of agricultural land no longer needed for food 
production. However, obtaining surplus areas requires substantial increases in food production 
efficiency, which is also likely to affect employment. An increase in food production 
efficiency is generally achieved through mechanisation and rationalisation. In the period from 
1961 to 2001, this method reduced the labour intensity from 0.49 to 0.16 workers per hectare 
per year in Brazil and from 0.14 to 0.11 workers per hectare per year in Ukraine (FAO, 
2003a). The question arises as to what extent it is realistic and justified to include employment 
reduction due to an increase in food production efficiency in assessing the overall employment 
effects of energy crop production. Note that, in general, efficiency gains are considered a solid 
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basis for economic growth, which is an important component of sustainability, especially in 
rural areas in developing countries. 
 
Furthermore, outlook studies published in the literature (IFPRI, 2001a; Bruinsma, 2003) 
indicate that, on the basis of (assumed) trends in food production efficiency, it may not be 
feasible to reduce the area of agricultural land by increasing efficiency. However, these 
studies generally exclude the impact of energy crop production on food production and land 
use efficiency. Energy crop production may have multiple impacts on food production. For 
example, energy crop production may provide farmers in developing countries with a new 
source of income that allows them to invest in modernisation of agricultural production 
systems and thereby increase their food production efficiency above levels forecast by the 
FAO. If the overall effects of energy crop production cannot increase food production 
efficiency to such an extent that competition with food production and further deforestation 
are avoided, then additional investments will be necessary. The question arises as to what 
extent it is realistic and justifiable to require bioenergy producers to invest in rationalising 
food production in order that lands become available for energy crop production. This 
controversial issue can only be resolved through further debate. 
 
This study has identified several data and knowledge gaps that make it difficult or impossible 
to accurately calculate the impact of certain criteria on costs or potential. This is particularly 
true of the impact of criteria related to food supply, deforestation and employment (discussed 
above), as well as those related to biodiversity and depletion of freshwater resources. The 
latter two issues could be limiting factors, as insufficient data and tools exist to quantify the 
impact of relevant criteria on costs or potential. Both issues require more detailed site- or 
region-specific data. Furthermore, the 24 criteria included in this study are based on a 
selection of 50 from a list of 127 criteria that are considered to be relevant to bioenergy 
production and trade. The question arises as to what impact the 77 excluded criteria would 
have on the bioenergy cost-supply curve. Although this study has not attempted to address that 
question, the 50 included criteria are those which are frequently cited in the literature as being 
the most crucial and thus limiting. Some of the 77 remaining criteria have been excluded 
because no methods exist to operationalise them. One such example is the criterion “Capacity 

building at a regional level is required”. More research and stakeholder discussions are 
necessary to determine which criteria are the most relevant and what their practical 
implications are. 

6. Conclusions 
 

The goal of this study was to analyse to what extent implementing a certification system for 
sustainable bioenergy production affects the costs (per energy unit) and the potential 
(quantity) of bioenergy. The results indicate that the bioenergy production costs are the same 
for the loose set of sustainability criteria and the reference scenario. Applying strict criteria, 
which generally require that socio-economic and ecological impacts should improve with 
respect to the current situation, makes biomass production more expensive. It also limits 
potential production levels (in terms of both crop yield and land surface) with respect to a 
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situation in which no, or a loose set of, criteria are applied. Nevertheless, the estimated impact 
on biomass production costs and potential is unlikely to be prohibitive. 
 
These results also indicate that if a strict set of criteria is applied, the direct impacts of 
bioenergy production are generally positive. Note that other direct impacts occur which are 
not specifically included in this study, such as soil improvement and income generation. Also, 
the results exclude indirect effects (i.e. effects that occur throughout the supply chain and are 
produced by sub-contractors or suppliers to the organisations directly involved in the 
production, transport and processing of the energy crops) and induced effects (i.e. effects that 
occur as a result of displacement of activities by energy crop production). These effects are 
potentially very large, as has been shown in the case of employment. Generally, existing 
certification systems exclude indirect and induced effects. Further discussion is required to 
determine to what extent these direct, indirect and induced effects (i.e. externalities) should be 
incorporated into certification systems. The discussion should also consider the complexities 
and uncertainties that are involved in estimating these effects. 
 
Inevitably, subjective choices are made when operationalising areas of concern into concrete, 
measurable criteria, accompanying indicators and measures. Further discussion and research 
on these choices is required, with particular attention to the definition of the term 
‘sustainable’. Establishing a generally accepted bioenergy certification system will require 
further efforts to define sustainability and a corresponding set of criteria to the satisfaction of 
all concerned parties. A wide variety of stakeholders, including farmers, consumers, utilities, 
governments and non-governmental organisations should be involved in these efforts. 
 
The results presented in this study are necessarily indicative, being based on a ‘desktop 
approach’ rather than on field research. Nevertheless, the study may serve as a methodological 
framework for further research. More work is necessary in order to develop, verify and refine 
this framework, and should preferably include specific regional studies and involve 
stakeholders. Assessing the ecological impacts of SRC and the impact of ecological criteria on 
its costs and potential requires a more site-specific analysis with particular attention to factors 
including soil type, slope gradient and rainfall. The socially oriented criteria require more 
reliable and detailed data input (for example, at household level) and better methodologies to 
analyse indirect effects. 
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Abstract 

 

In this article the environmental and socio-economical impacts of the production of ethanol 
from sugarcane in the state of São Paulo (Brazil) are evaluated. Subsequently, an attempt is 
made to determine to what extent these impacts are a bottleneck for a sustainable and certified 
ethanol production. Seventeen environmental and socio-economic areas of concern are 
analysed. Four parameters are used to evaluate if an area of concern is a bottleneck: (1) the 
importance of the area of concern, based on the severity of the impact and the frequency of 
which an aspect is mentioned in the literature as an area of concern, (2) the availability of 
indicators and criteria, (3) the necessity of improvement strategies to reach compliance with 
Brazilian and/or (inter) national legislation, standards, guidelines and sustainability criteria, 
and (4) the impact of these improvement strategies on the costs and potential of ethanol 
production. Fourteen areas of concern are classified as a minor or medium bottleneck. For 7 
areas of concern the additional costs to avoid or reduce undesirable effects have been 
calculated at ≤ +10 % for each area of concern. Due to higher yields and overlapping costs the 
total additional production costs of compliance with various environmental and socio-
economic criteria is about +36 %. This study also show that the energy input to output ratio 
can be increased and the greenhouse gas emissions reduced by increasing the ethanol 
production per ton cane and by increasing the use of sugarcane waste for electricity 
production. A major bottleneck for a sustainable and certified production is the increase in 
cane production and the possible impacts on biodiversity and the competition with food 
production. Genetically modified cane is presently being developed, but is at this moment not 
(yet) applied. Both a ban on and the allowance of the use of genetically modified cane could 
become a major bottleneck considering the potentially large benefits and disadvantages, that 
are both highly uncertain at this moment. The approach demonstrated in this report provides a 
useful framework for the development of a practically applicable certification system, but 
further monitoring and research is required to reduce gaps in knowledge in combination with 
stakeholder consultation (particularly with respect to the three bottlenecks identified in this 
article). 

                                                 
� Published in Biomass and Bioenergy (2008; in press). Co-authors: Martin Junginger (Utrecht University), André 
Faaij (Utrecht University), Arnaldo Walter (State University of Campinas, Brazil), Paulo Dolzan (State University of 
Campinas, Brazil), Wim Turkenburg (Utrecht University). 
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1. Introduction 

 
The production of biofuels has been growing steadily during the previous years and is 
projected to increase further during the coming decades. This goes especially for the 
production of ethanol from sugarcane, of which Brazil is a major producer. The production of 
ethanol in Brazil increased from 0.6 Mm3 in 1975 (the start of the Brazilian ethanol 
programme) to 12 Mm3 in 1995 and 16 Mm3 in 2005, which equals half the global bioethanol 
production (F.O. Licht, 2006; UNICA, 2006b). This production is projected to increase to up 
to 36 Mm3 in 2015 (IEA, 2006a). Further, Brazilian ethanol is the most important contributor 
to the international trade of ethanol, with an estimated share of about 60 % in 2005 (Rosillo-
Calle and Walter, 2006).  
 
Concerns have been raised about the ecological, economical and social impacts of bioethanol 
production and to what extent the total sum of these impacts undermines a sustainable 
development and use of this energy source. Many studies have been carried out to assess the 
impacts of ethanol production (e.g., Da Motta, 1987; De Carvalho Macedo, 1992; Moreira and 
Goldemberg, 1999; Macedo, 2005; Cançado et al., 2006; De Resende et al., 2006; Ortiz and 
Rodrigues, 2006), most of which focus however on a small number of impacts. Also, several 
projects have been undertaken and are ongoing to develop a certification system to ensure a 
sustainable production and use of bioenergy; see Lewandowski and Faaij (2006) and the 
article of Van Dam et al. (2008) for an overview of recent developments. It can be concluded 
that there are many ongoing efforts to develop certification systems, but only a few systems 
are operational. In this article, we present a systematic attempt to formulate a set of practically 
applicable sustainability criteria that are (potential) bottlenecks for a sustainable and certified 
bioenergy production. We apply these criteria to the production of ethanol from sugarcane in 
the state of São Paulo (SP) in Brazil. This case was chosen as case study for two reasons. (1) 
Ethanol is the world’s most important biofuel. (2) The combination of fertile soils, favourable 
climate, relative good infrastructure and the Brazilian ethanol program (ProAlcool) has made 
SP the world’s most important ethanol producing region with a share of 21 % of the total 
worldwide production (F.O. Licht, 2006; UNICA, 2006b). Further, a large fraction of the 
increase in ethanol production in Brazil during the next decade is expected to be realised in SP 
(IEA, 2006b; IEA, 2006a).  
 
The formulation and application of criteria is done in five steps. First, the key areas of concern 
when discussing sustainability criteria are selected (Section 2); these are also called issues. 
Second, a literature review is carried out to analyse the ecological and socio-economical 
impacts of ethanol production in SP. Third, an assessment is made of the level of compliance 
of the present impact of ethanol production with Brazilian and (inter) national legislation, 
standards and guidelines and also with sustainability criteria that are included in existing 
certification systems for agricultural and wood products. Fourth, the implications for 
certification are discussed, by assessing to what extent practically applicable indicators and 
criteria are available or need to be developed, by investing what kind of improvement 
strategies can be applied to meet sustainability criteria and by estimating the impact of these 



 
 
 
 
 

The sustainability of Brazilian ethanol and the possibilities of certified production 

153 

improvements on the ethanol production costs and/or the amount of ethanol that can be 
produced sustainable. An indicator is a quantity that can be used to quantify the impact (e.g., 
the water collection rate for cane milling, in m3 per tonne (t) cane). A criterion is the value of 
this unit that can be used to define when the impact is sustainable (e.g., the water collection 
rate should be below 1.0 m3 per tonne cane). The results of step two, three and four, are 
presented in Section 3.2 (ecological areas of concern), and 3.3 (socio-economical areas of 
concern). Fifth, the results are summarised and conclusions are formulated to what extent each 
area of concern is a bottleneck for certification (Section 5)77. Specific attention is hereby paid 
to gaps in knowledge. 

2. Approach and methodology 

 
The approach and methodology applied in this research is taken from the FairBiotrade 
research project (Smeets et al., 2007). In this project the methodology was applied to a 
(fictive) woody bioenergy crop production system in Brazil (eucalyptus) and Ukraine (poplar). 
In this article we apply it to an existing bioenergy production system, namely the production 
of ethanol from sugarcane in the state of São Paulo (SP) in Brazil. 17 key areas of concern are 
selected and included in our work (Table 1). The selection is based on a review of the 
literature about the environmental and socio-economic impacts of ethanol production in Brazil 
and also based on a list of 127 sustainability issues that are relevant for the production and 
trade of bioenergy as identified by Lewandowski and Faaij (2004).  
 
Some areas of concern deal with a number of sustainability issues. For example, the level of 
wages is identified as an area of concern, which overlaps with the issues ‘poverty reduction’ 
and ‘access to health care services’. Some issues are excluded from our investigations, 
because we were not able to operationalise them into criteria and indicators that can be 
quantified. For instance the issue ‘discrimination of women’ is, although very relevant, 
excluded.  
 
Next, we determine to what extent each area of concern is a potential bottleneck for a 
sustainable, certified ethanol production in SP, based on the five steps described below. The 
scope of our analysis is limited to the direct impacts, thereby ignoring indirect and induced 
impacts78. This approach is similar to existing certification systems and we estimate that the 
formulation of practically usable certifications system becomes much more difficult if indirect 
and induced impacts are included too. An exception is made for two areas of concern 
(biodiversity and employment), since indirect and induced impacts seem particularly 
important for these issues.  
 

                                                 
77 This article is an updated version of the report “Sustainability of Brazilian ethanol” (Smeets et al., 2006).  
78 Indirect impacts are generated throughout the supply chain, by sub-contractors or suppliers to the organisations that 
are directly involved in the production, transport and processing of the energy crops. Induced impacts include various 
(direct en indirect) effects through the displacement of agricultural activities by sugarcane production and/or through 
the re-spending of income from bioenergy production. 
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Table 1. The 17 areas of concern included in this article and the respective sections in which 
they are analysed. 
 Section 

Ecological 3.2 

1 Water use 3.2.1 
2 Water pollution 3.2.2 
3 Biodiversity 3.2.3 
4 Soil erosion 3.2.4 
5 Fertilizer use 3.2.5 
6 Genetically modified organisms 3.2.6 
7 Sugarcane burning 3.2.7 
8 Greenhouse gas emission and energy balance 3.2.8 

Socio-economical 3.3 
9 Competition with food production 3.3.1 

10 Employment 3.3.3 
11 Income distribution 3.3.4 
12 Land tenure 3.3.2 
13 Wages 3.3.5 
14 Working conditions and worker rights 3.3.6 
15 Child labour 3.3.7 
16 Social responsibility and benefits 3.3.8 
17 Competitiveness (see the section on Economicimplications) 4 

 
1. Impact assessment of ethanol production  
A quantitative analysis is made (as far as possible) of the historic, present and future 
ecological and socio-economical impacts of ethanol production based on a literature review 
and consultation with Brazilian partners.  
 
2. Legislation and guidelines 
An overview is given of Brazilian and (inter) national legislation and guidelines and of criteria 
published in the literature that are relevant for sustainable ethanol production. 
 
3. Options for sustainable ethanol production 
The practical possibilities and limitations for a sustainable and certified ethanol production are 
analysed, using the results from step 1 and 2, namely:  

a. The availability of practically applicable indicators and criteria included in Brazilian 
and/or (inter) national legislation, guidelines and certification systems.  

b. The availability and effectiveness of practically applicable improvement strategies. 
c. The extent to which improvement strategies are required to meet the legislation, 

guidelines and sustainability criteria referred to under (a.). 
d. The extent to which improvement strategies are required to meet the legislation, 

guidelines and sustainability criteria referred to under (a.). 
 
4. Costs and potential of sustainable ethanol production 
The impact of the application of improvement strategies on the costs (per unit; as a result of 
changes in management of sugarcane or ethanol production) and potential (quantity; as a 
result of a change of the area or yield of sugarcane production) of ethanol production are 
quantified as far as possible. 
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5. Synthesis 
The procedure outlined in Table 2 is used to determine to what extent an area of concern is a 
bottleneck for a sustainable and certified ethanol production. 
 
Table 2. The four aspects based on which conclusions are drawn to what extent and area of 
concern is a bottleneck for a sustainable, certified ethanol production in São Paulo, including 
the valuation in words and in points.  
1). Importance of the area of 

concern 
2). Availability of indicators 

and criteria 
3). Necessity of 

improvement strategies 
4). Impact of improvement 
strategies on the costs and 

potential (quantity) of 
ethanol production 

High importance (3) 
Medium importance (2) 

Low importance (1) 

Low availability (3) 
Medium availability (2) 

High availability (1) 

High necessity (3) 
Medium necessity (2) 

Low necessity (1) 

High impact (3) 
Medium impact (2) 

Low impact (1) 

 
Four aspects are included: (1) Importance of the area of concern, which is evaluated taking 
into account the severity of the impact which is determined by looking at the impact on the 
ecosystem or on human welfare and based on an assessment of the frequency of which an 
aspect is mentioned in the literature as an area of concern. (2) The availability of indicators 
and criteria. (3) The necessity of improvement strategies, which is determined by taking into 
account the difference between the situation that is achieved and the desired situation and the 
availability of improvement strategies. (4) The impact of improvement strategies on the costs 
and potential of ethanol production. Each aspect is valued and given a corresponding point, 
following the division in Table 2. For example, if water pollution is identified as an important 
environmental problem, than it is classified as ‘high importance’ and given three points. The 
sum of the points of the four aspects determines the conclusion to what extent an area of 
concern is a bottleneck for certification, whereby three levels are distinguished: minor (the 
sum is 4-6), medium (7-9 points) and major (10-12 points). In the discussion specific attention 
is given to gaps in knowledge and future research needs required for the further development 
of a practically applicable ethanol certification system. 

3. Results 

 
In this section results are presented for each of the 17 areas of concern. The results are given 
for ecological (Section 3.2) and socio-economical areas of concern (Section 3.3). Results that 
are applicable to multiple areas of concern are shown separate (Section 3.4). The impact of 
compliance with various sustainability criteria on the costs of ethanol is analysed in Section 4.  
 
3.1 The ethanol production chain 
 
Sugarcane is planted using cane cuttings. Its maintenance includes the application of 
herbicides, pesticides and fertilizers (mineral fertilizers and nutrient rich wastes from ethanol 
production). Once planted, a stand of cane can be harvested several times, until the declining 
yields justify replanting. Sugarcane is harvested by hand or mechanically. Before manual 
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harvesting cane burning is applied. Cane burning is the burning of the leaves and stalk tops of 
the cane to reduce the costs of harvesting and transportation. In the mill, the sugarcane is 
washed, chopped, shredded, mixed with water and crushed. The sucrose containing juice is 
converted into alcohol using yeast (this process is called fermentation) after which purification 
and distillation takes place. The fibrous waste is burned to generate steam and electricity for 
the process, but also surplus electricity is generated. For further details see references (2000) 
and (2000). 
 
3.2 Ecological areas of concern 
 
3.2.1 Water use 

 

Local water shortages occur in SP resulting from the combination of water demanding sectors 
(mainly agriculture, industry and electricity generation) and water polluting sectors (mainly 
households and industry) (Moraes et al., 1998; FAO, 2004). For the production of ethanol79 
two water use categories are relevant, which are irrigation for cane production and industrial 
water use for ethanol production. The evapotranspiration (ET) of precipitation by sugarcane is 
generally not perceived as an important contributor to local water shortages for two reasons. 
First, the ratio between rainfall and ET is favourable: in the Paraná-Paraguai water basin, 
which covers most of SP, precipitation is 2140 mm per year and evapotranspiration 1657 mm 
per year (FAO, 2004). However, during the autumn and winter, which are relatively dry, the 
ET is higher than the rainfall. Irrigation is not required during this period, because the plants 
reduce vegetative growth and start to accumulate sucrose (this period is therefore essential for 
achieving high sucrose levels). A second reason is that the ET is difficult to control except for 
changing the type of vegetation, but differences are limited. It should also be noted that the ET 
is generally lower in cropland compared to grassland or natural vegetation, but this impact can 
be compensated by an increase of runoff. Further, no overview is available of local water 
hortages in SP. Aggregated at a state level indicate that the contribution of ethanol production 
to the total water use (excluding evapotranspiration of precipitation) is limited to ≤ 5 % in 
2003 (Table 3) and thus also the contribution of ethanol production to water shortages is 
limited. Yet, the peak of ethanol production is during the relatively dry winter and which 
indicates that the impact of industrial water use using winter should be analysed.  
 
Irrigation80 is generally not economically feasible and is not applied, except in the dryer areas 
in West SP (Matoli, 1998). In these areas irrigation is expected to increase as a result of the 
increase in cane production. The industrial water collection (or water intake) may change due 
to the doubling of ethanol production projected between 2005 and 2015 (IEA, 2006a) and 
increases in the water use efficiency, see Table 4. If the mid term target formulated by the 
Cane Technology Centre of 1.0 m3 per tonne cane is reached in 2015, than the total industrial 
water collection for ethanol production increases by 11% between 2005 and 2015.  
 
                                                 
79 In this article the term ‘production of ethanol’ sometimes excludes and sometimes includes the production of 
sugarcane, depending on the context.  
80 The term irrigation as used in this article excludes ferti-irrigation, which is the application of nutrient rich waste 
water to sugarcane fields. 
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Table 3. The average water use and supply in São Paulo (in m3 s-1) in 1990 and 2003. Sources: 
State Plan on Water Resources (PERH) 1994-1995 and 2004-2007 in (Macedo, 2005), and 
own calculations. N/a = not applicable. 

PERH 1994-1995 PERH 2004-2007 
1990 2003 

 

(m3/s) (%) (m3/s) (%) 

Reference 2105 N/a 2020 N/a Supply 
Minimum available flow 888 N/a 893 N/a 
Urban 97 27 151 39 
Irrigation sugarcanea 8 2 5 1 
Irrigation other cropsa 146 40 97 25 
Industry – mills 47 13 17b 4b 
Industry – other industry 65 18 120 31 

Use 

Total 363 100 390 100 
a According to Matoli (1998) almost all sugarcane produced in SP is grown without using irrigation. The water use for 
the irrigation of sugarcane and other crops is calculated here assuming that 5 % of total water use for irrigation is used 
for sugarcane irrigation.  
b Calculated based on the water use for mills reported for 1990, corrected for the increase in ethanol production in SP 
from 7.8 Mm3 in 1990-1991 to 8.8 Mm3 in 2003-2004 (UNICA, 2006b), and the decrease in water collection rate 
from 5.6 m3 per tonne cane in 1990 to 1.8 m3 per tonne cane in 2005 (see Table 4; for 2004 we assumed 1.8 m3 per 
tonne cane). 
 
Table 4. The water collection, consumption and release from ethanol production in 1990, 
1997, and 2005 and various water collection, consumption and release targets found in the 
literature (in m3 t-1 cane y-1)a. Sources: PERH (1994-1995) in (Macedo, 2005), CTC (no year) 
in (Macedo, 2005), (Macedo, 2005), and the World Bank (WB, 1998). 
 1990 1997 2005 Mid term target Cane 

Technology Centre 
(CTC) 

Minimum target 
World Bank 

Pollution Prevention 
Handbook 

Achievable target 
World Bank 

Pollution Prevention 
Handbook 

Collectionb 5.6 5.1 1.8c 1.0 N/d N/d 
Release 3.8 4.2 n/d 0 1.3 0.9 
Net consumption 1.8  0.9 n/d 1.0 n/d n/d 

a All data refer to the net collection and net release, after recycling. The total amount of water involved in cane 
processing is ca. 21 m3 per tonne cane per year (Table 5). 
b Excluding water in the cane. 
c A water collection rate of 1.8 m3 per tonne cane per year is the average in SP. When the mills with the highest water 
consumption are excluded (8 % of all mills), than the remaining mills have an average water collection rate of 1.2 m3 
per tonne cane per year (Macedo, 2005). 
 
These data show that industrial water collection rates can be reduced significantly, particularly 
by increasing the water recycling rate or by replacing wet cane washing by dry cane washing 
(GTZ, 1995; WB, 1998). 
 

The SP state law 7.633 (1991) provides the basis for legislation (2000, bill 676) that promotes 
efficient water use based upon the “user-payer” and “pollutant-payer” principle: the user and 
polluter pay dependent on the amount and quality of the water collected and released. This 
applies to irrigation and industrial water use, but excludes underground waters and rivers that 
originate and finish within the boundaries of SP. A committee that includes a.o. 
representatives from the agricultural sector sets the price of water. Anecdotic information 
indicates that under pressure from the agricultural sector there are cases where the price of 
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water was set at a level that does not or hardly affect the economic performance of crop 
production. In these cases the payments can be insufficient to cover the costs of investments in 
and maintenance of water infrastructures (Braga et al., 2005).  
 
Based on the information above, more strict criteria seem desired in addition to compliance 
with the local legislation. Various effective improvement strategies are available to reduce the 
water use and also practically applicable indicators and criteria are available. The increasing 
use of irrigation in West SP and the large volumes of water involved justify that specific 
attention is given to the potential impacts of irrigation in the future.  
 
3.2.2 Water pollution 

 
Water pollution in SP is a serious, but regional problem. The main cause is the discharge of 
raw sewage and industrial wastes. A well-studied problem area is the Piracicaba river basin in 
SP, which is a traditional industrial and agricultural area, and also an important cane 
producing region (Moraes et al., 1998; Lara et al., 2001; Krusche et al., 2002; Armas et al., 
2005). No information is available about the exact contribution of ethanol production to water 
pollution. In this article the two most important types of pollutants from ethanol production 
are discussed, which are organic pollutants and agrochemicals81.  
 

Organic pollutants 

 
Table 5 shows the wastewater flows including the pollution potential and commonly used 
treatment technologies. In total some 21 m3 water per tonne cane is used, but the net discharge 
rate is much lower due to recycling (see Table 4).  
 
In the past (1970’s and 1980’s), the uncontrolled discharge of wastewater on surface waters 
and on land resulted in severe environmental degradation. Presently, most liquid wastes are 
used for ferti-irrigation, which is the application of nutrient rich wastes on sugarcane fields. 
Ferti-irrigation application rates (expressed in m3 per hectare) have gradually decreased during 
the past decades, to reduce environmental degradation and to optimize the use of nutrients, see 
also Section 3.2.5. 
 
Legislation includes a water use and discharge pricing system, which is presently being 
implemented in SP, but which seems inadequate in some cases as already discussed. Other 
relevant legislation includes standards for ferti-irrigation (see Section 3.2.5), and waste water 
emission standards. However, the wastewater emission standards in Brazil are not as strict as 
other standards, although the differences seem limited (Table 6). Special attention must also 
be given to the risk of plant breakdowns, which in the past have resulted in the release of 
heavily contaminated water (BOD5 > 18000 g l-1 (Sugar Mark, 2006) 

                                                 
81 Also desinfectants (e.g. formaldehyde and various biocides) are used in ethanol production to avoid microbial 
contamination (GTZ, 1995). Data about the quantities of desinfectants and the types and the environmental impacts 
are not available, but the limited attention that is given to this issue in the literature suggests that the impact is small. 
The use of desinfectants can be avoided by using steam or less toxic alternatives.  
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Table 5. The waste water flows in sugarcane mills (before recycling) that produce ethanol and 
sugar on a 50/50 basis (in m3 per tonne cane), the pollution potential and treatmenta. Sources: 
(Neto, 1996 in reference 2005) and (2005). 
Waste 
water type 

Volume 
(m3 t-1 cane) 

Pollution potentialb Treatment Remark 

Cane 
washing 
water 

5 Organic matter (180-500 
mg l-1 BOD5) and high 
concentration of TSS 

Settling ponds and pH adjustment in 
case of reuse (closed circuit); settling 
ponds stabilization ponds (open 
circuit) 

Tendency to be 
discontinued or 
replaced by dry 
cleaning systems 

Barometric 
condenser 
water 

6 Organic matter (10-40 
mg l-1 BOD5) and T ca. 
50°C 

Cooling pond (closed or open circuit) 
to bring T < 40°C; recirculation and 
release 

The circuits are being 
closed aiming zero 
leakage system 

Fermented 
cooling 
water 

3 T ca. 50°C Cooling pond or tower (closed or 
open circuit); recirculation and release 

The circuits are being 
closed aiming zero 
leakage system 

Distillation 
condenser 
water 

4 T ca. 50°C Cooling pond (closed or open circuit) The circuits are being 
closed aiming zero 
leakage system 

a Data exclude wastewater from plant breakdowns that can result in heavily contaminated wastewater flows with a 
BOD5 of up to 18 g l-1. 
b For the pollution potential of wastewaters from ethanol production four indicators are commonly used, which are 
the: 
- Biochemical oxygen demand (BOD; in g l-1) for determining the oxygen-consuming organic material. The BOD is 
the main parameter of any treatment of waste waster polluted with biodegradable/oxidizable substances. The BOD5 is 
the quantity of oxygen in mg l-1 that is consumed by microorganisms at 20°C within a degradation time of five days. 
- Total suspended solids (TSS; in g l-1) for establishing the total quantity of suspended matter (primarily inorganic 
substances from cane and beet washing water). 
- Acidity (pH) as extreme pH changes are harmful to water flora and fauna. 
- Temperature (T; in °C) as high temperatures are harmful to water flora and fauna. 

 

Table 6. Comparison of Brazilian wastewater emission standards with various (inter) national 
standards. See also Table 5. Sources: GTZ (1995), World Bank (1998), UNEP (1997).  
Country or organization TSS  

(mg l-1)  
BOD5  

(mg l-1) 
T  

(ºC) 
pH 
(-) 

 Brazil 1.0a 60 ≤40 5.0-9.0 
 USA - - - 6.0-9.0 
 UNEP 20-30b 20-30b - - 
 World Bank  50 50  ∆T = ≤3c 6.0-9.0 
a In one hour measures using an Imhoff Sediment Cone. This number cannot be compared directly with data from 
other sources presented in this table, because of difference in definition.  
b The lowest number refers to the secondary treatment limits and the highest to the advanced treatment limit.  
c The effluent should result in a temperature increase of no more than 3ºC measured at the edge of the zone where the 
mixing and dilution takes place. Where the zone is not defined, use 100 meters from the point of discharge. 
 
Agrochemicals 

 
An effective disease, pest and weed control is crucial because without yield losses of more 
than 80 % can occur in cane production (Macedo, 2005). Agrochemicals are commonly used, 
but in limited quantities per hectare when compared to conventional crops (-40 % compared to 
corn and more than -90 % when compared to coffee, citric or soybean (Macedo, 2005)). 
Nevertheless, case studies indicate that the use of agrochemicals is an important contributor to 
water pollution in areas with a lot of cane production (Lara et al., 2001; Armas et al., 2005). A 
crucial aspect in pest and disease control is the development of resistant cane varieties. Weed 



 
 
 
 
 
Chapter 5 

 160 

growth prevention includes the use of green covers, crop rotation and adequate crop plant 
spacing. Herbicide resistant weeds in sugarcane production have not been found so far, but the 
fast increase in herbicide resistant weeds in other crops indicates that this may change (Weed 
Science, 2006).  
 
Brazilian legislation defines which agro-chemicals are allowed. It seems that some chemicals 
are allowed that are presently banned in the EU, such as atrazine (De Armas and Monteiro, 
2005; PAN, 2005). For agrochemicals several frameworks exist that formulate further 
restrictions, such as various global conventions on chemicals (e.g. the Stockholm Convention 
on Persistent Organic Pollutants (UNEP, 2001)) and various guidelines (e.g. the International 
Code of Conduct on the Distribution and Use of Pesticides (FAO, 2002b)).  
 
We conclude that in addition to compliance with legislation in Brazil more strict criteria seem 
required. Indicators and criteria to be used are available from legislation and/or certification 
systems. Effective improvement technologies are available to reduce the emission of organic 
pollutants, such as recycling and the (aerobic) bacteriological treatment of wastewaters. The 
additional costs of waste water treatment in combination with recycling are estimated at € 0.03 
per litre, equal to an increase of 8 % (Pimentel et al., 1996). Pollution from agrochemicals can 
be reduced in various ways, e.g., integrated pest management, replacement by less toxic 
alternatives, or by using biological pest control and manual/mechanical weed control. The use 
of agrochemicals can also be avoided completely as the production of organic cane shows 
(Appendix 4).  
 

3.2.3 Biodiversity 

 
The impact of sugarcane production on biodiversity is analysed using the area under natural 
vegetation cover and the value of the biodiversity of these areas as a proxy82, whereby two 
impacts can be distinguished: (1) the direct impact, which is the conversion of natural 
vegetation into sugarcane plantations) and (2) the indirect or induced impact, which is the 
replacement of natural vegetation by sugarcane via a shift in agricultural land use that is 
induced by the use of land for cane production. These impacts are sometimes also referred to 
as leakage. Because induced impacts of sugarcane production within SP can occur outside SP 
the geographic scope in this section is extended from SP to Brazil.  
 
Sugarcane production in Brazil accounts for 0.6 % of the total land area or 2.0 % of the 
agricultural areas (Ortiz and Rodrigues, 2006); for SP these numbers are 18 % and 22 %, 
respectively (Goldemberg, 2006b). The direct and induced impact is likely limited, because 
the increase in cane cultivation during the previous decades occurred mainly at the expense of 
agricultural land (pastures and cropland). Further most of the increase took place far away 
from the most important biodiversity hotspots (Figure 1)83. Data about the direct impact on 

                                                 
82 We thereby ignore other impacts, such as the (negative) impact of the use of agro-chemicals used in sugarcane 
production, and the (positive) impact of the reduction in greenhouse gas emissions and consequently climatic change 
resulting from the replacement of fossils. This approach is in line with existing certification systems.  
83 These areas are called hotspots because of the threat to, and the wide diversity of, related endemic species 
(Mittermeyer et al., 1999). 
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less important biomes are not available. One important biome not shown in Figure 1 is the 
cerrado (savannah), which is located relatively close to the main sugarcane production area in 
Centre-South Brazil (Figure 3)84. The increase in ethanol production projected for the coming 
decade will lead to the expansion of cane production in SP, but partially also in areas close to 
and within the cerrado (Figure 2-4)85. Figure 4 depicts the three phases of ethanol production 
expansion specifically for export. The author states that region 1, which partially overlaps 
with the cerrado that are presently used for extensive cattle raising, is ideal for expansion on 
the short-term, which is in line with Figure 3 and with the analysis of Sparovek et al. 

(Sparovek et al., 2007). Region 2 is adequate for expansion in the medium-term (excellent 
location for exports, but competition with eucalyptus plantations) and region 3 is suitable for 
expansion on the long-term86.  
 
Figure 1. The location of sugarcane cultivation and the most important biomes in Brazil1. 
Source: Macedo (2005). 

 
 

1 Data exclude cane production from the North and North-East, for which no data were available. Their contribution 
of the North and North East is ca. 15 %. 
 
At this moment 25 % of the cerrado receives some from of protection (CI, 2006), which is 
insufficient to prevent conversion of undisturbed cerrado into agricultural land. The 
agricultural land area increased from 249 Mha in 1993 to 264 Mha in 2003 (FAO, 2005a). The 
increase in cane production could contribute to a continuation of this 
 process, directly or indirectly. The doubling of the land prices in the West SP resulting from 
the strong demand for land for cane production is an indicator of increasing pressure on the 
remaining land resources (Martines-Filho et al., 2006).  
                                                 
84 The cerrados host some 10.000 plant species, 195 mammal species, 607 bird species, 225 reptile species, 186 
amphibian species and 800 fresh water fish species and are one of South America’s most important biodiversity 
reserves (Conservation International, 2006).  
85 Of the original total cerrado area of 204 Mha, some 50 Mha is presently used for cattle grazing and 14 Mha for crop 
production (Bressan, 2000 in Macedo, 2005). 70 Mha are potentially suitable for cane production (Carvalho, 2001).  
86 The central region is now used for pasture and soybeans production and is adequate for sugarcane production 
without irrigation; the east side is close to the lake of the Sobradinho dam, along the Sao Francisco River – despite 
high productivity potential, irrigation will be necessary. 
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Figure 2. Projected increase in cane production (in Mt y-1), cane area (in Mha), ethanol 
production (in Mm3 y-1) between 2005 and 2016 in Brazil and SP and projected increase in 
ethanol exports in Brazil between 2005 and 2016. Sources: (2005; 2006b; 2006a)1,2 plus own 
calculations. 
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1Data from (2006b; 2006a) have been estimated from graph. The production of ethanol in SP is estimated by 
assuming that two-third of the ethanol in 2005-2006 is produced in SP (UNICA, 2006b) and assuming that the ethanol 
production increases linearly with cane production. This approach most likely underestimates the ethanol production 
in SP by excluding increases in ethanol yield and increases in the cane sugar content. 
2 Other projections found in the literature are: 640 Mt sugarcane in Brazil in the year 2013 (Nastari, 2005), 25 Mm3 
ethanol production in Brazil in 2015 and 4.6 Mm3 ethanol export from Brazil in 2015 (FAPRI, 2006), 26 Mm3 ethanol 
production and 4.4 Mm3 ethanol export in 2015 (Kaltner et al., 2005). Fulton (2004 in reference Rosillo-Calle and 
Walter, 2006) foresees an increase of the ethanol production to 21 Mm3 in 2010, 61 Mm3 in 2020, 121 Mm3 in 2030 
and 310 Mm3 in 2050. Johnson (Johnson, 2002) estimated the ethanol production of Brazil in 2020 at 62 Mm3 (E4 
scenario). 

 

 

Figure 3. The location of the present sugarcane production areas, the cerrado area and the 
location of some new mills (dark marks/points) in South-Central Brazil. Sources: modified 
from (Machado et al., 2004; Oliveira, 2005). 
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Figure 4. The location of areas in Brazil suitable for ethanol production for export, subdivided 
into areas that are suitable on the short term (1), medium-term (2) and long-term (3). Source: 
(Carvalho, 2006). 

 
 
There is no planning of sugarcane production in SP or Brazil (Macedo and Nogueira, 2005). 
However, there are various sections of legislation that affects the availability of land for this 
production, particularly the Forest Code (FC). The FC requires each land owner to maintain a 
proportion of each property under natural vegetation as a legal forest reserve (20 % in SP), but 
many land owners are out of compliance with the legal reserve obligation (Chomitz et al., 
2005). Recently, landholders are allowed to satisfy the requirement for one property through a 
legal forest reserve located on another (2001, Decree 2166-67). The FC also designated areas 
close to rivers and water streams as Permanent Preservation Areas (PPA), which means that 
these areas must be maintained in, or restored to their natural state. PPA overlap with less than 
1 % of the sugarcane area, so this PPA legislation will hardly affect cane production (Macedo, 
2005).  
 
The data above indicate that direct impacts can be avoided by requiring that sugarcane 
production is restricted to areas previously used for crop production or cattle grazing, up to a 
certain number of years ago. This criterion will most likely have a limited impact on the 
availability of land for cane production, because the expansion of cane production takes place 
mainly on agricultural land. The indirect and induced impacts, i.e. an increase in cane 
production within existing agricultural land leads to the conversion of natural vegetation to 
agricultural land, are potentially important, but are more difficult to tackle, because these 
impacts are difficult to quantify and practically applicable indicators are presently not 
available. Potential indicators are the price of land, the area under cane production, the area 
under natural vegetation, and the species diversity of specific areas. Indirect and induced 
impacts can be avoided by defining a maximum cane production area or by increasing the 
efficiency of food production to free land for sugarcane production. In theory up to half of the 
agricultural land used in 1998 can be made available for energy crop production in Brazil in 
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2015, taking into account increases in food consumption, by increasing the productivity 
(Smeets et al., 2006; Smeets et al., 2007), see also Section 3.3.1. However, most scenarios 
indicate that under current conditions increases in production efficiency are much lower, 
resulting in a continuation of the conversion of natural areas into agricultural land at a rate of 
1.8 Mha per year during the coming decade (Valdes, 2006), compared to an agricultural area 
in 2003 of 264 Mha (FAO, 2005a).  
 
3.2.4 Soil erosion 

 
Soil erosion in sugarcane production is generally limited compared to the production of 
conventional agricultural crops such as corn and soybeans, although the difference is 
dependant on local conditions (e.g., the slope gradient, rainfall pattern, harvesting system). 
Soil erosion rates of sugarcane areas found in the literature range widely, depending on the 
slope gradient, length and the soil type, but a median of about 20 tonne per hectare per year is 
reported (Quintiliano et al., 1961; De Maria and Dechen, 1998; Sparovek and Schnug, 2001b; 
Bertoni et al., 1998 in Macedo, 2005). For comparison: the average rate of soil erosion on 
cropland in the US was 6.7 tonne per hectare per year in 2001 (USDA, 2003) and soil 
formation rates are generally ca. 2 tonne per hectare per year (Sparovek and Schnug, 2001b). 
The soil erosion rate in the US is lower than in Brazil thanks to the lower rainfall and slope 
gradients in the US. Pastures generally have a much lower soil erosion rate compared to land 
used to grow annual crops, roughly a factor 20 or more. Severe soil erosion can negatively 
affect the suitability of soils for crop production and can also lead to a reduction in the soil C 
content (see further Section 3.2.8).  
 
There is no legislation aimed specifically at soil erosion. The cane burning phasing out 
schedule can also reduce the risk of soil erosion if the sugarcane residues are left on the soil, 
and this is the mid-term tendency in SP. Various guidelines and handbooks are available that 
focus on the application of soil erosion prevention technologies (best practice management, 
(Troeh et al., 1999; TDEC, 2002; EurepGAP, 2005; FSC, 2006), although these are not 
specifically aimed at sugarcane cultivation. In some of these documents maximum tolerable 
soil erosion rates are defined.  
 
Most existing certification systems and guidelines require the application of soil erosion 
prevention technologies, such as contour ploughing, bench terracing87, and mechanical 
harvesting without cane burning. Indicators and criteria focus on the application of these 
technologies and/or on soil erosion rates. A substantial level of soil erosion is common in 
conventional agriculture, including cane production. Thus, more strict criteria seem 
appropriate, based on e.g. the rate of soil erosion compared to the natural rate of soil formation 
and the erosion lifetime88. It should be noted that erosion cannot be avoided completely. The 

                                                 
87 The combination of bench terracing and mechanical harvesting is however problematic, since harvesting machines 
cannot cross terraces. Bench terracing increases the manouvring time and may reduce the harvest efficiency (t/h) by 
up to 40% (Sparovek and Schnug, 2001a). In addition, it may be that up to 25% of the sugarcane area must thus be 
harvested manually after the mechanical operation. These data stem from the 77 ha Ceveiro watershed located in the 
south-eastern part of Brazil (Piracicaba water basin). 
88 The erosion lifetime is the time it takes before a soil reaches its minimum depth given for a certain land use type. 
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(theoretical) costs to reduce soil erosion from 20 tonne per hectare per year to a level equal to 
the natural rate of soil formation are estimated to increase the production costs of ethanol with 
3 %  
 
3.2.5 Fertilizer use 

 
Sugar cane is able to use N2 from soil air through symbiosis with bacteria, but is not a 
leguminous species (Dobereiner et al., 2000). Consequently, the mineral fertilizer application 
rates (in tonne per hectare per year) in cane cultivation are lower compared to conventional 
(non-leguminous) crops (Macedo, 2005), but higher compared to pastures. The use of mineral 
fertilizers in cane production is not identified in the literature as an area of concern and 
therefore the use of mineral fertilizers is further ignored. More important is the application of 
nutrient rich wastes to cane fields (ferti-irrigation), which has both positive impacts (e.g., the 
reduced need for mineral fertilizers, the higher exchange capacity, the improved structure, the 
increased water retention capacity), and negative impacts (e.g., the increased risk of 
salinisation and nutrient leaching). The total impact of ferti-irrigation in SP is unknown, 
because only site-specific studies are available. An overview of studies about the impact of 
ferti-irrigation is presented in (2005).  
 
Technical standards have been adopted recently in SP regarding ferti-irrigation (2005, 
standard P4.231). Nowadays it is forbidden to apply ferti-irrigation on sensible areas and 
technical standards are included for the storage, processing and application of vinasse. A 
funding programme named Procop (Pollution Control Programme) supports producers in 
financing investments that are needed to meet these standards. There seems to be a consensus 
that an application rate of 300 m3 per hectare has no negative impacts (Macedo, 2005), which 
is higher that the average of 100 m3 per hectare applied in SP (Moreira and Goldemberg, 
1999).  
 
Compliance with legislation is essential, because of the severe environmental degradation 
from ferti-irrigation observed in the past. The most important improvement strategy is to 
reduce/optimize the application rate, which is also used as an indicator and criterion in 
existing legislation. Additional requirements seem desirable, because existing standards do not 
require a nutrient balances to be used as a basis to determine the optimum application rates.  
 
3.2.6 Genetically modified organisms 

 

In 2003 Brazil completed the Cane Genome project, which involved the sequencing of 40000 
cane genes that are related to disease resistance, stress response, nutrient metabolism etc. 
Further, the Cane Technology Centre (CTC) has developed transgenic cane varieties, 
including field trials, but the National Technical Biosafety Committee (CTNBio) withdrew the 
field trial permits after public concerns about the (potential) ecological impacts of genetically 
modified organisms (GM organisms or GMO’s). Three more years of field tests are required 
to test the effectiveness of the GM cane and commercial results could be realised after another 
two years (Macedo, 2005). The impacts of GMO’s are subject of extensive research and 
debate. There is no consensus, partially because the ecological impacts of GMO’s are 
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dependant on the exact genes that are altered or introduced and uncertainties are high. 
However, the public opinion in both Brazil and the EU is quite negative (Oda and Soares, 
2000).  
 
GMO’s have been banned in Brazil for a long time, but the illegal plating of GM soybean 
forced the government to formulate legalisation regarding GMO’s. It is expected that the 
present legislation in Brazil will be streamlined and that more GMO’s will be approved in the 
future (Fontes, 2003; Contini et al., 2005). The Brazilian regulatory framework is similar to 
the EU model, while the inspection and evaluation procedures follow the US model (Oda and 
Soares, 2000). No detailed information is available to what extent the Brazilian standards 
match with EU and US standards. Various certification systems and non-governmental 
organisations (NGO’s) adopt the precautionary principle and reject the use of GMO’s, except 
for traditional applications such as the use of GM yeast in bread production. See references 
(2003) and (2005) for an overview and discussion of GMO legislation in Brazil. 
 
Due to wide range of potential modifications and the scientific uncertainties mentioned above, 
no generally applicable indicators and criteria can be formulated at this moment, other than a 
complete ban on GM sugarcane (GMSC). Based on this conclusion and taking into account 
the negative attitude towards GMO’s in the EU and Brazil, it seems wise to apply the 
precautionary principle and reject the use of GM cane, at least until more information on the 
impacts is available. In case less strict criteria are formulated, than these should be allowed for 
a case-by-case specific evaluation of the GM cane varieties.  
 
3.2.7 Sugarcane burning 

 
Cane burning has gradually decreased in SP, from 82 % of the harvested area in 1997 to 63 % 
of the harvested area in 2004. A shift from manual harvesting (which is done with cane 
burning) to mechanical harvesting (which is generally done without cane burning) has 
negative and positive impacts, see Table 7.89. 
 
The recently implemented legislation in SP on cane burning implies that mechanical 
harvesting without cane burning is best option. This legislation includes a cane burning 
phasing out schedule (Table 8) and prescribes how, where and when cane burning is allowed. 
In 2007 an (voluntary) agreement between the SP state government and cane producer was 
signed in order to accelerate the phasing out of cane burning. This agreement aims at a stop of 
cane burning in the year 2016. The implementation of mechanical harvesting is limited by the 
high investment costs. Also the present status of mechanical harvesting technology and the 
topographic conditions found in the Centre-South of Brazil cause that mechanical harvesting  

                                                 
89 Some areas are harvested mechanically after cane burning: in 2002 the fraction of the sugarcane area of all 
Copersucar associated mills in SP that was burnt and unburnt was 80% and 20%, respectively, but the fraction of the 
area that was manually and mechanically harvested was 65% and 35%, respectively (Macedo et al., 2004). Thus, 
some 15% of the cane fields in SP are burnt and mechanically harvested, assuming that manual harvesting only is 
applied to burnt cane areas. The reason is that harvesting machines, particularly the old ones, are 30% more efficient 
with burnt cane (Ortiz and Rodrigues, 2006). 



 
 
 
 
 

The sustainability of Brazilian ethanol and the possibilities of certified production 

167 

Table 7. The advantages and disadvantages of the conversion of manual cane harvesting 
(including cane burning) to a mechanical cane harvesting (excluding cane burning).  
Advantages Disadvantages 

Decrease of the occurrence of poor working conditions 
associated with manual cane harvesting 

Decrease of employment (a single machine displaces 80 
workers) 

Decrease of costs of harvesting High investment costs. Pressure to increase the work 
speed of remaining manual harvesting to remain 
competitive  

Increase of availability of cane trash → increase in energy 
output to input ratio and greenhouse gas emission 
reduction when residues are collected and used for 
electricity generation 

Increase of emissions from diesel use for harvesting 
machines 

Decrease of cane burning emissions Increase of the occurrence of pests and diseases → 
possible increase of use of agrochemicals and/or yield 
reduction 

Decrease of damage to forests, infrastructure and to the 
cane stalks from cane burning. 

 

Increase of availability of cane trash → decrease of the 
risk of soil erosion as well as reduced weed growth when 
residues are left on the soil 

 

 
is not fully possible on 40-50 % of the land. These areas can be harvested using semi-
mechanised methods (Braunbeck and Magalhães, 2004). The most important negative impact 
of mechanical harvesting is the reduction of employment, see further Section 3.3.3. 
 
A reporting requirement is included in the legislation for cane producers, whereby cane 
producers are required to specify a cane burning reduction schedule. The legislation 
specifically takes into account the practical socio-economical consequences, i.e. the high 
capital costs associated with mechanical harvesting as well as employment effects. In theory, 
negative employment effects can be compensated e.g., by adopting a manual harvesting 
system without cane burning, but such a harvesting system is not widely used because of the 
high costs.  
 
Table 8. The sugarcane burning phasing out schedule included in São Paulo state law 11,241 
from 2000. Source: (2005). 
Year Areas where mechanical 

harvesting is possible 
(slope gradient <12 %) 

Areas where mechanical 
harvesting is not possible 
(slope gradient >12 %) 

2002 20% - 
2006 30% - 
2011 50% 10% 
2016 80% 20% 
2021 100% 30% 
2026 - 50% 
2031 - 100% 

 
Most stakeholders agree with a reduction in cane burning (Ortiz and Rodrigues, 2006). 
However, the negative employment effects from increasing the use of a mechanical harvesting 
system require attention, particularly in case a reduction is demanded in a certification scheme 
that goes beyond the legal requirements. Specific attention seems also appropriate for cane 
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burning in combination with mechanical harvesting, because this type of harvesting combines 
the negative impacts of cane burning with the negative employment effect of mechanical 
harvesting. One option is full compensation of the negative employment effects from a full 
shift of manual to mechanical harvesting (without cane burning) by means of unemployment 
benefits. This would increase the production costs of ethanol with 8 % compared to the 
present situation. The additional costs are expected to decrease in the future due to the cane 
burning phasing out schedule.  
 
3.2.8 Greenhouse gas emission and energy balance 

 
Ethanol produced from sugarcane is more efficient with respect to the replacement of fossil 
energy and the reduction of greenhouse gas (GHG) emissions when expressed per unit land 
and when compared to other bioenergy options. Figure 5 shows GHG reduction compared to 
other biofuels; the results for lingo-cellulose fuels are based on the use of waste material. 
 

Figure 5. The avoided GHG emissions (kg CO2 eq. ha-1) for various biofuels, present 
situation. IFEU is the Institute for Energy and Environmental Research that has recently 
completed a review of life cycle studies of biofuels and of which the ranges are included in the 
figure below. Source: reprinted from Von Blottnitz and Curran (2007), with permission from 
Elsevier.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results for sugarcane are based on a study by Macedo and co-workers, which is one of the 
three studies about the GHG emissions and energy balances of ethanol production in Brazil 
(Macedo et al., 2004; Oliveira et al., 2005; Langer, 2006), from now on called Macedo, 
Oliveira and Langer, respectively. A detailed comparison shows that the differences between 
Macedo/Langer90 and Oliveira are caused by differences in the diesel use for agricultural 

                                                 
90 Langer uses the data and approach from Macedo, except for the system boundaries: long-distance transportation of 
ethanol for export is excluded in Macedo (and also in Oliveira), but included in Langer.  

Avoided CO2 eq. ha-1 yr-1 
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operations, sugarcane yield, ethanol yield, energy consumption of seed production, system 
boundaries, definitions and harvesting system. In this study the GHG emissions and energy 
balance of ethanol production in SP are calculated for now and the future (2030+), whereby 
results are given for different harvesting systems, for various levels of the use of cane residues 
for electricity production and for four technologies for electricity cogeneration shown in 
Table 9 (Moreira, 2006). 
 
The total amount of electricity sold to the grid increased from 80 GWh in 1997 to 1350 GWh 
in 2004 in SP is expected to increase further (Moreira, 2006). Technology 1 and 2 (see 
Table 9) are currently used.  
 
Table 9. The technical potential of electricity production by cogeneration from bagasse and 
barbojo using different technologies for electricity generation and the decrease in the steam 
demand for ethanol production (kWh electricity per tonne cane). Sources: (NEA, 2005) plus 
own calculations. 
Technology 
  

Steam demand 
ethanol 

production 
(kg t-1 cane) 

Cogeneration, 
bagasse 

 
(kWhe t-1 cane) 

Cogeneration, 
barbojoa 

 
(kWhe t-1 cane) 

1. Combustion, partial steam extraction turbine, 22 bar - 300ºC 500 0-10 0 
2. Combustion, partial steam extraction turbine, 80 bar - 480ºC 500 40-60 0 
3. Combustion, condensing steam turbine, 80 bar - 480ºC 340 67-100 33-50 
4. Gasification, steam injected gas turbine <340 135-200 65-100 
a The cogeneration of electricity from cane is corrected for the use of barbojo for soil erosion protection and weed 
control and for the efficiency of collection. In total, 50 % of the total amount is left on the field. 
 
Technology 1 is based on the use of bagasse (the fibrous residue left after cane milling), but 
without the use of barbojo (the tops and leaves). This technology will probably be used for 
many years to come in particularly small plants. Technology 2, also without the use of 
barbojo, is presently being implemented and this will reduce the amount of energy required 
for ethanol production and increase the amount of electricity delivered to the grid. Technology 
3, which includes the use of bagasse and barbojo, is commercially available, but is not yet 
applied. It is expected that technology 4 will be competitive and commercially available after 
10 years or more from now (NEA, 2005). For the presented average situation we assume that 
5.9 kWh electricity is cogenerated per tonne cane, on average (Moreira, 2006). In the future 
higher figures are expected for technologies 2, 3 and 4, ranging from 40-300 kWh electricity 
per tonne cane, having an impact on the avoided GHG emissions. Ideally, the avoided 
emissions from electricity cogeneration should be derived from a comparison of the emissions 
in case of a scenario with and without cogeneration, but such an analysis goes beyond the 
scope of this paper. Instead, two reference systems are included that represent the boundaries 
of the avoided emissions per kWh electricity. (1) Electricity generation from the total capacity 
recently installed in South, South East and mid West Brazil, which is 87 % non-fossil fuel 
capacity, for which an emission factor of 109 g CO2 eq. per kWh is included (OECD, 2001). 
Further analysis revealed that these emissions can all be attributed to the capacity that uses 
fossil fuels. (2) Electricity generation from gas fired capacity, for which an emission factor of 
404 g CO2 eq. per kWh is calculated (Schaeffer et al., 2001; IPCC, 2006). The latter options is 
chosen because the bulk of the increase in installed capacity during the coming decades is 
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expected to come from natural gas (Schaeffer et al., 2001; IEA, 2006e)91. The energy credits 
from cogeneration are expressed in primary energy from fossil fuels and are calculated 
assuming a primary energy input of 2.0 kWh per kWh electricity for natural gas fired plants, 
assuming a conversion efficiency of 50 % for natural gas fired combined cycle plants and 0.33 
kWh fossil fuel input per kWh electricity for the average recently installed capacity 
(recalculated from (OECD, 2001)). Most other data are taken from Macedo, supplemented by 
data from the literature (Moreira, 2006). Macedo is chosen instead of Oliveira, because 
Macedo is more detailed and includes more recent data compared to Oliveira, and because the 
diesel consumption of agricultural operations assumed by Oliveira is overestimated. A 
detailed comparison of Macedo and Oliveira is shown in Appendix 1. The input data used in 
our calculations are presented in Appendix 2 and the results are shown in Figure 6 and 
Figure 7. The results are compared with the results of Macedo, because this is main source 
that is used in virtually all studies on GHG balances. The results for sugarcane burning are 
representative for the Centre-South in the year 2002, which means we assume that 80 % of the 
cane area is burnt, 20 % is not burnt and of the total cane area 35 % is mechanically harvested 
and 65 % manually (Macedo et al., 2004). Other input data, assumptions and detailed results 
are shown in Appendix 2. 
 
Figure 6. The energy balance of ethanol produced from sugar cane in São Paulo in various 
situations compared to the results of Macedo (2004). Sources: (Macedo et al., 2004; Oliveira 

et al., 2005; Moreira, 2006)and own assumptions. 

 

                                                 
91 Clean Development Mechanism (CDM) projects recently submitted to the UN Framework Convention on Climate 
Change (UNFCCC) presents an emission factor of 269 g CO2 per kWh (UNFCCC, 2004). 
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Figure 7. The greenhouse gas emissions (in kg CO2 eq. m-3 ethanol) of ethanol produced from 
sugar cane in São Paulo in various situations compared to the results of Macedo (2004). 
Sources: (Macedo et al., 2004; Oliveira et al., 2005; Moreira, 2006) and own assumptions. 
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The results show that in Brazil (SP) the present average energy output to input ratio of ethanol 
production is 7.7-7.8, with a worst case and best-case bandwidth ranging from 5.5 to 10.3-
10.6. These differences are caused by differences in the cane yield (in t ha-1 y-1), ethanol yield 
(l t-1 cane), the amount of electricity that is cogenerated, and the choice of the reference 
system. Further increases in cane yield, ethanol yield and in the amount of surplus electricity 
can increase the ratio to a maximum of 15-23, depending of the reference system. The amount 
of surplus electricity depends on the technology (i.e. the amount of energy needed for the 
production of ethanol and the efficiency of electricity cogeneration) and the availability and 
use of barbojo for cogeneration (i.e. the harvesting system and the technology). The present 
greenhouse gas emissions are calculated at 376-396 kg CO2 eq. m-3 ethanol), with a range of 
498 kg CO2 eq. m-3 (worst case; no electricity cogeneration) to between 282 and 321 kg CO2 
eq. m-3 (best base) depending on the choice of reference system, but can be reduced to a 
maximum of –843 kg CO2 eq. m-3 in case of technology option 4 (gasification of bagasse and 
barbojo, electricity cogeneration using a combined cycle) and with full mechanical harvesting 
without cane burning.  
 
Further, the hydrolysis of bagasse and barbojo and subsequent fermentation can increase the 
ethanol yield by another 34 l per tonne cane, using 30 % of the excess bagasse and 50 % of the 
barbojo. The hydrolysis of bagasse and barbojo limits the co-generation of electricity. The net 
impact on the energy balance and GHG emissions of ethanol production could not be 
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calculated due to a lack of data, but significant decreases in the production costs of ethanol are 
projected (Carvalho, 2002). 
 
The data presented above exclude long-distance transportation of ethanol for export. The 
transportation of the ethanol from the ethanol plant via São Sebastião harbour (SP, Brazil) by 
ship to Rotterdam harbour (the Netherlands) increases the energy consumption by 2.9 GJ per 
hectare. This decreases the energy output to input ratio from 7.7-7.8 to 6.6-6.7 and increases 
the GHG emissions from 376-396 (average) to 418-438 kg CO2 eq. per m3 ethanol, depending 
on the reference system. Input data for these calculations are derived from Langer [62]. An 
other important issue not taken into account in the results presented above are the GHG 
emissions from changes in above-ground and below-ground biomass, litter, dead wood and 
soil organic matter from changes in land use that are induced by the production of sugarcane. 
Detailed data on changes in land use that are induced by sugar cane production are scarce and 
the same goes for data on the GHG emissions from land use changes. It should be noted that 
the bulk of the increase in cane production during the period 2002-2004 occurred at the 
expense of pastures, but the indirect and induced impacts of cane production could also result 
in the conversion of natural vegetation (Section 3.3.1). Estimates of changes in organic C 
stocks from tillage of native cerrado soils are in the range of +/-10 % or less (Zinna et al., 
2005; Bayer et al., 2006), but higher losses have also been reported: Silva et al. (1994) 
reported a decrease of 41-80 %. Silveira et al. (2000) reported a decrease in soil organic C of 
22 % for the conversion of pasture to sugarcane production in the Piracicaba river basin in SP. 
The impact of changes in soil organic C on the GHG balance can be large: a 10 % decrease 
resulting from the conversion of cerrado to sugar cane production equals an emission of 237 g 
CO2 m

-3 ethanol or an increase of circa 60 % compared to the present average situation and 
assuming an initial C content of 45 tonne C ha-1 and a 20 year period before a new equilibrium 
C content is reached. Freitas et al. (2000) suggested that the C input from crop residues left on 
the soil are crucial for maintaining soil C content. This raises the question whether the GHG 
emission reductions of increasing the use of barbojo (cane trash) for electricity cogeneration 
outweigh the (potential) GHG emissions from decreases in the soil C content. Soil erosion is 
another important driver or decreases in soil C content (Bayer et al., 2006). Also important are 
changes in above- and below-ground biomass when forests are converted to sugar cane 
plantations. The conversion of forests is relevant when considering the indirect impacts. For 
example, one hectare of undisturbed tropical moist deciduous forest, which is the native forest 
type is some parts of SP, equals a carbon stock of 90 tonnes in above-ground biomass (IPCC, 
2006). This equals 1112 kg CO2 m

-3 of ethanol, assuming a 50 year period and assuming that 
all carbon in the biomass is released as CO2. This would increase the GHG emissions of 
ethanol production by 280 % to 395 %, in the case of the current average situation, assuming 
as reference for co-generation of electricity the recently installed total capacity and the 
recently installed fossil fuel fired capacity, respectively. Yet, the net GHG emissions from 
changes in biomass, litter, dead wood and soil organic are zero in case converted areas are 
converted back into their original state. Considering the potential impact of these issues, 
further research toward the impact of sugarcane production on land use patterns and on the 
resulting changes in carbon stocks on the GHG balance is urgently required.  
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The data above indicate that the energy balance and GHG emissions of ethanol from SP are 
favourable compared to other biofuels and compared to fossil based fuels, assuming no 
conversion of natural vegetation or grassland. Consequently, additional criteria are not 
essential, but they can be useful to stimulate the development and implementation of new 
technologies, particularly considering the potential large gains. The GHG emissions from 
changes in above-ground and below-ground biomass, litter, dead wood and soil organic matter 
should receive special attention, especially when the production of ethanol lead to changes in 
natural vegetation. 
 
3.3 Socio-economical areas of concern 
 
3.3.1 Competition with food production 
 

Eight percent of the population in Brazil was undernourished in 2001-2003 (FAO, 2006), 
which is mainly the result of poverty and less the result of lack of production capacity. The 
incidence of undernourishment in SP is likely lower, because the average income in SP is 
higher than in the rest of Brazil. The growth of sugarcane production for the production of 
ethanol could compete with the production of food92, which could threaten the food supply 
security. The availability of productive land is a key limiting factor as the area of agricultural 
land is not allowed to increase to avoid negative impacts on biodiversity (see further 
Section 3.2.3). Competition for other production factors is probably of less importance. 
However, it should be noted that Brazil is a major food exporter and it is expected that the 
export of food will increase rapidly during the coming decades (Bruinsma, 2003). This 
increase will be supplied from increases of the area of agricultural land at the expanse of 
natural vegetation and increases of the productivity. In theory, further increases in productivity 
are achievable with simultaneous decreases in the area of agricultural land required for food 
production to roughly half the present area of agricultural land (Smeets et al., 2007), but such 
a development is probably not realistic under the current and projected economic conditions 
(Smeets et al., 2007). Recently, Sparovek et al. (2007) presented an expansion model that is 
feasible at current market conditions and that involves the use of hydrolysed bagasse as a 
animal feed. This could reduce the migration of ranchers to remote regions, such as the 
cerrado, but could also reduce the use of the cerrado for cattle raising. However, an obstacle 
for large-scale implementation of this system is the competition with the use of bagasse for 
heat and electricity generation. Further, the bulk of the increase in cane production in SP 
during the period 2002-2004 occurred mainly at the expanse of land used for cattle grazing 
(SMA 2005 in Coulho et al., 2005). The increase in cane production in southeast Brazil during 
the 2005-2006 harvest season caused a reduction of the production of tomato, peanut and 
oranges in SP (IEA, 2006d) and a reduction in coffee plantation in Minas Gerias, Espírito 
Santo and SP (CONAB, 2006). The doubling in land prices in West SP between 2002 and 
2005, which is an important sugarcane expansion area, also suggests an impact on food prices 
(Martines-Filho et al., 2006). Indirect positive impacts on food security, e.g. through the 
generation of additional income have not been investigated yet. Further, there is a direct 

                                                 
92 The issue of competition also goes for other issues, e.g. wood and cotton. Here we focus on food production, 
although the conclusions are also applicable for the competition with other functions. 
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correlation between ethanol production and sugar production, since many mills produce both 
sugar and ethanol: the sugar to ethanol production ratio depends on the price of sugar and 
ethanol. Scenario studies of the OECD indicate a price of white sugar in 2014 of 100 €2005 per 
tonne in the constant biofuels scenario that assumes no additional biofuel production 
compared to the present price of 200 €2005 per tonne. In the policy-target scenario, which 
assumes that biofuel production develops according to stated national goals, the price is 
projected to increase to 160 €2005 in 2014 or 188 €2005 per tonne in case of a continued high oil 
price of 60 US$ per barrel is assumed that increases the costs of production but also increases 
the demand for bioethanol (OECD, 2006). A further liberalisation of the OECD sugar markets 
could also have a major impact on the sugar price and thereby ethanol price; Mitchell (2005) 
estimated that full trade liberalisation would increase the sugar costs by 40 %. A further 
analysis of these dynamics goes beyond the scope of this study. Also, it should be noted that 
sugar crops accounted for only 18 % of the daily food intake in Brazil in 2004 (FAO, 2005a).  
 
Additional research is required to assess the total net (direct and indirect) impact of ethanol 
production on food security in SP and to develop suitable criteria and indicators. Possible 
indicators are: the food intake, food purchasing power, food prices and land use patterns. 
Potentially useful tools to analyse and monitor the impact of large-scale sugarcane production 
on food production at a macro-level are: input-output (I/O) analysis, social accounting matrix 
(SAM) analysis, and food equilibrium modelling, but such analysis have not yet been carried 
out and need further evaluation. Further, research has shown that the efficiency of food 
production in Brazil, expressed in output per unit land, is well below what is (theoretically) 
agro-ecologically feasible: the area required for food production in 2015 can be limited to half 
the 1998 area (Smeets et al., 2006; Smeets et al., 2007). This implies that (in theory) the 
production of food can be increased without expanding the area of agricultural land used for 
food production. How such a transition can be achieved has been poorly studied yet.  
 
We conclude that especially poverty is currently a major bottleneck for food security, much 
more than a lack of production means like land or labour due to the production of sugar cane. 
However, competition for land between (the increasing production of) sugarcane and food 
could become a bottleneck, particularly because the conversion of (semi-)natural vegetation to 
agricultural land is unsustainable. Positive impacts via a.o. employment may compensate for 
the negative impacts, but insufficient data are available to assess the net impact of ethanol 
production.  
 
3.3.2 Land tenure  

 
Data in the literature indicate that land tenure is an important problem in general in Brazil, 
where landless people are a major group of rural poor. Historic data suggest that existing 
legislation is insufficient and too weak to protect small farmers and to prevent disputes over 
land issues. Particularly the position of small farmers is problematic. During the 1970’s and 
1980’s the expansion of sugarcane production exacerbated land tenure conflicts. Cases have 
been reported whereby farmers have been forced off their land by legal or economic pressure, 
or by direct physical intimidation (Saint, 1982 in reference ESMAP, 2005). Exact and more 
recent data are however not available. Yet, the increasing cane production has likely a limited 
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negative or even positive impact on land tenure conflicts, because the issue of land reform is 
less important in SP where commercial agriculture is a well-established activity (Moreira et 

al., 2005). Also it must be noted that most conflicts are at present in the Amazon region 
(Simmons, 2005). For land tenure and property rights there is sufficient legislation, but we do 
not analyse this further because of the complexity of the issue and because various studies 
indicate that law enforcement is the main issue and not lack of legislation.  
 
It can be concluded that in SP land tenure conflicts due to sugarcane production are at present 
a limited problem. Also these conflicts can be tackled using criteria, indicators and tools from 
existing certification systems (EurepGAP, 2005; FSC, 2006). Existing certification systems 
generally focus on the documentation related to these issues, e.g. property ownership, land use 
contracts, minutes of meetings with land owners.  
 
3.3.3 Employment  

 
Unemployment is a major problem in São Paulo and solving this problem is a key priority. 
The production of sugarcane and ethanol is an important source of employment in SP. Three 
employment effects can be distinguished: 
• Direct: employment generated in the sugarcane and ethanol production sectors 
• Indirect: employment generated in the industries that produce intermediate deliveries to 

the sugarcane and ethanol production sectors 
• Induced: employment generated or lost due to the induced effects of sugarcane and 

ethanol production, e.g. the change in employment in case sugarcane production replaces 
food production and the employment generated as a result of the increase in income 
spending and consequently production. 

Recent and accurate data are only available about the direct employment (Table 10).  
 
Table 10. Direct employment in sugarcane and ethanol production in São Paulo in 1992 and 
2003, divided into formal and informal jobs (x 1000; n/d = no data). Sources: the 
Administrative Records of the Labour and Employment Ministry (RAID) and National 
Household Sample Research (PNAD) databases in (Macedo, 2005). 

1992 2002  
Formal  Informal  Total  Formal  Informal  Total  

Sugarcane 149 36 185 124 16 140 
Ethanol N/d N/d N/d N/d N/d 33a 
Total N/d N/d N/d N/d N/d 173 
a Calculated by multiplying the total employment in sugarcane production by the ratio total formal employment in 
ethanol production to total formal employment in sugarcane production in 2002 in Centre-South Brazil. 
 
Table 10 shows that there has been a strong decrease in employment in the sugarcane sector, 
which is the result of the increase in mechanical harvesting in sugarcane production. One 
harvesting machine replaces up to 100 workers (Ustulin and Severo, 2001). Guilhoto et al. 

(2002 in reference Ortiz and Rodrigues, 2006) suggest that mechanization is possible in 
approximately 50 % of the north-eastern areas and in 80 % of the rest of the country, which 
could reduce the direct employment in cane production by 52-64 %. Table 11 shows the 
impact of mechanised harvesting compared to 1997. The positive employment effect from the 
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use of trash for energy is estimated to compensate the negative employment effect for just 
7 %. An other source estimated the potential to reallocate the work-force released by 
mechanical harvesting at 20 % (Ripoli and Ripoli, 2004). 
 
Table 11. Employment in cane production in 1997 and after the introduction of fully 
mechanised harvesting. Source: (Guilhoto et al. (2002) in reference 2006). 
 Employment 1997 

  
(x 1000) 

Employment after 
mechanisation 

(x 1000) 

Employment 
reduction  

 
(% of 1997) 

North 2.0 0.2 90 
North-East 225.9 76.3 66 
Mid-West 35.7 11.0 69 
South-East 194.7 95.3 51 
South 52.3 11.5 78 
Total Brazil 510.7 194.4 62 

 
Yet, the indirect and induced impacts can be more important than the direct impacts: Guilhoto 
(2001 in reference  Macedo, 2005) estimated the ratio between direct, indirect and induced 
jobs in Brazil in the late 1990’s at 1 : 1.4 : 2.8. Note that it is not clear what the definition of 
induced impacts is, thus it may exclude the impact of the replacement of food production. The 
latter type of induced effects is positive in case of the replacement of livestock production 
(employment per hectare in sugarcane is a factor 9 the average employment in livestock 
production). Presently, the labour intensity of sugarcane is roughly the same as for other 
crops93.  
 
The formulation of criteria is hampered by a lack of accurate data about the total net 
employment effect: the (in)direct impact is positive, but the induced effect could be both 
positive and negative. Various tools can be used to calculate the total net employment effects 
at a macro-economic level of an increasing ethanol production (e.g., I/O analysis, SAM, 
equilibrium modelling), but these need to be further developed and evaluated. Using I/O 
analysis, Scaramucci and Cunha (2006) calculated that the impact of an expansion of ethanol 
production by 800 % in Brazil, which is equal to 5 % of the global demand for gasoline in the 
year 2025, may increase the GDP by 11 %. Also more than 5 million jobs would be created in 
case cane production is fully mechanised.  
 

3.3.4 Income distribution  

 
A commonly used indicator to express income distribution is the Gini coefficient94. Brazil has 
one of the highest Gini coefficients in the world (the higher the Gini coefficient, the higher the 

                                                 
93 Calculated based upon the following data: in 2003 9.063 million people were employed in the agricultural sector in 
Brazil, of which 0.484 million in sugarcane production (Macedo, 2005). In 2003 the area used for the production of 
arable land and permanent crops was 66.6 Mha and the area permanent pastures was 197 Mha (FAO, 2005a). The 
labour intensity of livestock production is on average a factor 10 lower compared to crop production (Smith, 1997). 
94 The Gini coefficient is often used to measure income inequality. It is defined as a ratio: the numerator is the area 
between the Lorenz of the income distribution and the uniform income distribution line; the denominator is the area 
under the uniform income distribution line. The Lorenz curve depicts the cumulative distribution of income. The 
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differences in income): 0.58. For comparison, the Gini coefficient in the US and the EU25 is 
0.41 and 0.32, respectively (UNDP, 2006). The Gini coefficients of the sugarcane and ethanol 
production sector is lower compared to the national average and compared to various other 
sectors (Table 12).  
 
Table 12. The average income, age, years of education and Gini coefficient for all people 
occupied, or engaged, in the sugarcane culture and similar industries in Brazil and SP in 2003. 
Source: (Macedo, 2005). 

Sugarcane crops  

Brazil SP 

Sugar Ethanol Foods and 
beverages 

Fuels Chemicals 

People (x1000) 489 130 126 67.0 1507 105 641 
Mean age (year) 35 36 37 35.6 34 37 33 
Mean education (year) 2.9 4.2 6.5 7.3 7.1 8.9 9.6 
Mean income (€2003/month)1 139 247 255 264 178 397 333 
Gini coefficient (-) 0.493 0.565 0.423 0.393 0.490 0.476 0.531 
1 Recalculated from Brazilian real assuming a conversion rate of 0.31 real per euro in 2003 (OANDA, 2006). 
 
Income differences within the sugarcane and ethanol sector are lower than the average Gini 
coefficient of Brazil (0.58). Income differences in sugarcane production are relatively high 
(the Gini coefficient is 0.57); the spread in income is smaller within the ethanol production 
sector, which has a Gini coefficient of 0.39. We conclude that only in case strict criteria are 
applied higher wages for low-income workers are required to reduce these differences. The 
additional costs of increasing wages would be limited: e.g. an increase of the wages of cane 
harvesters by 50 % would increase the costs of ethanol by 4 % (see Section 4).  
 
3.3.5 Wages 

 
Table 12 and Table 13 show the average wage in the sugarcane and ethanol sector compared 
to other sectors in 2003.  
 
Table 13. The average income (in €/month) and years of education for all people occupied, or 
engaged, in the production of different crops in Brazil and São Paulo in 2003. Source: 
(Macedo, 2005).  
 Statistic Unit Rice Banana Coffee Sugar 

cane 
Citrus Manioc Corn Soy 

bean 

Income €2003/montha 99 108 111 139 152 68 66 324 Brazil 
Education Year 2.3 3.1 3.6 2.9 3.8 1.8 2.3 4.9 
Income €2003/montha N/d 140 197 247 181 N/d 192 268 São Paulo 
Education  Year N/d 3.9 5.5 4.2 4.8 N/d 3.9 5.8 

a Recalculated from Brazilian real assuming a conversion rate of 0.31 real per euro in 2003 (OANDA, 2006). 
 
These data indicate that the average wage in sugarcane production in SP is generally higher 
compared to the production of other crops; the same goes for the average wage in the ethanol 
sector compared to other industries. Average wages in 2003 were above the nominal minimum 

                                                                                                                                
value of the Gini coefficient is between 0 and 1. A value of 0 corresponds to perfect equality (everyone has the same 
income) and 1 corresponds to perfect inequality (one person has all the income, and everyone else has zero income). 
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wage of 74 € per month (DIEESE, 2006). In the calculation of this figure a conversion rate of 
0.31 € R$-1 was assumed for the year 2003 (OANDA, 2006). Because of wide regional 
variations in the cost of living, the government has no official poverty line. Yet, wages earned 
may still be insufficient to allow a decent standard of living: the Interunion Department of 
Socioeconomic Studies and Statistics (DIEESE) calculated a ‘net minimum wage necessary’95 
for a family of four to be circa 4.6 times the minimum wage, assuming one wage earner within 
this family (DIEESE, 2006). The Bolsa Familia (Family Stipend), which provides a financial 
aid to poor families, defines extreme poverty as ≤0.7 times the minimum wage and poverty at 
70-140 % of the minimum wage (for a family of four and assuming one wage earner) (Mutzig, 
2006). An average cane cutter earns 1.8 times the minimum wage during a maximum of 8 
month harvesting season and this equals 1.2 times the minimum wage after reallocation over 
the entire year. There are however cases of temporary workers that had to pay unrealistically 
high costs for transportation, housing and food and there are cases of workers that were paid 
less than previously agreed upon (Mendonça, 2006).  
 
Wages are a practical and easy to verify indicator. Compliance with the legal minimum wage 
is obviously a minimum requirement, but higher wages seem desirable to prevent poverty or 
to ensure a decent living standard. Improvement strategies include an increase of wages, 
increase expenditures on e.g., health care, housing and social benefits (see also Section 3.3.8). 
As noted before, if the wages of the unskilled labour used in harvesting would increase with 
an arbitrary 50 %, than the total costs of ethanol would increase 4 % (see Section 4).  
 
3.3.6 Working conditions and worker rights 

 
The literature review indicates that poor working conditions are associated mainly with 
manual cane harvesting. Temporary migrant workers employed in cane cutting in SP, who 
often do not have working documents, are probably the most vulnerable group (Mendonça, 
2006), although wages are a factor 1.8 higher than the minimum wages. A major cause is the 
high workload in combination with poor health care, inadequate diet and lack of protective 
equipment. Mechanised cane harvesting has become a reference for the quantity cut by the 
workers and consequently the workload increased from 6 t in the 1980’s, to 10 t in the 1990’s, 
to 12-15 tonne today in some cases (amount of sugarcane cut per day per worker). The 
repetitive movements of cane cutting cause tendinitis and spinal column problems, loosening 
of the digits and spasms, provoked by the excessive loss of potassium. Frequent spasms 
followed by dizziness, headache and vomiting are called “birola”. In total 14 cases of 
immediate deaths from cane cutting have been reported in the 2004-2005 and 2005-2006 
harvest season in Brazil, all young migrant workers (Pastoral do Migrante, in Ortiz and 
Rodrigues, 2006). Cane cutting is also associated with cancer, provoked by sugarcane soot and 
also by the use of agro-chemicals, the latter caused some 700 cases of poisoning and 15 deaths 

                                                 
95 The minimum wage neccesary is defined according to a constituitional precept as: “the minimun wage set by law, 

unified around the country, able to supply basical and vital familliar, such as housing, food, education, health, 

leisure, clothes, hygiene, transportation, social security, and is periodically updated to preserve the power of 

purchasing”  (Brazilian Constituition, Chapter II, Social Rights, Article 7). 
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in 1998 (Csillag and Zorzetto, 2000)96. Other health problems are respiratory illnesses, 
allergies and spinal column illnesses. Worst case examples of poor working conditions include 
cases in which mills required the sterilisation of female cane cutters and cases of slavery 
(Mendonça, 2006).  
 
Local legislation seems in principle sufficiently strict to ensure proper working conditions and 
also allows free organisation into networks of protection (unions, land and migrant pastoral 
agencies and other). However, the information presented above indicates that compliance with 
legislation is often lacking and law enforcement is weak. Existing legislation and law 
enforcement strategies can be used to formulate criteria and indicators, whereby compliance 
with existing legislation must be a key issue.  
 
3.3.7 Child labour 

 
The Labour and Employment Ministry of Brazil collect data about the formal labour market. 
These data indicate that in 2002 in the Centre-South of Brazil 1261 children between 15 and 
17 years old were employed in the sugarcane sector and 67 in the ethanol sector (Macedo, 
2005). For children between 10 and 14 years old these figures were 13 and 2, respectively 
(Macedo, 2005). These numbers are equal to 0.4 % and 0.1 % of the total formal employment 
in the case of children between 15 and 17 years old and <0.01 % and <0.01 % for children 
aged 10 to 14. The occurrence of child labour in ethanol production (including sugarcane 
production) in the whole country is calculated to be <0.01 % for children aged between 10 and 
14 years and 0.3 % for children aged 15 to 17. These numbers exclude informal labour and 
thus the total occurrence of child labour is higher: the number of children between 10 to 17 
years old that is involved in sugarcane production in Brazil is estimated to be 23 thousand 
(Schwartzman and Schwartzman, 2004), see also Table 14. This equals 5.5 % of the total 
number of workers involved in the production of sugarcane and 3.0 % of the total number of 
workers involved in sugarcane plus ethanol production. We assume that the number of 
children working at the processing of cane to ethanol is very low, because child labour is 
associated with simple manual labour, while the production of ethanol is industrialised and 
requires mostly skilled labour. The total occurrence of child labour in Brazil is 6.3 million 
(Schwartzman and Schwartzman, 2004). 
 
Table 14. The number of total workers (adult and child workers) and child workers (workers 
under the age of 18) in sugarcane production in Brazil in 2002. Sources: (2004; 2005).  

Workers  
(adult and child) 

Child workers  Percentage child 
workers to total 

workers  

Statistic 

x 1000 x 1000 % 

Total in agriculture 29860 2418 8.0 

Total in the sugarcane sector 415 23a 5.5 
a The organisation Child Right reports a figure of 60 thousand cases of child labour in sugarcane production on their 
website (Child Right, 2004). 

                                                 
96 Calculated based on the total number of casualties from the application of agro-chemicals, of which some 6.5% is 
used for cane production (Csillag and Zorzetto, 2000; Carmargo et al., 2004). 
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These data indicate that child labour is a widespread phenomenon in Brazil, but also that child 
labour in sugarcane and ethanol production is limited compared to other agricultural activities. 
Since the data on child labour do not distinguish between the types of job, the extend to which 
the employment of children under 18 can be categorised as undesirable child labour is not 
determined, i.e. labour done by children under the age of 18 that prevents them from going to 
school (getting an education), or that is dangerous or unhealthy97. The Brazilian legislation is 
in line with the internationally accepted standards of the International Labour Organisation 
(ILO): the (official) minimum working age is 16 years, except for apprenticeships. Further, 
work is forbidden for all minors under the age of 18 when the work constitutes a physical 
strain or when it concerns a.o., nocturnal, unhealthy or dangerous conditions, which include 
cane harvesting. Detailed information about age restrictions, job types, and exceptions can be 
found in text of ILO convention 138 (1973) and 182 (1999) (ILO, 2006). However, law 
enforcement is weak: child labour inspections are not carried out on a regular basis; they are 
driven by complaints brought by workers, unions, NGO’s, and the media (USDS, 2006). 
Further, inspections are mainly focussed on the informal sector. In case of violations 
inspectors attempted to reach agreements to have employers desist from labour law violations 
before levying fines. As a result, few employers are fined for employing children (USDS, 
2006). Various certification systems are available that include practically applicable indicators 
and criteria (FSC, 2006).  
 
We conclude that additional criteria seem appropriate to ensure that the legal requirements are 
met, using existing certification systems. The (theoretical) costs to prevent child labour by 
means of compensating parents for the loss of family income from child labour and by means 
of compensating parents for the costs of education is calculated to increase the ethanol costs 
by 4 % (see Section 4). 
 
3.3.8 Social responsibility and benefits  

 
Table 14 shows results of a survey of social benefits of sugarcane and ethanol production 
based on a sample of 47 mills in SP (Barbosa, 2005).  
 
Further, the industry in Brazil adopted in 2002 the Social Balance Sheet (SBS) concept, which 
gives an overview of key parameters on education, health care, profit sharing programmes and 
so on. Some of the SBS-indicators and their values in 2003 are presented in Table 15 for 73 
SP-based companies. The results show that the benefits are at present very modest.  

                                                 
97 There is no universally accepted definition of child labour. The definition of child labour as used in this article is 
derived from the International Labor Organization (ILO) Worst Forms of Child Labour Convention (ILO convention 
182) (ILO, 2006).  
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Table 14. Social benefits given by mills to workers (% of the mills that provides the social 
benefit), based on a sample of 47 mills in SP in 2003. Source: (Barbosa, 2005). 
Type of social benefit % of mills 

Health care 96 
Dental care 94 
Transportation 93 
Collective life insurance 92 
Meals 87 
Pharmaceutical care 85 
Hearing care 64 
Funeral allowance 62 
Christmas basket 59 
Food basket 44 
Credit cooperative 38 
Club/association 36 
Education allowance 36 
Other 33 
Food stamps 30 
Private pension plans 24 
Breakfast 21 
Disease allowance 20 
Loan/financing 15 

 
For migrant workers without official papers these benefits may not be available at all. In 
addition, the figures above provide no information on the quality of these services of the 
quality of life in general of the workers in the sugarcane and ethanol industry. Further 
information can be derived from the literature and from various databases, such as the Human 
Development Indicators (HDI) of the World Bank, but these sources are not further discussed 
here because of the wide range of issues that they include. Further research is required to 
identify issues that require additional attention. For the development of practically applicable 
criteria and improvement strategies the Bolsa Familia (Family Stipend) and similar 
programmes can be helpful98.  
 
Table 15. Indicators in the Social Balance Sheet for 73 mills in SP in 2003 (expenses as 
percentage of payroll). Source: IBASE 2004 in (Macedo, 2005). 
Type of social benefit Expenses as % of 

payroll 

Private pension plan 0.8 
Health care 5.9 
Education 0.9 
Capacity building  1.0 
Day-care units 0.3 
Profit-sharing programs 6.7 
Food 6.5 
Occupational safety & health 2.3 

 

                                                 
98 Other programmes are the Bolsa Escola (school allowance), Bolsa Alimentação (Food Alloweance), Cartão 
Alimentação (Food Card) and Auxílio Gás (Gas Allowance).  
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Legislation is not discussed here, because of the wide range of issues included and the 
resulting very large amount of associated laws. Further, the data are insufficiently detailed to 
determine which areas (e.g., education, health care, and pensions) require additional attention. 
In further research the various areas should be analyzed separately. However, based on the 
limited information that is available, social responsibilities and benefits seem to be of less 
importance than the issue of e.g. wages and child labour.  
 
3.4 Multidisciplinary issues 
 
For many multidisciplinary issues location-specific data are available. Often these data 
provide no information about the final situation or result, such as the species diversity or the 
health of the workers. Using available data is an approach that is also applied in existing 
certification systems, which formulate criteria based on practically measurable indicators. This 
approach is understandable because of the complexity and uncertainties related to assessing 
the final impact starting from site-specific, practically measurable indicators and criteria for 
which data are available. We conclude that the inclusion of criteria that focus more on the 
final situation or result compared to the practically usable criteria than are included in existing 
certification systems could in theory offer an higher level of certainty that an area of concern 
is effectively about the coverage of an issue of concern, but could in practice be problematic.  
 
The scope of our analysis is limited to the direct impacts of sugarcane and ethanol production 
because of practical reasons, with the exception of biodiversity, competition with food 
production, and employment. We thereby ignore indirect and induced impacts, such as 
changes in land use and changes in household expenditures for which data are usually not 
readily available. This approach is in line with existing certification systems. We conclude 
that if indirect and induced impacts should be included than the formulation of practically 
usable criteria and indicators becomes more difficult. 
 
In the previous sections only legislation and guidelines directly relevant to the area of concern 
is discussed. However, various laws are applicable to several issues. An example is the 
Environmental Crimes Law (1998, law 9,605), which includes penalties for both direct and 
indirect negative economical and social impacts. Penalties are determined based on the nature, 
intensity and reversibility of the impact, taking into account local conditions. The Brazilian 
law also states that a license to produce sugarcane and ethanol can be obtained only after 
environmental impact study is carried out and a corresponding report is presented to prevent 
negative impacts on the physical environment (atmosphere, land and water), the biotic 
environmental (flora and fauna) and the atrophic environment (jobs, economic and socio-
cultural aspects). Licences are required for both installation and operation. In SP operating 
licences must be renewed every 2 to 5 years.  
 
Law enforcement in Brazil is generally weak and consequently many mills are out of 
compliance with existing environmental and labour legislation (Moreira and Goldemberg, 
1999; Drummond and Barros-Platiau, 2006). Consequently compliance with existing 
legislation should be a key issue in any international certification system and would eradicate 
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many of the worst-case situations. This goes particularly for child labour, poor working 
conditions, and various types of environmental pollution.  
 
Various criteria, guidelines and standards presented in the literature can be helpful for the 
further development of a certification system. Examples are the ‘Pollution Prevention and 

Abatement Handbook’ of the World Bank (GTZ, 1995), the ‘Environmental Handbook’ of the 
German Corporation for Technical Cooperation (Canegrowers, 2006) and the ‘Code of 

Practice for Sustainable Cane Growing’ (Chen and Chung, 1993). These sources include 
guidelines and standards specifically for ethanol production. Also relevant are various sections 
of the ‘Cane Sugar Handbook: A Manual for Cane Sugar Manufacturers and Their Chemists’. 
Particularly the ‘Sugarcane and Ethanol Environmental Management Method’ that was 
developed by Borrero and co-workers (2003) seems useful. This method measures the 
environmental performance, but also deals with social and economic aspects related to the 
level of employment and productivity. 19 performance categories are distinguished, for which 
66 parameters are formulated. For each parameter three performance classes are distinguished: 
low, average and high, including criteria. This method has been applied to three mills in SP 
and the results show a significant improvement of the environmental performance during the 
study period 1987 to 1997. Further, in 2002 a multi-stakeholder team developed the 
‘Principles and General Criteria for Social and Environmental Certification Imaflora/SAN of 

the Sugarcane Culture’ (SAN and Imaflora, 2002), which is a practically applicable set of 
environmental and socio-economic standards for sugarcane production. This set has not been 
applied (yet), basically as a result of lack of interest from the industry and politics (Fernando, 
2006). Further, the Fairtrade Labelling Organizations International (FLO) has developed 
standards for socially and environmentally responsible production and trade, including 
specific criteria from sugar made from sugarcane (FLO, 2006). Than there is the World 
Wildlife Foundation initiative called Better Sugarcane Initiative (BSI), which is a multi-
stakeholder collaboration whose mission is to improve the environmental and social impacts 
of sugarcane production and processing (WWF, 2006). The BSI also is developing criteria and 
standards for sustainable cane production. The Ethanol and Sugar Impact Analysis (ESIA) 
label is another example of a recent initiative aimed at developing standards and criteria 
(ESIA, 2007).  
 
In addition, various a-specific criteria, guidelines and standards are potentially useful. 
Examples are the Global Reporting Initiative (GRI), which aims to develop generally 
applicable reporting principles (including performance indicators) for different environmental 
and socio-economical areas of concern (GRI, 2006). Also the Social Accountability (SA) 8000 
standards for decent working conditions, which are based on International Labour 
Organisation (ILO) and UN conventions, can be useful (SAI, 2006). It goes beyond the scope 
of this study to evaluate the usefulness of all these and other systems; see Lewandowski and 
Faaij (2006) and Van Dam and Faaij (Van Dam et al., 2008) for an overview of relevant 
certification systems and recent developments.  
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4. Economic implications  
 

In Brazil the production costs of hydrated ethanol decreased from 0.87 €2005 per litre in 1975 
to 0.26 €2005 per litre in 2004 (Van den Wal-Bake et al., 2008). The production costs are 
currently below that of any other liquid biofuel. Ethanol is at present, on average, competitive 
with gasoline and diesel from fossil oil at an oil price of 40-50 US$ per barrel, which is the 
case since 2003 (Goldemberg, 2006a). Government control, such as quotas for production and 
export, as well as subsidies for production and logistics have been completely abandoned 
since 2002, with the exception of the mandatory 20-26 % volume of ethanol in gasoline sold 
at the pump. Compliance with sustainability criteria increases the production costs of ethanol, 
which are calculated for four cases: 
1. The production of ethanol from green cane, which includes the application of best 

management practice. This includes full mechanical harvesting (no cane burning) and 
reduced tillage and compliance with all social, technical and environmental legislation, 
including a reforestation programme. The increase in costs presented here is based on the 
relative increase of cane production costs similar to the São Fransisco mill in SP, which is 
the largest producer of organic and green cane in Brazil, see further Appendix 3.  

2. The production of ethanol from organic cane, which involves the application of a fully 
organic production system. This means no use is made of fertilisers, herbicides, pesticides 
and fungicides. Also full mechanical harvesting is applied without cane burning. In 
addition it means full compliance with all social, technical, environmental legislation as 
well as realisation of a reforestation programme. Organic sugarcane production presently 
accounted for 1 % of the total sugarcane area harvested in SP in 2002 (Silva, 2004). Here 
we use data about the relative increase in production costs similar to the São Fransisco 
mill in SP.  

3. The production of ethanol taking into account different socio-economic criteria: 
employment (compensation of the negative employment effect of a ban on cane burning), 
child labour (ban on child labour), wages and income distribution (an increase of the 
wage of cane cutters by 50 % is assumed). 

4. The production of ethanol, taking into account both environmental criteria (following 
case 2) and socio-economic criteria (following case 3).  

Results are shown in Figure 8. Detailed calculations and input data are shown in Appendix 3 
and Appendix 4. The ethanol production costs increase from 0.27 €2005 to 0.32 €2005 per litre in 
case 1, 0.31 €2005 per litre in case 299, 0.33 €2005 per litre in case 3, and 0.37 €2005 per litre in 
case 4. It should be noted that an organic agriculture production system (case 3) is more 
expensive per hectare than a best management production system (case 2), but the additional 
costs are compensated by higher yields.  

                                                 
99 Data about the production costs of organic cane in Argentina indicate that the higher labour costs are compensated 
by savings on agro-chemicals, so production costs were similar to conventional cane production, but the yields were 
25% lower (Dankers, 2003). This would increase the costs of ethanol by 20%, assuming that sugarcane accounts for 
60% of the total ethanol costs in case of conventional cane production and assuming that the costs of cane decrease 
linearly with the cane yield. The Fairtrade standards for socially and environmentally responsible production and trade 
of sugar include a minimum price for organic sugar which is 18-25% higher than the minimum price for conventional 
sugar, depending on the type of sugar (FLO, 2006). If we assume a sugarcane price increase of 25%, and using the 
same assumptions as above, than the costs of ethanol increase by 15%.  
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Figure 8. The costs of ethanol production taking into account the costs of compliance with 
various sustainability criteria as calculated for 4 cases in comparison to the present costs of 
conventional ethanol production in São Pauloa (in €2005 l

-1). See also text and Appendix 3. 
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a These costs exclude the costs of long-distance ethanol transportation, which would increase the costs of ethanol by 2 
€2005 l-1 (Moreira and Goldemberg, 1999). 

 
For some areas of concern (genetically modified organisms, social responsibility and benefits, 
competition with food production, working conditions and worker rights, employment) no 
costs have been calculated due to a lack of data. The costs of compliance with environmental 
criteria have been calculated using aggregated data; no results are available for specific issues, 
with the exception of cane burning, wastewater treatment and soil erosion.  
 
Since there is no consensus about the definition of sustainability, stricter criteria may be 
required than assumed in our calculations, which would increase the costs further. For 
example, the net minimum wage necessary for a family of four is calculated at 4.6 times the 
minimum wage (DIEESE, 2006). If we use the factor 4.6 as a criterion for an acceptable wage 
level of cane cutters, than the costs of ethanol would increase by 41 %.  
 
In contrast, cost reductions as a result of technological progress can also be expected: 
assuming a doubling of the cumulative ethanol production by 2015 and assuming an ethanol 
experience curve with a progress ratio of 0.8 (Van den Wal-Bake et al., 2008) that is valid in 
2015 too than the ethanol production costs will decrease by some 20 %. An experience curve 
depicts the correlation between the cumulative production of ethanol and the production costs 
per litre; a progress ratio of 0.8 means that for each doubling of cumulative production the 
costs decrease by 20 %. Although no hard data are available, we estimate that the application 
of genetically modified organisms could reduce the ethanol production costs further, e.g. by 
growing pest- and disease resistant cane varieties, or by using genetically modified micro-
organisms that convert cellulose material (bagasse and barbojo) into fermentable sugars. 
These gains may be substantial, which also means that the costs of a ban on GM cane (i.e., the 
benefits of GMSC that are not received) may be substantial. In our calculations the projected 
costs also exclude revenues from electricity or ethanol production from bagasse and barbojo. 
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Revenues from electricity are expected to generate an income equivalent of 30 % of the 
production costs of ethanol (assuming the use of all bagasse and 50 % of the trash) (Macedo, 
2005). Economically feasible collection and transportation methods for cellulose material are 
expected to come available on a short term to make this possible. Carbon credits could add 
another 7.5 %, assuming a price of CO2 of 4 €2005 per tonne; (Nastari, 2005). For comparison: 
the spot market price of CO2 in 2006 ranged from 4 €2006 per tonne to 30 €2006 per tonne CO2 
(JC Consultancy, 2007). We conclude that the increase in production costs due to compliance 
with sustainability criteria is moderate (37 %), at least for the criteria for which costs data are 
included and assumptions made in this report. However, other criteria could increase these 
costs substantially. 

5. Conclusions and discussion  
 

In this article we have analysed which issues are a potential bottleneck for a sustainable 
production of ethanol from sugarcane from São Paulo (Brazil). Seventeen areas of concern 
were formulated and scored on four aspects to determine whether an area of concern is a 
minor, medium or major bottleneck, see Table 16. Aspect 1 ‘Importance of the area of 
concern’ and 3 ‘Necessity of improvement strategies’ were valued twice as important as the 
other two aspects when calculating the concluding rating.  
 
The results indicate that eight or nine areas of concern can be classified as a minor bottleneck, 
six as a medium obstacle, and two or three as a major limitation for a sustainable, certified 
ethanol production. The most problematic areas of concern are biodiversity, competition with 
food production, and maybe genetically modified organisms. The areas biodiversity and 
competition with food production have in common that the indirect and induced impacts of the 
increase of sugarcane production are potentially significant, indicators and criteria need to be 
developed on these issues and the costs to overcome these problems are possibly high. 
Genetically modified cane is at this moment not used, but could become a bottleneck 
considering the potentially large benefits and advantages on one hand and the uncertainties 
and potential public resistance on the other hand. For most other areas of concern the scope in 
our study was limited to direct impacts only, i.e. the impacts within the boundaries of the farm 
and its employees, which is in line with existing certification systems. Widening of the scope 
could lead to different outcomes.  
 
Most other criteria are a minor or medium bottleneck. Compliance with these criteria may 
increase the ethanol production costs by less than 10 % for each of the areas of concern for 
which specific data are included. But the aggregated costs are likely lower as the example of 
organic and green ethanol production in the São Fransisco mill in SP indicates: the additional 
costs of ethanol produced from organic and green ethanol are 8 % and 9 %, respectively. The 
costs of the certification procedure are calculated at 0.5 % of the total production costs. We 
conclude that the sustainable, certified production of cane is more expensive than 
conventional cane production, but that the additional costs of compliance with sustainability 
criteria is likely limited for most criteria.  
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Table 16. The evaluation of four aspects based on which conclusions are drawn to what extent 
an area of concern is a bottleneck for sustainable and certified ethanol production in SP. 1 = 
minor bottleneck, 2 = medium bottleneck, 3 = major bottleneck. See text for further 
explanations. 
 1). 

Importance 
of the area 
of concern 

2). 
Availability 

of 
indicators 

and criteria 

3).  
Necessity 

of 
improveme
nt strategies 

4). 
Impact of 

improveme
nt strategies 
on the costs 

and 
potential of 

ethanol 
production 

Conclusion 

Ecological areas of concern      

1. Water use 2 1 2 1b 1 
2. Water pollution 3 1 2 1b 2 
3. Biodiversity (present/future)a 1/3 3 1/3 1/3 1/3 
4. Soil erosion 2 2 2 1 2 
5. Fertilizer use 2 1 2 1b 1 
6. Genetically modified organisms (future) 3 3 1 3 3 
7. Sugarcane burning 2 1 1 1 1 
8. Greenhouse gas emission and energy balancea 3 2 1 1 2 
Socio-economical areas of concern      
9. Competition with food productiona 3 3 2 2 3 
10. Employmenta 3 1 1 1 1 
11. Income distribution 1 1 2 1 1 
12. Land tenure 1 1 1 1 1 
13. Wages 2 1 2 1 1 
14. Working conditions and worker rights 3 1 3 1 2 
15. Child labour 3 1 2 1 2 
16. Social responsibility and benefits 2 2 2 n/d 2 
17. Competitiveness / Economic implications 3 1 1 1c 1 

a Including indirect and induced impacts. 
b No data about costs are available for this specific area of concern, but based on the limited additional costs of green 
and organic cane that include protective measures, we assume that the additional costs are limited. 
c Based on conventional cane production, thus excluding additional costs resulting from compliance with 
sustainability criteria. 
 
We acknowledge that the analysis in this article is based on a subjective assessment and 
evaluation of the different areas of concern and also on incomplete information. Further 
development of a practically applicable and generally accepted ethanol certification system 
requires additional work on:  
1. Data collection. There is a lack of region-specific, up-to-date information about many 

areas of concern, e.g., the greenhouse gas emissions from land use changes due to 
changes in soil carbon, the indirect and induced impacts of an increase in sugarcane 
production on employment, biodiversity and food security, and the level of material 
welfare of employees in the sugarcane and ethanol sector.  

2. Methodology development. There is a need for more accurate methodologies, indicators 
and criteria to estimate the indirect and induced impacts of ethanol production, which are 
particularly relevant for the impact on employment, biodiversity and food security, but in 
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principle also for other issues. This goes also for the development of improvement 
strategies. 

3. Stakeholder consultation. There is no consensus about the definition of the term 
sustainability. Consequently, stakeholder discussions are necessary to reach consensus 
about the criteria and to create support for a certification system; preliminary stakeholder 
consultations have already been carried out, see Smeets et al. (2006) and Ortiz and 
Rodrigues (2006). 

There are many existing certification systems and guidelines that can be helpful when 
composing a practically applicable certification system.  
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Appendix 1. Comparison of the greenhouse gas emissions and energy balance of ethanol production in Brazil as presented by Macedo et al. (2004)a and 
Oliveira et al. (2005). N/a = not applicable.  

Macedo et al. (2004) Oliveira et al. (2005) Note 
Energy balance GHG emissions Energy balance GHG emissions  

  
Average 

case 
Best 
case 

Unit Average 
case 

Best 
case 

Unit 
 

Worst 
case 

Best 
case 

Unit Worst 
case 

Best 
case 

Unit 
a 

 Cane production              Cane production              
1 Agric. operations, mixed harvesting 2.6 2.6 GJ ha-1 193 193 kg ha-1 1 Diesel fuel, various operations 23.0 23.0 GJ ha-1 1848 1848 kg ha-1 b,c 
2 Agric. operations, manual harvesting. 1.8 1.8 GJ ha-1 135 135 kg ha-1 2         c 
3 Agric. operations, mechanical harvesting 4.1 4.1 GJ ha-1 301 301 kg ha-1 3         c 
4 Transportation 3.0 2.5 GJ ha-1 219 186 kg ha-1 4          
5 Fertil., lime, agrochem. 5.9 5.7 GJ ha-1 488 470 kg ha-1 5 Fertil., lime, agrochem. 6.9 6.8 GJ ha-1  
6 Seed 0.4 0.4 GJ ha-1 incl. in item 5  6 Seed 3.4 3.4 GJ ha-1 

434 421 kg ha-1 
d,f 

7 Equipment 2.0 2.0 GJ ha-1 158 158 kg ha-1 7         e, 
8         8 Labour 2.9 2.9 GJ ha-1    e,f 
9 N2O from soil N/a N/a - 432 432 kg ha-1 9 N2O; not specified N/a N/a - 465 465 kg ha-1  
10 N2O from cane burning N/a N/a - 165 165 kg ha-1 10          
11 CH4, cane burning N/a N/a - 453 453 kg ha-1 11 CH4, not specified N/a N/a - 161 161 kg ha-1  
12 Total =1+4+5+6+7+9+10+11 13.9 13.2 GJ ha-1 2108 2057 kg ha-1 12 Total =1+5+6+8+9+11 36.1 36.0 GJ ha-1 2908 2895 kg ha-1 f 
13 Sugarcane yield 69 69 t ha-1 69 69 t ha-1 13 Sugarcane yield 68 80 t ha-1 68 80 t ha-1 g 

 Ethanol production        Ethanol production        

14 
Conversion cane to ethanol excl. the use of energy from 
bagasse and excl. the ethanol yield 

3.4 2.7 GJ ha-1 261 210 kg ha-1 14 
Conversion cane to ethanol incl. the use of energy from 
bagasse and excl. the ethanol yield 

3.6 3.6 GJ ha-1 0 0 kg ha-1 f 

15 Surplus bagasse  11.6 21.7 GJ ha-1 -859 -1601 kg ha-1 15 Surplus electricity from bagasse 1.5 1.5 GJ ha-1 0 0 kg ha-1 h,f 
16 Ethanol yield 86 92 l t-1 86 92 l t-1 16 Ethanol yield 80 85 l t-1 80 85 l t-1 j 
17 Ethanol yield 132 141 GJ ha-1 N/a N/a - 17 Ethanol yield 127 159 GJ ha-1 N/a N/a -  
 Ethanol distribution        Ethanol distribution        

18         18 Ethanol distribution 2.8 2.8 GJ ha-1 227 227 kg ha-1 e 
 Grand total        Grand total        

19 Total energy output =15+17 144 163 GJ ha-1    19 Total energy output =14+15+17 132 164 GJ ha-1    h 
20 Total energy input =12+14 17 16 GJ ha-1    20 Total energy input =12+14+18 42.6 42.4 GJ ha-1    h 
21 Energy output : input =19/20 8.3 10.2 -    21 Energy output : input =19/20 3.1 3.9 -    
22 GHG emissions =(12+14+15)/(13*16*0,001)    256 106 kg/m3 22 GHG emissions =(12+14+15)/(13*16*0,001)    535 426 kg/m3 

f 

a Macedo and his team carried out several studies about the energy balance and GHG emissions of ethanol from sugarcane. His most recent work is used in this article.  
b Macedo presents data for manual harvesting, mechanical harvesting and for the mix of manual and mechanical harvesting presently used in SP. Data for the average mix of manual and mechanical harvesting (65 % and 35 %, respectively) are included in the 
final results. The data on manual and mechanical harvesting are shown, because they are used elsewhere to calculate the impact of compliance with sustainability criteria on the GHG balance.  
c Oliveira assumed a value of 23 GJ ha-1 for agricultural operations, which is probably erroneous; Macedo reports a value of 2.6 GJ ha-1. The 2.6 GJ ha-1 for agricultural operations is based on 65 % manual harvesting (for which the primary energy use is zero) 
and 35 % mechanical harvesting, which is representative for SP.  
d The energy use for seed is calculated to be 0.4 GJ ha-1 and 3.4 GJ ha-1 by Macedo and Oliveira, respectively. A more detailed analysis was not possible due to a lack of data.  
e There are several differences in system boundaries: Moreira includes energy use of manual labour and ethanol distribution; both are excluded in Macedo’s work. However, Macedo mentions a value of 0.5 GJ ha-1 for manual labour. Further, Macedo includes 
the energy use and GHG emissions from the production of equipment, which Oliveira excluded.  
f There is a difference in the definition of the energy balance, i.e. the ratio of energy output to energy input, see line 19 to 21. The main difference is that Macedo excludes the use of energy from bagasse combustion and only considers the use of fossil energy 
sources. Oliveira includes the use of energy from bagasse for ethanol production in both the energy input and output; the use of fossil energy is zero. We prefer the approach used by Macedo, because the use of bagasse represents an internal flux of energy; we 
also apply this approach in the calculations presented elsewhere in this article. Further, the CO2 emissions per kg reported here for Oliveira are slightly lower than the values reported in the original article (461 kg CO2 m

-3 and 572 kg CO2 m
-3). The reason for 

this difference is not known, possibly some emissions were included for labour, ethanol production or co-generation of electricity that have not been specified in the article.  
g The value of 80 t ha-1 y-1 is derived from the literature (Braunbeck et al., 1999) and represents the average yield per harvest in SP (best case), excluding the first harvest. Yields are lower in case the first harvest is also included: Macedo reports an average 
yield of 82 t ha-1 y-1 in SP, excluding the first harvest, or 69 t ha-1 y-1 in case also the first harvest is included).  
h There is a difference in the definition of surplus energy from bagasse: Oliveira reports a surplus of 1.5 GJ electricity ha-1, Macedo reports a value of 11.6-21.7 GJ of surplus bagasse ha-1. Further, Macedo calculates avoided emissions assuming that the surplus 
bagasse replaces fuel oil in other industries (orange juice, pulp and paper). 
i Macedo assumes an ethanol yield of 86 l t-1 (average case in SP) and 92 l t-1 (best case in SP) compared to 85 l t-1 (best case) and 80 l t-1 (worst case) included in Oliveira’s study. There has been a continuous increase in the ethanol yield, which is an 
explanation for the difference: the data in Macedo are from 2003 and data in Oliveira are from 1999. We assume the following yields: 86 l t-1 (average case), 92 l t-1 (best case) and 80 l t-1 (worst case). For the future, we assume a yield of 114 l t-1 in 2030 
(2006).  



 

 

 

Appendix 2. The input data and assumptions used in the calculations of the greenhouse gas emissions and energy balance of ethanol production in São 
Paulo. N/a = not applicable. Sources: (OECD, 2001; Macedo et al., 2004; NEA, 2005; Moreira, 2006) plus own assumptions. 

Energy balance ethanol production Greenhouse gas emissions ethanol production Unit Note   

  Present Future 
Unit 

Present Future   
  Worst (W), average (A), best (B), N/a W A B W A B N/a N/a N/a N/a N/a N/a  W A B W A B N/a N/a N/a N/a N/a N/a   

 Sugarcane production                            
0 Cane burning (% of area) 75 75 75 0 0 0 75 75 75 0 0 0 % 75 75 75 0 0 0 75 75 75 0 0 0 %  
1 Agric. operations 2.1 2.7 3.2 3.3 4.1 4.9 3.9 3.9 3.9 5.9 5.9 5.9 GJ ha-1 168 209 251 241 301 361 305 305 305 438 438 438 kg ha-1 a 
2 Agric. operations, manual harvesting 1.5 1.9 2.3 N/a N/a N/a 2.8 2.8 2.8 N/a N/a N/a GJ ha-1 128 160 192 N/a N/a N/a 233 233 233 N/a N/a N/a kg ha-1 a,b 
3 Agric. operations, mechanical harvesting 3.3 4.1 4.9 3.3 4.1 4.9 5.9 5.9 5.9 5.9 5.9 5.9 GJ ha-1 241 301 361 241 301 361 438 438 438 470 470 470 kg ha-1 a 
4 Transportation 2.7 3.0 3.0 2.7 3.0 3.0 3.7 3.7 3.7 3.7 3.7 3.7 GJ ha-1 201 219 224 201 219 224 271 271 271 219 219 219 kg ha-1 a 
5 Fertil., lime, agrochem. 6.1 5.9 5.7 6.1 5.9 5.7 5.7 5.7 5.7 5.7 5.7 5.7 GJ ha-1 486 488 480 486 488 480 486 486 486 488 488 488 kg ha-1 c 
6 Seed 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 GJ ha-1 Included in fertilezers lime, agrochemicals   
7 Equipment 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 GJ ha-1 158 158 158 158 158 158 158 158 158 158 158 158 kg ha-1 c 
8 Labour Included in agricultural operations  Included in agricultural operations   
9 N2O from soil N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a 432 432 432 432 432 432 432 432 432 432 432 432 kg ha-1 c 
10 N2O from cane burning N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a 132 165 198 N/a N/a N/a 132 132 132 N/a N/a N/a kg ha-1 d 
11 CH4, cane burning N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a 362 453 544 N/a N/a N/a 362 362 362 N/a N/a N/a kg ha-1 d 
12 Total =1+4+5+6+7+8+9+10+11 13.3 13.9 14.3 14.5 15.3 16.0 15.6 15.6 15.6 17.7 17.7 17.7 GJ ha-1 1940 2124 2286 1519 1598 1655 2147 2147 2147 2205 2205 2205 kg ha-1  
13 Sugarcane yield 55 69 82 55 69 82 100 100 100 100 100 100 t ha-1 55 69 82 55 69 82 100 100 100 100 100 100 t ha-1 e 
 Ethanol production                            

14 Cane to EtOH 4.5 3.4 2.3 4.5 3.4 2.3 2.8 2.8 2.8 2.8 2.8 2.8 GJ ha-1 250 261 252 250 261 252 306 306 306 306 306 306 kg ha-1 f,g 
15 Cogeneration technology (see Table 9) n/a n/a n/a n/a n/a n/a 2 3 4 2 3 4 - n/a n/a n/a n/a n/a n/a 2 3 4 2 3 4 -  

16a 
Surplus electr. in prim. energy,  
natural gas fired capacity as reference 

0.0 2.9 5.9 0.0 2.9 5.9 7.2 56 169 7.2 79 216 GJ ha-1 0 -164 -333 0 -164 -333 -404 -3131 -9495 -404 -4444 -12121 kg ha-1 h 

16b 
Surplus electr. in prim. energy,  
recently average capacity as reference 

0.0 0.5 1.0 0.0 0.5 1.0 1.2 9.3 28 1.2 13 36 GJ ha-1 0 -44 -90 0 -44 -90 -109 -845 -2562 -109 -1199 -3270 kg ha-1 h 

17 Ethanol yield 80 86 92 80 86 92 114 114 114 114 114 114 l t-1 80 86 92 80 86 92 114 114 114 114 114 114 l t-1  
18 Ethanol yield 98 132 169 98 132 169 255 255 255 255 255 255 GJ ha-1 98 132 169 98 132 169 255 255 255 255 255 255 -  
 GRAND TOTAL:                            

 
Energy output : input ratio  
= (16+18) / (12 +14) 

                           

19a NG fired capacity as reference 5.5 7.8 10.6 5.2 7.2 9.6 14.3 16.9 23.1 12.8 16.3 23.0 - N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a  
19b Recently average installed capacity as reference 5.5 7.7 10.3 5.2 7.1 9.3 13.9 14.4 15.4 12.5 13.1 14.2 - N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a  

 GHG emissions =(12+14+16)/(13*17*0,001)                            
20a Natural gas fired capacity as reference N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a 498 376 282 402 287 199 180 -59 -618 185 -170 -843 kg m-3  
20b Recently average installed capacity as reference N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a N/a 498 396 321 402 307 238 206 141 -10 211 115 -67 kg m-3  

a Data for the worst case situation are calculated by assuming that the (relative) difference between average case and best case is the same as the difference between average case and worst case (per hectare). This calculation excludes the impact of sugarcane 
yields. We also correct for differences in sugarcane yield, assuming that the energy use and emissions are constant per tonne sugarcane. The final results include the data on energy use and emissions from agricultural operations (line #1). The other data 
presented for agricultural operations, manual harvesting and for agricultural operations, manual harvesting are shown to indicate the impact of the choice of the harvesting system.  
b The energy consumption and greenhouse gas emissions of manual labour are added, based on the following assumptions: 17 EJ fossil energy was used for food production in 2001 (sum of agriculture, food and tobacco industry, and 1.2 % of the energy use in 
industry is used for fertilizer production) (IEA, 2002; IFA, 2004). The corresponding GHG emissions from agriculture in 2001 were 5.6 GtCO2 eq., including CO2, CH4, N2O, HFC, PFC, SFC and excluding emissions from land use changes (WRI, 2006). The 
total food intake in 2001 was 6.0 EJ (FAO, 2005a). 400 kcal per tonne sugarcane is required for manual harvesting (Macedo et al., 2004). 
c Assumed constant per hectare. 



 

 

d Assumed constant per tonne sugarcane; data are corrected for differences in sugarcane yield. 
e We assume a yield of 69 t ha-1 y-1 (average case, present yield in SP) +/-20 % for the best case/worst case. For the future we assume a yield of 100 t ha-1 y-1, which seems conservative considering the 140 t ha-1 y-1 for 2030 assumed by Moreira (2006). 100 t ha-

1 y-1 is in line with the average cane yield increase during the previous two decades of 0.7 % per year, assuming a 30-year time period. At this moment yields of 100-110 t ha-1 y-1 are already achieved in some areas in SP (Braunbeck et al., 1999).  
f Data for present, worst case are calculated by assuming that the (relative) difference between average case and best case is the same as the difference between average case and worst case. Further, the data are corrected for differences in ethanol yield, whereby 
we assume that the energy use and emissions are constant per litre ethanol. 
g Giampietro and collegues (1997) estimated that the removal of organic substances from waste waters via intensive wastewater treatment requires 10,5 GJ m-3 ethanol, which would reduce the energy balance of the present average as calculated by Macedo 
from 8.3 to 1.8. However, in practice alternatives are available and therefore intensive wastewater treatment is excluded.  
h The number on energy represents avoided primary energy. For the present situation average case we use a figure of 5.9 kWhe t cane-1, which is the average surplus electricity sold to the grid in 2004 in SP (Moreira, 2006). For the present situation best case we 
assume cogeneration technology 2 and for the worst case we assumed no production of surplus electricity. Other data and assumptions used in the calculations: the average consumption of electricity for the production of cane is 28 kWhe t cane-1 (NEA, 2005). 
The availability of barbojo for electricity generation is corrected for cane burning (barbojo is burnt) and for the use for soil protection and weed control and for lossess during collection (50 % of the barbojo is left in the field). The emissions of CH4 from 
bagasse burning are negligible (Macedo et al., 2004). The emissions of N2O from bagasse burning are also ignored, because the impact is limited: N2O emissions decrease the credit of cogeneration by 10 % or less.  
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Appendix 3. The additional ethanol production costs of compliance with various 
sustainability criteria. Source: own calculationsa. 
Area(s) of concern Criterion Costs 

(€2005 l-1) 
Cost 

increase 
(%) 

- Conventional production No criterion; conventional sugarcane and ethanol 
productionb. 

0.27 0 

4 Soil erosion Reduction of soil erosion from 20 tonne per hectare per 
year to a level equal to the natural rate of soil 
formationc. 

0.28 3 

7, 10 Cane burning and employment Reduction of cane burning to zerod,e. 0.29 8 
11,13 Wages and income distribution Increase of the wage of cane cutters by 50 %e,f. 0.28 4 

15 Child labour Reduction of child labour to zeroe,g. 0.29 4 
1-17 Various, mainly environmental 

areas of concern 
Green cane. Application of Best Management Practice, 
including compliance with all social, technical, 
environmental legislationh. 

0.29 9 

1-17 Various, mainly environmental 
areas of concern 

Organic cane. Application of a fully organic and 
certified production system, including compliance with 
all social, technical, environmental legislationh. 

0.29 8 

2 Water pollution Full wastewater treatment and/or recyclingi. 0.29 9 
1-8 Various environmental areas of 

concern 
Application of technologies that protect the environment 
during the processing of cane into ethanolj. 

0.29 8 

a The costs of the certification procedure are limited to 0.5 % of the total production costs and are therefore ignored, 
see further Appendix 4. 
b The average price of hydrated and anhydrated ethanol in 2005 paid to the producer in Brazil is used as a proxy of the 
production costs (UNICA, 2006a). In reality the production costs are likely lower.  
c 2 t ha-1 y-1 is the natural rate of soil formation (Sparovek and Schnug, 2001b). We assume a cost of soil erosion 
prevention of 2.3 €2005 t-1 avoided soil loss (data are average for the US, Pimentel et al., 1995), a sugarcane yield of 
69 t ha-1 y-1 and an ethanol yield of 86 l t-1, which are the same as used in the GHG emissions and energy balance 
calculations.  
d We assume that all manual cane harvesting is replaced by mechanical harvesting. The impact of the reduction in 
employment can be compensated by unemployment benefits or by increasing the labour intensity of cane production. 
The additional costs are assumed equal to the present costs of manual harvesting, thereby assuming that the costs of 
manual harvested cane is the same as mechanically harvested cane (excluding compensation for unemployment). The 
compensation of unemployment leads to a doubling of the harvesting costs, which is likely an overestimation, because 
the costs of mechanically harvested cane are lower compared to manually harvested cane (Braunbeck et al., 1999). An 
alternative compensation strategy would be the manual harvesting of green cane, but this would increase the 
employment in cane harvesting by a factor five compared to conventional cane production. Other disadvantages of 
manual green harvesting are the unsafe (vipers) and harmful (cutting leaves silicate crystals). Further, the production 
costs of manual and mechanical harvesting are assumed equal, except for the costs of compensation of the negative 
employment effects. 
e Assuming that 60 % of the ethanol production costs consists of cane production costs (Macedo, 2005; Van den Wal-
Bake et al., 2008) and assuming that 23 % of the cane production costs are labour costs, 60 % of which is related to 
unskilled labour used in harvesting (Macedo, 1995). The costs of unskilled labour used in harvesting equals 2.2 €cent 
l-1 for mechanically and manually harvested cane or 3.4 €cent l-1 for manually harvested cane only. Ripoli and Ripoli 
(2004) report a value of 2.9 €cent l-1 for manual harvested cane (without mechanical help).  
f The labour costs are assumed to increase corresponding to the increase in wages.  
g Additional costs include two types of financial compensation, which are added to the labour costs. The first type is 
the compensation of the loss of family income, which is estimated at 74 €2005 month-1 child-1 (Child Right, 2004) 
assuming 20 working days per month. The second type is the compensation of the costs of education to ensure that 
children are able to go to school and are not send to work elsewhere. For the costs of education the public 
expenditures per pupil are used as a proxy, which are 50 €2005 month-1 child-1 (ILO, 2002). The calculations are based 
on an average family of four, two adults and two children, of which one adult is employed in cane cutting who 
receives compensation for both children. Further, we include compensation for all 50 % of the employees involved in 
cane production, which is likely an overestimation, because only a fraction of the children is involved in child labour. 
We assume an average wage of 262 €2005 month-1 in the sugarcane sector in SP (Macedo, 2005).  
h The increase in production costs is based on the relative increase in production costs of green cane and organic cane, 
compared to conventional cane production, based on data from the São Fransisco mill in SP, which the largest organic 
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sugar mill in Brazil. Detailed data are shown in Appendix 4. We assume that cane accounts for 60 % of the ethanol 
production costs in case of conventional cane production (Macedo, 2005; Van den Wal-Bake et al., 2008). 
i The costs of wastewater treatment are estimated at 0.04 € l-1, based on data from Pimentel et al. (1996) and have 
been corrected for differences in the ethanol yield (in l per tonne cane). It seems that these costs do not take into 
account the use of wastewater for ferti-irrigation and the increase in water use efficiency and consequently reduction 
in wastewater production observed during the previous years (Table 4). We include half of the costs calculated by 
Pimentel et al. 
j In cane sugar factories 15-20 % of the total investments, are required for commonly used installations that protect the 
environment, not further specified (GTZ, 1995). This probably includes wastewater treatment. We assume that the 
costs of the conversion of cane to ethanol, which accounts for 40 % of the total costs of ethanol, increase by 20 %. 

 

Appendix 4. Cost breakdown of conventional, green and organic sugarcane production 
similar to the São Fransico sugar mill in São Paulo for the year 2004-2005. See the notes for 
explanations and sources.  

 Establishment costs  
(€2004 ha-1 y-1)a 

Annual harvest costs 
(average of 6 cuts; €2004 

ha-1 y-1)b 

Note 

Production system → Conven-
tional 

Green Organic Conven-
tional 

Green Organic 

c Establishment (average costs distributed per harvest)    177 211 293 
d Mechanised operations 214 214 214 346 346 346 
e Manual operations 105 157 210 13 66 120 
f Stems (seeding clones), agrochemicals, minerals 282 354 425 138 138 138 
g Managing costs and taxes 69 72 75 106 120 133 
h Green fertilisation   186    
I New legal environmental compliances/certification costs     14 19 
j Total direct costs (running costs) 670 797 1110 780 894 1048 
k Capital costs (habitat/ecosystem rehabilitation)     6 27 
l Total costs 670 797 1110 780 901 1076 

m Cost comparison (index 100 for conventional system) 100 119 166 100 115 113 
a Sugarcane plantation establishment. 
b Ratoon cuts. 
c Annual equivalent value obtained from the total foundation costs and distributed per 6 harvests; cuts considering a 
discount rate of 15 % y-1. 
d Source: (FNP, 2005). 
e Sources: (Planeta Orgânico, 2000; Embrapa, 2005; FNP, 2005; Souza, 2005). 
f Planting products according to each system of production. Sources: (Planeta Orgânico, 2000; Embrapa, 2005; FNP, 
2005; Souza, 2005). 
g Source: (FNP, 2005). 
h In the case of organic cane, nitrogen is provided by previous plantation of Stilozobium aterrimum through symbiotic 
fixation of N2. Sources: (Darolt and Skora Neto, 2002; Souza, 2005). 
i Certification costs for organic system at rate of 0,5 % of the row income. Source: (Souza, 2001). 
j Overall costs excluding capital costs. 
k Source: (AES-Tiete, 2006). The costs are for forest establishment and maintenance during 3 years, for 20 % of the 
area in case of organic cane (following the legal reserve obligation included in the Forest Code) and for 3.9 % in case 
of green cane (the average area remaining unprotected).  
l The data are averaged per harvest; in total 6 harvests are includes. . 
m Cost comparison based on a sugarcane yield of 90, 90 and 110 t ha-1 y-1 for conventional, green and organic cane, 
respectively. Conventional cane is set at 100.  
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Abstract 

 

In this study we analyze the impact of fertilizer- and manure-induced N2O emissions due to 
energy crop production on the reduction of greenhouse gas (GHG) emissions when 
conventional transportation fuels are replaced by first-generation biofuels (also taking account 
of other GHG emissions during the entire life cycle). We calculate the N2O emissions by 
applying a statistical model which uses spatial data on climate and soil. For the land use that is 
assumed to be replaced by energy crop production (the ‘reference land-use system’), we 
explore a variety of options, the most important of which are cropland for food production, 
grassland, and natural vegetation. Calculations are also done in the case that emissions due to 
energy crop production are fully additional and thus no reference is considered. The results are 
combined with data on other emissions due to biofuels production that are derived from 
existing studies, resulting in total GHG emission reduction potentials for major biofuels 
compared to conventional fuels. The results show that N2O emissions can have a really 
important impact on the overall GHG balance of biofuels, though there are large uncertainties. 
The most important include those in the statistical model and the GHG emissions not related 
to land use. Ethanol produced from sugar cane and sugar beet proves to be a relatively robust 
GHG saver with a GHG emission reduction potential of 60-102% (sugar cane) and of 17-56% 
(sugar beet), depending on the reference land-use systems considered. Diesel from palm fruit 
also has a relatively constant and substantial GHG emission reduction potential of 51-78%. 
For corn and wheat ethanol, the figures are 11-36% and 53-84%, respectively. Rapeseed diesel 
reduces the GHG emissions by 72-69% and soybean diesel by 44-67%. Optimised crop 
management, which involves the use of state-of-the-art agricultural technologies combined 
with an optimised fertilization regime and the use of nitrification inhibitors, can reduce N2O 
emissions substantially and increase the GHG emission reduction potential by up to 135 
percent points. However, the uncertainties in the statistical N2O emission model and in the 
data on non-land-use GHG emissions due to biofuels production are large: they can change the 
absolute GHG emission reduction by between -152 and +34 percent points. 

                                                 
� Accepted for publication (with changes) in Global Biochemical Cycles. Co-authors: Lex Bouwman (Netherlands 
Environmental Assessment Agency), Elke Stehfest (Netherlands Environmental Assessment Agency), Detlef van 
Vuuren (Netherlands Environmental Assessment Agency) and Adam Posthuma (Utrecht University). 
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1. Introduction 
 

The production and use of biofuels has increased rapidly during recent years. The production 
of bioethanol increased from 17 Ml in 2000 to 51 Ml in 2006 and the production of biodiesel 
increased from 0.9 Ml to 6.5 Ml in the same period (Earth Policy Institute, 2007; IISD, 2007). 
The International Energy Agency indicates in its reference scenario that the use of liquid 
biofuels for road transport may increase from 1% today to 4% in 2030, or even to 7% in 2030 
if countries adopt all the energy security and greenhouse gas (GHG) emission reduction 
policies that they are currently considering (IEA, 2006e). Much higher growth rates are cited 
in scenarios with more stringent climate policies (Fisher et al., 2007; Van Vuuren et al., 
2007a). One of the drivers of this growth is the ambition to reduce GHG emissions due to 
transportation. Biofuel combustion is assumed to be neutral in terms of carbon dioxide (CO2) 
emissions, since the carbon in the biofuels stems from photosynthesis by energy crops. 
 
However, like food and feed crops, energy crops require nitrogen (N) inputs for their 
production. This inevitably leads to emission of nitrous oxide (N2O), which is a by-product of 
soil nitrification and denitrification. The global warming potential of N2O is 298 times that of 
CO2, based on a 100-year period (Ramaswamy et al., 2007). Small amounts of N2O induced 
by the application of N in synthetic fertilizers or manure in energy crop production can 
therefore have an important impact on the GHG balance of biofuels (Larson, 2006). 
 
Most studies on the GHG balance of biofuels use a Life Cycle Analysis (LCA) approach, 
including all GHG emissions during the production and consumption of the fuel (and 
including avoided emissions). In some of these studies, N2O emissions due to energy crop 
production are estimated using process-based biogeochemical models, such as the 
denitrification-decomposition (DNDC) model or DAYCENT (e.g. JRC et al., 2004; Adler et 

al., 2007) or are derived from field measurements (e.g. Wang et al., 2003; Wu et al., 2006). 
Most studies, however, use the Tier 1 methodology of the Intergovernmental Panel on Climate 
Change (IPCC) Guidelines for National Greenhouse Gas Inventories (IPCC, 1995; IPCC, 
1997; IPCC, 2006) to calculate the direct N2O emissions due to energy crop production (e.g., 
Kaltschmitt and Reinhardt, 1997; Hanegraaf et al., 1998; GM et al., 2002; Elsayed et al., 
2003). The IPCC Tier 1 methodology is also used in carbon credit reporting methodology 
(e.g., E4tech, 2007). Direct N2O emissions are emissions to the air from fields where energy 
crops are grown. The direct emissions, expressed as N2O-N, are 1% of the N input from 
fertilizers and manure (IPCC, 2006). Indirect emissions, in contrast, occur elsewhere and 
include N2O produced in groundwater and surface water from N leached from the soil, and 
N2O caused by atmospheric N deposition from ammonia (NH3) and nitrogen oxides (NOx) 
emitted from fields with energy crops. Indirect N2O emissions are ignored in most LCAs for 
biofuels, because they are negligible in comparison to the direct emissions (as further 
discussed in Section 4). 
 
The IPCC Tier 1 approach is based on fertilizer-induced emission (FIE). FIE is defined as the 
direct emission from a fertilized plot, minus the emission from an unfertilized control plot (all 
other conditions being equal to those of the fertilized plot), expressed as a percentage of the N 
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input. Recently, Crutzen et al. (Crutzen et al., 2008) published a discussion paper, proposing 
an emission factor of 3-5%, which is the total worldwide emission of N2O from agriculture, 
divided by the total global anthropogenic input of ‘new’ fixed N in the agricultural production 
system. A major disadvantage of their approach is that it includes the N2O emissions from and 
N input to the animal production system, whereas in reality the animal production system is 
not related to the production of energy crops (except in the use of by-products from energy 
crop production as animal feed). 
 
The IPCC Tier 1 and Crutzen approaches largely ignore the variability of emissions caused by 
differences in environmental conditions, crop type and its management. Originally, the Tier 1 
approach was designed to estimate anthropogenic N2O emissions at country scale, using a 
minimum amount of data. In fact, the IPCC recommends using more detailed Tier 2 and Tier 3 
methodologies, provided that reliable and more detailed data are available. While the Tier 1 
and Crutzen approaches may be adequate for global inventories of GHG emissions, more 
detailed calculations are needed to properly evaluate the role of N2O emissions in the GHG 
balance of biofuels. In particular, spatially explicit estimates are needed to account for the 
heterogeneity of environmental and crop management factors of N2O production and 
emissions (Stehfest and Bouwman, 2006). Furthermore, the FIE represents the anthropogenic 
emission caused by N application, although the emission from control plots may differ from 
the emission of the original vegetation in pre-agricultural times. The N2O emission from 
zero-fertilizer plots may exceed that from soils under natural vegetation. In other cases it may 
be lower; for example, when cropland replaces tropical rainforest (Stehfest and Bouwman, 
2006). 
 
This study aims: (i) to calculate direct N2O emissions due to energy crop production in a 
spatially explicit way, in comparison to various reference land uses; and (ii) to assess the 
impact of more accurate estimates of N2O emissions on the reduction of GHG emissions when 
fossil-fuel-based gasoline and diesel are replaced by first-generation biofuels. These biofuels 
include ethanol made from starch or sugar crops via fermentation, and biodiesel made from 
oil-rich crops via transesterification. We consider a variety of crops used to produce ethanol 
(including maize, wheat, soybean, sugar cane and sugar beet) and diesel (including rapeseed, 
oil palm and soybeans). It should be noted that, as the focus is on N2O emissions, we exclude 
the GHG emissions due to changes in above- or belowground biomass, soil organic matter and 
litter that result from the conversion of land into energy crop plantations.  

2. Methods and data 
 

2.1 General 
 

A wide range of energy crops and conversion technologies can be used to produce biofuels. 
On the basis of recent studies, we have selected the most commonly used combinations of 
energy crop, conversion technology, and key producing world region or potentially promising 
world region (see Table 1, below). The production of second-generation biofuels from 
lignocellulosic feedstock, including ethanol, methanol, hydrogen and Fischer-Tropsch diesel, 
generally has a more favourable GHG balance than the production of first-generation biofuels. 
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However, these conversion technologies are excluded from this study because they are not yet 
applied on a large scale. In principle, our results are available in a spatially explicit format, but 
are aggregated to world regions (see Table 1). 
 
Table 1. Selected biofuels and corresponding energy crops, conversion technology, key 
producing regions and the fossil-oil-based reference fuel.  
Biofuel type Energy crop Key producing regionsa Conversion 

technology 
Reference 
fuel 

Ethanol Maize North America, EU25 Fermentation Gasoline 
Ethanol Wheat North America, EU25, Oceania Fermentation Gasoline 

Methyl ester Palm fruit South-East Asia, Africa,b South America Transesterification Diesel 
Methyl ester Rapeseed North America, EU25, East Europe Transesterification Diesel 

Ethanol Sugar cane South America, South Asia, Oceania, Southern 
Africa 

Fermentation Gasoline 

Ethanol Sugar beet EU25, East Europe Fermentation Gasoline 
Methyl ester Soybean North America, South America  Transesterification Diesel 
a Africa, as used in this study, means all countries south of the Sahara. Southern Africa includes Angola, Botswana, 
Lesotho, Malawi, Mozambique, Namibia, South Africa, Swaziland, Tanzania, Zambia and Zimbabwe. East Europe 
includes Azerbaijan, Armenia, Belarus, Georgia, Moldova, the Russian Federation and Ukraine. Oceania includes 
Australia and New Zealand. South Asia includes Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan and Sri 
Lanka. South-East Asia includes Brunei Darussalam, East Timor, Cambodia, Indonesia, Laos, Malaysia, Myanmar 
(Burma), Papua New Guinea, Philippines, Thailand and Vietnam. 
b At present, Africa (i.e. sub-Saharan Africa) is a minor producer of biofuels and may not be the most obvious 
candidate to become a major biofuels producer, considering the relatively high occurrence of food insecurity there in 
comparison to other regions. However, various studies indicate that Africa could become an important biofuels 
producer in the future, assuming land becomes available by improved management in currently abundantly and 
inefficiently used agricultural land (IAC, 2004; Hoogwijk et al., 2005; WWI, 2006; Smeets et al., 2007). 
 
Our work focuses on the extent to which N2O emissions due to energy crop production have 
an impact on the potential of biofuels to reduce GHG emissions. This potential is defined as 
the emissions of the fossil-based alternative minus the emissions due to the production and use 
of the biofuel, expressed as a percentage of the emissions of fossil-based alternative. The 
emissions due to the production and use of both these categories of fuels are measured over 
the entire life cycle and are expressed as GHG emissions per unit of energy in the fuel (i.e. 
g CO2 equivalents per MJLHV). 
 
In our calculations, we distinguish the following two categories of GHG emissions due to 
biofuel production and use: (1) agricultural N2O emissions; and (2) other emissions. The first 
category includes the emissions directly due to energy crop production and the emissions due 
to the storage of manure that is applied to energy crops. From the main calculations, we 
exclude indirect N2O emissions from N lost via runoff, leaching and volatilisation, as these 
emissions are negligible in comparison to direct emissions and, in particular, when compared 
to the uncertainties in evaluating direct N2O emissions and other GHG emissions due to 
biofuels production (see further Section 4 in which we also estimated the impact of indirect 
N2O emissions). 
 
The N2O emissions are calculated for two crop management systems. The first is 
representative for the year 2000 (current or conventional management, CM) and the second is 
a (hypothetical) optimised crop management (OM). Here, the term ‘management’ refers to the 
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use of inputs (e.g. agrochemicals, water, fertilizers and denitrification inhibitors) and the level 
of advancement of agricultural technology (e.g. varieties or breeds, and agricultural 
machinery) used to produce the energy crops. For OM, we assume that crop yields are 
increased to the agro-ecologically attainable maximum via the implementation of 
state-of-the-art agricultural technologies. OM also includes an optimised N fertilization 
regime and the use of nitrification inhibitors, which reduce N2O emissions. The OM case 
gives insight into the technical potential to reduce N2O emissions. 
 
In the category of other emissions, we take account of emissions due to the use of agricultural 
machinery and the use of other energy carriers during crop cultivation, emissions due to the 
production and transportation of agricultural inputs (e.g. fertilizers, agrochemicals and seeding 
material) and the transportation of the energy crop to the processing facility, emissions due to 
the conversion of crops into biofuels, and emissions due to the transportation of the biofuel to 
the gas station. It should be noted that our analysis is, in fact, only partial, as the GHG 
emissions due to changes in above- or belowground biomass, soil organic matter and litter that 
result from the conversion of land into energy crop plantations are excluded because the focus 
is on N2O emissions (see Section 4). 
 
2.2 Calculation of N2O emissions 
 

A critical factor in determining to what extent additional N2O emissions result from the 
production of energy crops is the assumed land-use system in the absence of energy crops: the 
‘reference land-use system’ or ‘reference system’. This study considers six reference systems 
that together represent the full range of possibilities (Table 2). The zero N input reference 
system is a hypothetical reference system and allows for the calculation of results when the 
concept of FIE is applied. In our calculations, we also incorporate the IPCC Tier 1 approach, 
which includes an N2O-N emission factor equivalent to 1% of the N use in energy crop 
production, whereby unfertilized fields are used as the reference. 
 

Three sources of N2O emissions are considered in our analysis: 
 
1.  N2O emissions due to the storage of manure that is applied to the energy crop, cropland or 

grassland. The N2O-N emission due to storage is calculated as 1% of the N applied as 
manure (based on IPCC, 2006). 

2.  N2O emissions from manure deposited on grassland during the grazing of animals. The 
N2O-N emissions due to grazing are set at 2% of the N deposited on grassland (IPCC, 
2006). 

3.  N2O emissions from agricultural soils and soils under natural vegetation. These emissions 
are calculated with a statistical model based on 1008 N2O emission measurements for 
agricultural fields and 210 measurements for areas under natural vegetation (Stehfest and 
Bouwman, 2006). This model is an update of the model presented by Bouwman et al. 
(2002b). The N2O emissions are calculated using Equation 1 as follows: 

 
 E = exp (c + ∑ev)  (1) 
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where E is the emission of N2O (kg N2O-N ha-1 yr-1), c is a constant and ev is the effect 
value for different factors in the model (see Table 3, below). In all calculations, we 
assume a period of one year. The model is applied in the cases of both current and 
optimised management, but with different N inputs and crop yields, and with the 
emissions reduced by one-third in the case of optimised management due to the use of 
nitrification inhibitors. 

 
Table 2. The six reference land-use systems and the six ‘cases’ that are considered in our 
analysis of N2O emissions of energy crop production. N.B. ‘Case’ is the term used to refer to 
the net impact of energy crop production. 
Reference 
land-use system 

Description of the impact of energy crop production on replacement of the 
reference land-use system  

Case 

Cropland Energy crop production replaces cropland, which is defined as land used for food 
production. We assume that the reduction in food production is not compensated 
elsewhere. The reduction of downstream emissions due to food processing and 
consumption are not accounted for.  

Cropland as 
reference 

Grassland Energy crop production replaces grassland, which is defined as grassland used for 
grazing animals. We assume that the reduction in food and feed production is not 
compensated elsewhere. The reduction of downstream emissions due to food 
processing and consumption are not taken into account. 

Grassland as 
reference 

Natural 
vegetation 
or 
set-aside 
land 

Energy crop production replaces natural vegetation or set-aside land. Natural 
vegetation is defined as the (potential) vegetation type that would occur in the 
absence of human influences on land use. In several regions, particularly the EU25 
and North America, some agricultural land is (temporarily) taken out of production 
to avoid over-production. We assume that, without the additional demand for 
energy crop production, these areas are converted into natural vegetation. Thus, 
there is no difference between natural vegetation and set-aside land as the 
reference. 

Natural 
vegetation as 
reference 

Zero N 
input 

Energy crop production replaces a hypothetical zero N fertilizer input land use. 
This reference system is (implicitly) applied in the IPCC approach to calculate the 
fertilizer-induced emission (FIE). 

Zero N input as 
reference 

No reference  Energy crop production does not replace any land use. All N2O emissions from 
land used to produce energy crop are attributed to the energy crop. We assumed 
that total food production and the related GHG emissions are constant because of 
increases in productivity in the remaining cropland.a  

‘No reference’ 
as reference 

Zero N 
input 

Energy crop production replaces a hypothetical zero N fertilizer input land use. 
This reference system is (implicitly) applied in the IPCC approach to calculate the 
fertilizer-induced emission (FIE), whereby the IPCC uses a 1% emission factor, 
which is also used in our analysis. 

IPCC 

a Agricultural productivity can be boosted by increasing inputs (e.g. agrochemicals, water and fertilizers) and/or 
through the development and implementation of new technologies (e.g. varieties or breeds, and agricultural 
machinery). 
 
The model uses spatially explicit data with 0.5° x 0.5° resolution on climate (De Pauw et al., 
1996) and soil properties (Batjes, 2002), as well as data on country-specific fertilizer and 
manure application rates. Data on the harvested areas are from Ramankutty and Foley (1998). 
Since the location of energy crops for biofuel production is not known at 0.5° x 0.5° 
resolution, we generate results for the spatial distribution of crops that are used for food 
production and assume that these results are representative for energy crops. The harvested 
areas are up- or downscaled so that the total harvested areas match those reported for each 
country for the year 2000 by the FAO (2007b). For the reference land-use types and the 
energy crops, we assume the same climate and soil conditions. The quality of the spatial data 
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Table 3. Effect values and constant for the Stehfest and Bouwman model (2006) used to 
calculate direct N2O emissions from agricultural fields and natural vegetation. 
Agricultural fields Natural vegetation 

Constant -1.5160 Constant -2.8900 

Effect values Effect values 

N application rate N application rate 

Variable 0.0038 x N application 
rate in kg N ha-1 yr-1 

N/a N/a 

Soil organic C content (%) Soil organic C content (%) 

<1 0 <1 0 
1-3 0.0526 1-3 0.6683 
>3 0.6334 >3 1.0918 
Soil pH Soil pH 

<5.5 0 <5.5 0 
5.5-7.3 -0.0693 5.5-7.3 -0.2750 
>7.3 -0.4836 >7.3 -2.4179 
Soil texture Soil texture 

Coarse 0 N/a N/a 
Medium -0.1583 N/a N/a 
Fine 0.4312 N/a N/a 
Climate Climate 

Temperate_C 0 N/a N/a 
Temperate_O 0.0226 N/a N/a 
(sub)Tropical 0.6117 N/a N/a 
Tropical -0.3022 N/a N/a 
Crop type Vegetation type 

Cerealsa 0 Coniferousb 0 
Grass -0.3502 Deciduousb 0.0115 
Legume 0.3783 Grass -0.7941 
Otherd 0.4420 Rain forest 0.4995 
Wetland rice -0.8850 Savannah -0.6881 
None 0.5870 Tropical dry forest -0.5811 
  Desertc N/a 
Soil drainage Soil drainage 

N/a N/a Poorly drained 0 
N/a N/a Well-drained -1.0462 
Bulk density (g cm-3) Bulk density (g cm-3) 

0-1 0.9941 N/a N/a 
1-1.25 -0.3786 N/a N/a 
>1.25 -0.8597 N/a N/a 

Length of experiment (year) Length of experiment (year) 

1 1.9910 1 3.6120 
a The category cereals excludes maize, which is in ‘other crops’. 
b The measurements for temperate coniferous and deciduous forests stem from areas with high N deposition (≥ 10 kg 
N ha-1 yr-1). For coniferous and deciduous forests with low N deposition (<10 kg N ha-1 yr-1) we correct the N2O 
emissions calculated by the model. The correction factor is the ratio of N deposition for forests with low N deposition 
to 10 kg N ha-1 yr-1. 
c For deserts, no effect values are given. Instead we assumed a default N2O emission of 0.1 kg N2O-N ha-1 yr-1 based 
on Bouwman et al. (1993). 
d This category includes sugar cane. Although this crop has some biological N fixation, it is not usually classified as a 
legume (Dobereiner et al., 2000). The rate of N fixation in sugar cane production is much lower than that in 
leguminous crops, but higher than that of other non-leguminous crops (see further the main text. An analysis of the 
results of N2O emission measurements that are included in the dataset of Stehfest and Bouwman (2006), from which 
the statistical model is calculated, showed that the N2O emissions are similar to those of ‘other crops’. 
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on climate, soils and crop distribution is regionally variable. No information is available on 
the uncertainty in the spatial distribution. The density of available soil profile data varies from 
one region to the other, and therefore the aggregation to 0.5° x 0.5° grids may not realistically 
describe the variability actually occurring in regions where the density of observations is low 
(see further, Bouwman et al., (1999). Furthermore, generally there is a serious lack of 
observational data describing the distribution of crops. Spatial data on harvested areas are 
generally derived from aggregated national or sub-national data using an allocation algorithm. 
 
N inputs from atmospheric deposition, free-living biological fixation and residues are not 
explicitly included in the model as a parameter. However, inputs are assumed to be included 
implicitly, as the model is derived from field measurements. Also, we ignore the use of 
organic soils for energy crop production, since such soils cover only a minor part of the global 
agricultural land. An exception is palm fruit production in South-East Asia, where 14% of the 
harvested area has organic soils. For this system, the N2O emissions are calculated using the 
statistical model for mineral soils for 86% of the harvested area, and 16 kg N2O-N ha-1 yr-1 
(IPCC, 2006) for the remaining 14% organic soils. The same approach is used to calculate the 
N2O emissions from the reference land-use types cropland and grassland. Fertilizer and 
manure inputs are calculated for conventional crop management (CM) and optimised crop 
management (OM), as described below. 

 
2.2.1 Conventional crop management 

 

Data on the N, P and K fertilizer application rate for conventional management (CM) per crop 
in each country were taken from IFA et al. (2002) and data on yields were taken from FAO 
(2007b). The application of P and K has no impact on N2O emissions from the soil, but is 
taken into consideration when calculating the emissions due to the production of fertilizers 
(see further, the section on other emissions). For countries where no crop-specific data are 
available, we use the national average application rate per harvested hectare of cropland. If 
only total fertilizer use is known, we use the average fertilizer application rate per hectare of 
cropland for the year 2000, whereby cropland is defined as the sum of the area planted with 
temporary or permanent crops (FAO, 2007b; IFA, 2007). Data on the N fertilizer application 
rates are largely based on country expert estimates. There is no quantitative information on 
uncertainties related to the N fertilizer rates per crop. However, the differences in fertilizer 
application rates at the global level are also visible in the regional data, which gives reason for 
some confidence. At the same time, large regional differences occur due to differences in 
climate characteristics and in the intensity of the production system. Data on N fertilizer 
application rates on grassland and N manure application rates on grassland and cropland for 
the year 2000 are derived from Bouwman et al. (2005b). For energy crops, we assume the 
national average N manure application rate on cropland. Data on the N manure application 
rates are based on animal population data, estimates of annual N excretion per animal and 
various assumptions on the distribution over crops and grass. The size of the errors caused by 
these assumptions are unknown. 
 
The fertilizer and manure application rates and average crop yields for the year 2000 are 
shown in Table 4, below.  



 

 

Table 4. The yield of energy crops and the N fertilizer and N manure application rate in energy crops, cropland and grassland; the N 
manure deposition during grazing in grassland; and the N recovery rate (CM = present management; OM = optimised management; Nfer; 
Pfer, Kfer = N, P and K in fertilizers, respectively; Nman = N in manure; Rec = N recovery rate; Ntot = Nfer + Nman; t are t fresh weight). 

 a Yields under OM have been recalculated from dry weight to fresh weight, assuming a dry weight fraction of 87% for maize, 89% for wheat, 21% for sugar beet, 65% for 
sugar cane, 91% for rapeseed, 53% for palm fruit and 91% for soybeans. 
b Nexp and Ntot are calculated assuming a N content of harvested dry matter of 1.63% for maize, 2.40% for wheat, 1.05% for sugar beet, 0.40% for sugar cane (including N in 
leaves and tops that is removed from the field due to the burning of cane prior to harvesting), 3.80% for rapeseed, 0.83% for palm fruit (including N immobilised in plant 
tissue assuming that the wood is also removed from the field) and 6.50% for soybeans. The N input is further reduced by N deposition and, in the case of sugar cane, by N 
fixation. 
c The yields of low-protein wheat in the EU are estimated to be 13.5% higher than the average mix of wheat varieties used in the WTW (Well-To-Wheel) study. We 
increased the wheat yields as reported by the FAO by 13.5%; the N input is kept constant..

Energy crops Cropland Grassland 
CM OM CM CM CM CM CM CM OMb CM CM CM CM 

Yielda Nfer Nman Ntot Pfer Kfer Rec Ntot Nfer Nman Nfer Nman 

 
 
 

t fw ha-1 y-1 kg N, P or K ha-1 y-1 % kg N ha-1 y-1 

Maize North America 8,5 13,7 150 12 162 69 90 67 218 81 12 0 24 
Maize EU25 7,9 9,4 149 14 163 55 42 61 140 84 14 10 82 
Wheat North America 3,1 9,1 58 10 68 35 25 81 201 70 10 0 30 
Wheat EU25c 6,0 8,2 106 23 129 44 40 87 171 88 23 35 101 
Wheat Oceania 2,1 7,8 43 3 46 30 4 84 176 48 3 0 6 
Palm fruit South America 14,3 21,6 69 51 120 29 95 48 104 56 51 0 34 
Palm fruit Africa 3,8 24,6 5 7 13 4 6 71 121 1 7 0 29 
Palm fruit South-East Asia 18,2 21,7 88 10 98 44 202 74 106 3 10 0 64 
Rapeseed North America 1,5 5,7 81 5 86 31 22 53 218 50 5 0 46 
Rapeseed EU25 2,8 4,4 146 24 170 39 63 50 154 95 24 45 115 
Rapeseed East Europe 0,7 5,5 16 9 24 4 12 63 205 16 9 18 45 
Sugar cane Southern Africa 57,4 67,7 71 8 80 31 73 93 133 7 8 0 11 
Sugar cane South America 68,3 101,1 59 24 84 38 88 98 198 35 24 0 32 
Sugar cane South Asia 64,8 56,6 106 52 158 39 25 64 96 63 52 0 111 
Sugar cane Oceania 91,1 105,6 229 2 231 66 164 67 211 48 2 0 6 
Sugar beet EU25 56,0 67,2 124 37 162 55 88 67 155 94 37 56 123 
Sugar beet East Europe 18,5 46,1 12 8 19 3 6 117 105 10 8 4 36 
Soybeans North America 2,6 5,1 20 12 33 60 95 43 0 82 12 0 16 
Soybeans South America 2,4 4,6 7 18 25 32 37 45 0 27 18 0 32 
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2.2.2 Optimized crop management 

 

Optimised management (OM) involves implementing state-of-the-art agricultural technologies 
that result in higher crop yields, applying an optimised N fertilization regime that minimises 
the N application rate, and using nitrification inhibitors that reduce N2O emissions. Generally, 
fertilizer application rates are optimised using data on the soil N content, the crop yield N 
application rate response curve and/or the N removed from the field in the harvested matter. 
The aim of such optimisation is usually profit maximisation. In this study, we calculate an 
optimised N application rate that is aimed at minimising the application rate and thus 
minimising N2O emissions, whereby the total N input (Ntot) from fertilizers (Nfer) and manure 
(Nman) is calculated using Equation 2: 
 
Ntot = ( Nexp / Rec ) – Nfix – Ndep  (2) 
 
where Nexp is the N in the harvested biomass, Nfix is biological N fixation and Ndep is the 
atmospheric N deposition (all terms are in kg N ha-1 yr-1). Rec (dimensionless) is the N 
recovery rate, which is the fraction of the N input that is removed from the field in the 
harvested biomass. 
 
Nexp is calculated by multiplying the crop yield and the nutrient content. Crop yields for OM 
are derived from 0.5° x 0.5° resolution maps for agro-ecologically attainable yields under 
rain-fed conditions (Bouwman et al., 2006); Table 4. 
 
The Rec rates achievable in OM are based on the world region with the highest Rec in the case 
of CM, excluding regions with an Rec exceeding 100%, which is an indication of soil N 
depletion. The Rec for OM is 81% for maize, 89% for wheat, 56% for rapeseed, 81% for palm 
fruit, 98% for sugar cane and 79% for sugar beet. Soybeans need no addition fertilizer, 
because Nfix ≥ Nexp. 

 

Nfix is assumed to be 5 kg N ha-1 yr-1 for non-leguminous crops, excluding sugar cane (Smil, 
1999). Nfix equals 2.0 x Nexp and 0.5 x Nexp in the case of leguminous crops (Mosier et al., 
1998) and sugar cane (Dobereiner et al., 2000), respectively. 
 
Data on Ndep are available at a 0.5° x 0.5° resolution (Dentener et al., 2006) and range between 
1.7 and 17 kg N ha-1 yr-1. 
 
N2O emissions due to energy crop production can be reduced by applying nitrification 
inhibitors, though these are not commonly used in current conventional farming. The 
effectiveness of nitrification inhibitors in reducing N2O emissions varies widely, but a 
literature review indicates that an average reduction by one-third is feasible (Minami, 1990; 
Bronson and Mosier, 1993; Mosier et al., 1994; Romanczak, 1994; McTaggart et al., 1997; 
Kumar et al., 2000; Weiske et al., 2001; Xu et al., 2002). We assume that the direct N2O 
emissions, which are calculated using the statistical model, are reduced by one-third by 
applying nitrification inhibitors. 
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The type of fertilizer also influences the N2O emissions. In a previous version of the statistical 
model (Bouwman et al., 2002b), effect values were given for different fertilizer types. Results 
show that this sensitivity is relatively small when compared to the uncertainties in calculating 
N2O emissions and when compared to the impact of the reference system choice. For example, 
the emissions vary between 2.3 kg N2O-N ha-1 yr-1 when N is applied as a nitrogen solution 
and 2.8 kg N2O-N ha-1 yr-1 when N is applied as a compound, assuming a 100 kg N ha-1 yr-1 
application rate and no application of nitrification inhibitors. 
 
2.3 Calculation of other emissions 
 
In addition to the direct N2O emissions, three categories of other emissions are included: 
 
1) GHG emissions due to the use of energy during crop cultivation and due to the production 

and transportation of agricultural inputs other than synthetic fertilizer (e.g. agrochemicals, 
seeding material and lime). Data are taken from EUCAR et al. (2004), further referred to 
as Well-to-Wheel (WTW) study. WTW covers most crops and fuels using recent and 
detailed data (see Table 5, below). The results of WTW studies are representative for 
current intensive mechanised crop production systems common in the EU, except for sugar 
cane production, in which case the WTW figures are representative for Brazil. For ethanol 
made from corn and diesel made from palm fruit (both are not in WTW), we use data from 
Shapouri et al. (2007) and Schmidt (2007), respectively. These data are representative for 
the US (corn) and for South-East Asia (palm oil). All data are representative for CM 
(conventional management) and although most data refer to specific regions, they are used 
for all other regions and OM (optimised management) as well, assuming that emissions are 
constant on a per tonne of crop basis, according to the WTW approach. Irrigation is not 
applied in crop production in the regions for which the data in Table 5 are representative, 
except for sugar cane produced in Brazil and South Asia, in which cases 14% and 84%, 
respectively, of the harvested area is irrigated (Bruinsma, 2003). Due to a lack of data, the 
GHG emissions are not corrected for differences in the use of irrigation between regions. 
We also assume that emissions due to combustion of diesel in agricultural machinery used 
on cropland equal the average of the six crops included in our analysis. We assume that 
agricultural machinery is used neither on grassland and natural vegetation, nor in the zero 
fertilizer input reference system. 

 
2) GHG emissions due to the production of nitrogen (N), phosphorous (P) and potassium (K) 

are assumed to be 6.1, 1.0 and 0.6 kg CO2-eq per kg of N, P and K, respectively (JRC et 

al., 2004). These values are representative for the current, average efficiency of production 
technology. Data on the N, P and K input per crop and region are shown in Table 4, above. 

 
3) GHG emissions due to the transport of the energy crop to the processing facility, due to the 

production and use of energy and chemicals during the conversion of crops into biofuels, 
and due to the transport of the biofuel to the gas station vary widely between different 
LCA studies, mainly because of different assumptions regarding the conversion efficiency, 
the quantity and type of energy input used during conversion, the type of technology, and 
the values for other parameters included in the calculations. Another important factor is the 
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way in which co-products from biofuel production are included in the LCA (Quirin et al., 
2004; Larson, 2006). The quantity of co-products can be large. For example, Kim and Dale 
(2002) estimated that the production of 1.0 tonne of ethanol made from corn via dry 
milling generates 0.9 tonne of dried distiller’s grain (DDG). Ethanol made from corn via 
wet milling co-produces 0.1 tonne of oil, 0.2 tonne of gluten meal and 0.7 tonne of gluten 
feed (all data are on a dry weight basis). DDG and gluten feed are generally used as animal 
feed, while gluten meal is used both as animal feed and as a herbicide. Corn oil can be 
used both for cooking and production of diesel. The solid residues that result from making 
ethanol from corn or wheat can also be used as fuel. Another example is the production of 
diesel from soybeans, which co-generates 4.2 tonne of dry soy meal (generally used as 
animal feed) per tonne of diesel (Sheehan et al., 1998). In some studies, the emissions due 
to energy crop production and processing are (partially) allocated to the co-products of 
biofuel production on the basis of weight, energy content or market value of these 
products. Such allocation can be avoided by taking account of the emissions that are 
avoided when the co-products replace other products. This approach is also recommended 
by the guidelines for LCA issued by the International Organisation for Standardization 
(ISO 14044 guidelines, ISO, 2006). Here, we use data from the WTW study supplemented 
by other sources (Sheehan et al., 1998; Shapouri et al., 2002; Schmidt, 2007) that are 
representative for the currently applied conversion technologies and applications of 
co-products for the major biofuel producing world regions (Table 5). The data include the 
avoided emissions due to the use of co-products of biofuel production. The data are 
representative for the EU, except for ethanol made from maize (US), diesel made from 
palm fruit (South-East Asia) and ethanol made from sugar cane (Brazil). In some instances, 
the avoided emissions include N2O emissions due to crop production. No correction was 
made to align these emissions with the results of our analysis, because the contribution of 
N2O to the avoided emissions is usually not specified. The data also include transportation 
of the biofuel to the pump over short distances (< 200 km). Long-distance transport might 
increase the GHG emissions slightly; for example, transportation of ethanol from Brazil to 
Rotterdam harbour would increase the GHG emissions by 1.0 g CO2 MJ-1 fuel (based on 
Langer, 2006). 

 
This study includes no detailed analysis of the potential to reduce the GHG emissions due to 
energy crop production (excluding direct N2O emissions due to fertilizer and manure 
application) and due to the conversion of crop to fuel and related transportation. That 
reduction potential is partially covered by the variation in non-land-use GHG emissions, 
which also account for the bulk of the emissions that result from converting crops to fuel. 
Another important factor is the crop-to-fuel conversion efficiency, for which an uncertainty of 
20% is estimated for most fuels. The impact of this uncertainty is already included in the 
analysis of the uncertainty of non-land-use GHG emissions.  
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Table 5. Input data used to calculate the GHG emissions (excluding direct N2O emissions due 
to fertilizer and manure application) from energy crop production and from the conversion of 
crop to fuel and related transportation. 

Agricultural 
inputsa 

Conversion 
efficiencya,b 

Conversion 
emissionsc 

Transport crop to 
plant 

Transport biofuel 
to pump 

 

g CO2-eq MJ-1 l t-1 g CO2-eq MJ-1 g CO2-eq MJ-1 g CO2-eq MJ-1 

Maize 9 404 31d 2,6 1,0 

Wheat 6 368 25 0,5 1,0 

Palm fruit 2 236e 17e,f 2,0 1,0 

Rapeseed 6 413 -7 0,3 1,0 

Sugar cane 9 91 -10f 0,8 1,0 

Sugar beet 1 97 33 0,8 1,0 

Soybeans 13 199 11 n/a 1,0 
a The emissions due to drying of crops are included in the category ‘conversion emissions’, if relevant. An exception 
is maize, for which the emissions due to drying are included in ‘agricultural inputs’. 
b Crop product expressed in tonnes of fresh weight. 
c This category includes the avoided emissions from the by-products of biofuel production. The emissions during 
conversion of maize, wheat and sugar beet are based on the use of natural-gas-fired conventional technology in the 
ethanol distilling process. This technology is representative for the vast majority of the plants that are in operation 
today. 
d This number is calculated on the basis of energy consumed during the conversion of corn to ethanol, minus the 
energy credits from co-products as reported by Shapouri et al. (2002), assuming that all energy is supplied in the form 
of heat generated by a natural-gas-fired boiler working at 90% efficiency. These results are in line with the 
32-33 g CO2-eq MJ-1 reported by Quirin et al. (2004), Levelton (2000) and GM et al. (2002). Raw palm oil and rape 
oil are refined and esterificated in the same way (Schmidt, 2007). 
e The conversion efficiency and emissions are calculated based on the oil yield from fruit bunches that is reported by 
Schmidt (2007), combined with data on the emissions due to refining and esterification of rapeseed oil from the WTW 
study. This is justified because raw palm oil and rape oil are refined and esterificated in the same way (Schmidt 2007). 
f The energy required to produce ethanol from sugar cane is generated by combustion of bagasse, which is the fibrous 
residue that remains after cane milling. The energy requires to mill palm fruit is generated by combustion of empty 
fruit bunches, which remain after palm fruit is milled. 

3. Results 
 

3.1 N2O emissions due to energy crop production for conventional 

management 
 
The emissions due to energy crop production for conventional management in the year 2000 
range from 1.9 to 9.2 kg N2O-N ha-1 yr-1 (see Figure 1, below). This variation stems mainly 
from differences in N inputs and climate. The impact of soils is limited, except for organic 
soils. Sugar cane production in Oceania shows the highest N2O emissions per hectare, which 
is a combined effect of high N inputs and tropical climate. (Note that crop yields are also high 
in this region). The tropical climate in South Asia and Southern Africa also causes relatively 
high emissions. In maize and rapeseed cultivation in the EU25 and maize cultivation in North 
America, high N fertilizer and manure application rates cause relatively high emissions per 
hectare. The high N2O emissions due to palm fruit production in South-East Asia are caused 
by high N2O emissions from organic soils (14% of the area). 
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The crop type also has a major effect. In applying the N2O emission model of Stehfest and 
Bouwman (2006), most energy crops fall into the category of ‘other crops’, for which an 
effect value of 0.44 is used to calculate the emissions (see Table 3, above). This is much 
higher than that for wheat (0) and similar to that for soybeans (0.38). In part, this explains why 
the emissions due to maize cultivation are higher than those due to wheat cultivation. Another 
factor that contributes to the differences between crop types is that the N fertilizer application 
rate is generally lower for wheat than for maize. The impact of the relatively low N 
application rates on N2O emissions in soybeans is counteracted by the high effect value 
(soybean is a leguminous N2-fixing crop) in comparison to other crop types (see Table 3, 
above). In addition, soybeans are generally cultivated in warm climates (e.g. in Brazil) and 
this causes higher N2O emissions than those in more temperate conditions. 
 
An important factor that determines the N2O emissions due to bioenergy crop production 
relates to the reference land-use system. The N2O emissions due to energy crop production 
generally exceed those for the reference land-use systems considered (see Figure 1, below). 
Consequently, the net emissions due to energy crop production are generally positive (see 

Figure 2, below). It should be noted that the differences in emissions between energy crops 
and the reference system are entirely the result of differences in the fertilizer and manure 
application rates (see Table 4, below) and in the effect value of the crop or vegetation type that 
is included in the statistical model (see Table 3, below). The high emissions due to energy 
crop production in comparison to those from cropland are caused by the correspondingly 
higher N inputs and effect values. Exceptions are soybean production in North and South 
America (low N inputs), and wheat production in the EU25 (low effect value of cereals). 
 
The higher N2O emissions from energy crops in comparison to those from grassland are also 
caused by correspondingly higher N inputs and effect values (see Table 5, below): the increase 
is 0.6-7.3 kg N2O-N ha-1 yr-1. The variation in N inputs into grassland and the resulting 
emissions are large, which partly explains the large range. An exception is wheat production 
in the EU25, with virtually no net emissions — the result of the high N inputs into grassland 
in the EU25. 
 
The N2O emissions from natural vegetation are small (≤ 0.7 kg N2O-N ha-1 yr-1; see Figure 1, 
below) and much lower than those for energy crops, cropland and grassland. An exception is 
tropical rainforest, which is assumed to be the natural vegetation reference case for palm fruit 
production in South America (1.1 kg N2O-N ha-1 yr-1) and South-East Asia 
(3.2 kg N2O-N ha-1 yr-1) (see Figure 1, below). The high emissions in South-East Asia are 
partially caused by drained organic soils. Because the emissions from natural vegetation are 
low, the net emissions due to energy crop production based on natural vegetation are 
comparable with the net emissions in the case of no reference system, with its relatively high 
values of 1.7-9.0 kg N2O-N ha-1 yr-1 (see Figure 2, below). 
 
Figure 2 also shows that the net N2O emissions due to energy crop production in the case of 
the zero N input reference system are comparable with the emissions when the IPCC Tier 1 
emission factor of 1% is applied. There are two reasons for this similarity: 
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1) Both methodologies use the approach of fertilizer-induced emissions (FIE). However, the 
N2O emissions from the zero N input reference system are potentially overestimated, 
because the N2O emission measurements of unfertilized control plots in the dataset of 
Stehfest and Bouwman (2006) are generally carried out on plots that have received N 
inputs in the previous years. Nevertheless, the N2O emissions decrease rapidly after 
fertilization and therefore the impact is probably limited. The potential overestimation of 
the N2O emissions from the zero N input reference system could explain the higher 
emissions from unfertilized plots in comparison to natural vegetation (see Figure 1, 
below). If so, then the N2O emissions from the zero N input reference system are 
overestimated and the FIEs are underestimated by 0.8-3.6 kg N2O-N ha-1 yr-1, which is the 
difference in emissions between unfertilized plots and natural vegetation. In any case, the 
emissions from the zero N input reference land-use system are generally lower than those 
from the natural vegetation reference system, but generally higher than those from the 
cropland reference system. 

 
2) The IPCC emission factor is partially based on results that are generated using the same 

statistical model that we apply in our analysis (Stehfest and Bouwman, 2006). The IPCC 
also refers to the work of Bouwman et al. (2002a; 2002b) and Novoa and Tejeda (2006); 
this work was used to calculate the 1.00% emission factor. Although the derivation of that 
factor from these sources is not described in detail, it seems to be based on the 1.05% 
emission factor for residues (Novoa and Tejeda, 2006) and the 0.91% emission factor for 
cropland and grassland (Stehfest and Bouwman, 2006). The differences between these 
values mainly result from differences in the level of detail (i.e. crop type, management 
system and natural conditions are included in our calculations, but excluded from the IPCC 
approach). 

 

3.2 GHG emission reduction potential of biofuels for conventional crop 

management  
 
The results show that the impact of N2O emissions on the GHG emission reduction potential 
varies widely between different crops, regions and reference systems chosen (see Figure 3, 
below). The GHG emission reduction potential for ethanol made from sugar cane is 
consistently high (60-102%)a cross all the regions and reference land-use systems considered, 
despite the high absolute levels of N2O emissions. The GHG emission reduction potential of 
biofuels can exceed 100% because of the avoided emissions when co-products replace other 
products. Diesel from palm oil also shows a high and robust reduction potential of 51-78%. 
The impact of N2O emissions on the GHG emission reduction potential of sugar beet ethanol 
is larger, with reduction potentials of 17-56% in East Europe and 21-54% in West Europe. It 
should be noted that the N2O emissions in kg N2O-N ha-1 yr-1 for sugar beet production in 
West Europe exceed those for East Europe by a factor of two. However, the GHG emission 
reduction potential is comparable, because the yields in West Europe are higher than those in 
East Europe. 
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Figure 1. N2O emissions due to energy crop production and from the reference land-use 
systems cropland, grassland, natural vegetation and zero N input for the year 2000 (in kg N2O-
N ha-1 y-1). 
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Figure 2. Net N2O emissions due to energy crop production taking account of emissions from 
the different reference systems. In the case of the IPCC Tier 1 approach, this is for the year 
2000 (in kg N2O-N ha-1 yr-1).  
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N2O emissions can have a strong impact on the GHG emission reduction potential in the cases 
of ethanol made from wheat and corn, and diesel made from rapeseed and soybeans. In these 
terms, two broad groups of reference land-use systems can be distinguished: 
 
1) The reference systems of cropland, grassland and zero fertilizer input have relatively high 

N2O emissions in comparison to the natural vegetation reference system and in the case 
that no reference system is considered (see Figure 1, above). Therefore, when subtracted 
from the N2O emissions from energy crops, these reference systems result in relatively 
high GHG emission reduction potentials (see Figure 2, above). This is also true when the 
IPCC Tier 1 approach is applied. 

 
2) The reference land-use systems of natural vegetation and no reference have low emissions, 

resulting in relatively small GHG emission reduction potentials. The relative impact of the 
reference land-use system is particularly large for biofuels that are made from crops or 
produced in regions with a low biofuel yield per hectare and for fuels that have low 
non-land-use GHG emissions during crop cultivation and conversion. Ethanol made from 
wheat has a GHG emission reduction potential between -6% and 65% in North America 
and between 5% and 65% in EU25. In Oceania, these values range from -53% to 84%. The 
GHG emission reduction potential of corn ethanol is relatively low (between -2% and 36% 
in North America and between -11% and 34% in the EU25) due to the high N inputs and 
high N2O emissions. The GHG emission reduction potential of diesel produced from 
rapeseed varies from -13% to 66% in North America, from -9% to 68% in the EU25, and 
from -72% to 69% in East Europe. The GHG emission reduction of diesel made from 
soybeans is more sensitive to the choice of the reference land-use system than is the case 
with other biofuels. This is illustrated by the wide ranges in North America (-30% to 53%) 
and South America (-44% to 67%). This sensitivity is caused by the low biofuel yield per 
hectare and the large variation in N2O emissions from the various reference land-use 
systems. 

 
3.3 N2O emissions due to energy crop production for optimized crop 

management 
 
The emissions of N2O per unit of energy crop can be significantly reduced by optimised crop 
management (OM) (see Figure 4, below). The OM values are based on factors including the 
application of denitrification inhibitors, the minimisation of the N input and the realisation of 
higher crop yields (see Table 4, above, for data on N input and crop yields). The results 
indicate that the N2O emissions per weight unit of the crop product can be reduced by 18% to 
85%, except for palm fruit production in South-East Asia (due to high N2O emissions from the 
organic soils there). Consequently, the GHG emission reduction potential increases by 5 to 
29 percent points (pp) in the case of ethanol made from sugarcane, sugar beet and palm fruit; 
by 18pp to 69pp in the case of ethanol made from wheat and maize; and by 52pp to 135pp in 
the case of diesel made from rapeseed and soybeans (based on no reference system; see 

Figure 4, below). 
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Figure 3. Reduction of GHG emissions to be achieved by replacing fossil fuels with biofuels for 
conventional management, taking account of the emissions from the reference land-use systems in the 
year 2000. The chart also shows the GHG emission reduction potential when N2O emissions are 
excluded and when the IPCC approach is applied. (All reduction potentials expressed as percentages.) 
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Figure 4. The impact of the crop management system on the emissions of N2O per unit crop 
(left figure; in g N2O-N kg-1 crop) and on the reduction of GHG emissions compared to fossil 
fuels (right figure; in %) in case of the no reference land-use system (CM = current 
management for the year 2000; OM = optimum management). 
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4. Discussion 
 

A sensitivity analysis was used to investigate the potential impact of uncertainties in our input 
data and calculation method. We took the ‘no reference’ system as the basis for the analysis, 
because this system has relatively high N2O emissions and low GHG emission reduction 
potentials. Consequently, the results for this system are particularly sensitive to uncertainties, 
which allow biofuels that are relatively robust GHG savers to be identified. However, we also 
include the results in the case of the cropland reference system. Furthermore, we discuss 
possible ways of reducing the uncertainties. Five major sources of uncertainties are identified, 
and the corresponding ranges are shown in Table 6, below. The combined effect of these 
uncertainties was not calculated because the situation is so complex: dependent and 
independent variables are involved, some of which are not normally distributed. The impact of 
uncertainties in the data on N fertilizer application rate and the spatial data on soil, climate and 
crop distribution could not be quantified due to a lack of inputs, as already discussed earliers. 
 
Table 6. Minimum and maximum values for five sources of uncertainty that are included in 
the uncertainty analysis. 
Source of uncertainty Minimum value Maximum value 

Indirect 
N2O emissions 

N/a 0.33% (in N2O-N) of the N input from 
synthetic fertilizers and 

0.43% for manure (IPCC, 2006) 

Manure N 
application rate 

No manure 
application 

2 x the country average 
manure application rate  

Statistical 
N2O modela 

Wheat: –50% 
Soybeans : –53% 

Other energy crops : –48% 

Wheat: +99% 
Soybeans: +114% 

Other energy crops : +94% 

Emissions from 
diesel use by 
agricultural machinery 

N/a The emissions are assumed constant per 
harvested hectare 

Non-land -use GHG 
emissionsb 

Wheat-ethanol 14 g CO2-eq. MJ-1; 
Maize-ethanol 22 g CO2-eq. MJ-1; 

Sugar beet ethanol 11g CO2-eq. MJ-1; 
Rapeseed diesel -24 g CO2-eq. MJ-1; 
Soybean diesel -94 g CO2-eq. MJ-1; 

Wheat-ethanol 59 g CO2-eq. MJ-1; 
Maize-ethanol 68 g CO2-eq. MJ-1; 

Sugar beet ethanol 60 g CO2-eq. MJ-1; 
Rapeseed diesel 40 g CO2-eq. MJ-1; 
Soybean diesel 45 g CO2-eq. MJ-1; 

a Source: Stehfest and Bouwman (2006). 
b Sources: Delucchi and Lipman (2003); Eucar et al. (2004); IEA (2004); Quirin et al. (2004); Ecobilan and Ademe 
(2006); and Ecofys (2007). These values exclude N2O emissions due to the production of energy crops, which we 
deducted from the values reported in these studies and calculated using the IPCC 1% Tier emission factor and the 
average crop specific N input of the regions included in our analysis. Default values for non-land-use GHG emissions 
are shown in Table 5, above. 

 
1)  Indirect N2O emissions. In the default calculations, we excluded indirect N2O emissions 

from our GHG balance calculation, as their contribution is smaller than the overall 
uncertainty in N2O emissions. To analyze the impact of this exclusion, we assume an 
emission factor of 0.33% (in N2O-N) of the N input from fertilizers and 0.43% for manure 
on the basis of IPCC (2006). Across the crops, the impact on the N2O emissions is 12% or 
less (see Figure 5, above). The decrease in the GHG emission reduction potential is no 
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more than 8pp (percent points) (see Figure 6, below). However, the relative change in 
GHG emission reduction can be substantial, particularly for those biofuels for which N2O 
is a major contributor to the GHG emissions. 

 
2)  Manure N application rate. For manure use in energy crops production, we use national 

average N manure application rates for cropland. We investigate the sensitivity caused by 
uncertainty in manure inputs by varying manure N rates between 0 and twice the default 
national average (see Table 6, above). This causes the N2O emissions to change by 25% or 
less for most crops and regions (see Figure 5, below). The impact on the GHG emission 
reduction potential is 14pp or less (see Figure 6, below). 

 

3)  Statistical N2O emission model. Another uncertainty stems from the statistical model. We 
use crop-type-specific 95% confidence intervals to illustrate the uncertainty of the model 
(see Table 6, above). The 95% confidence interval for natural vegetation is even higher 
(-84% to 621%) as a result of the limited number of measurements (207). However, the 
confidence interval is a measure of the power of the model to predict N2O emissions as 
measured in the field. Thus, the true uncertainty of the N2O emissions for world regions is 
probably smaller due to aggregation. The range of model predictions calculated has 
important repercussions for the GHG emission reduction potential. For example, the GHG 
emission reduction potential for ethanol made from maize and wheat decreases by 8-24pp 
and for diesel made from rapeseed and soybeans by 16-34pp (see Figure 6, below). In 
contrast, the lower limit of N2O emissions results in a positive GHG balance of all 
biofuels. The increase in GHG emission reduction potential is particularly large in the case 
of ethanol made from maize and wheat (23-63pp) and in the case of rapeseed and soybeans 
diesel (52-105pp). The impact on the GHG balance for diesel produced from palm fruit 
and ethanol made from sugar beet or sugar cane is limited (between -8pp and +25pp). 

 

4)  Non-land-use GHG emissions. The term ‘non-land-use GHG emissions’ refers to all GHG 
emissions due to the production of biofuels, excluding the direct N2O emissions due to 
energy crop production. Several recent studies compare different LCAs on biofuel 
production (Armstrong et al., 2002; IEA, 2004; JRC et al., 2004; Quirin et al., 2004; 
Ecobilan and Ademe, 2006; Farrell et al., 2006; Larson, 2006; Von Blottnitz and Curran, 
2007). These studies indicate large differences between LCAs. To capture these 
uncertainties, we focus on: (a) our assumption that the emissions per tonne of diesel 
combusted in agricultural machinery are constant; and (b) the uncertainty range for the 
total non-land-use GHG emissions of biofuel production (including emissions from 
agricultural machinery). Assuming that emissions from agricultural machinery are constant 
when determined per hectare rather than per tonne of crop has a minor effect on the 
absolute GHG emission reduction potential (≤5pp; results not shown). For the total ranges 
of non-land-use GHG emissions, we explored all studies from which data could easily be 
derived, but excluded some extreme values that were the result of unconventional 
processing technologies, extreme assumptions, obsolete data and so on (see Table 6, 
above). The results show that the impact on the GHG emission reduction potential is large: 
it decreases by 9-32pp or increases by 32-58pp for all fuels except diesel made from soy 
(see Figure 6, below). 
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Figure 5. Uncertainty in N2O emissions due to energy crop production for the year 2000 
(kg N2O-N ha-1 yr-1). The calculated uncertainties are superposed on a situation in which no 
reference land-use is taken into account. For comparison, we also show the N2O emissions 
when cropland is included as the reference land-use system. 
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Figure 6. Uncertainty in GHG emission reduction due to the replacement of fossil fuels by 
biofuels in the year 2000 (in %). The calculated uncertainties are superposed on the GHG 
emission reduction in the case that no reference system is included. For comparison, we also 
show the N2O emissions when cropland is included as the reference land-use system. 
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The results in case of an optimized crop management system come with some uncertainties 
additional to the ones discussed above. We assume that nitrification inhibitors reduce the N2O 
emissions by one-third, but a lower or higher value cannot be excluded. Further, we also 
recognize that the increase in crop yields for OM compared to CM (see Table 4) often exceeds 
the increase in yields projected for the coming decades. For example, according to the FAO 
(Bruinsma, 2003) the average increase in yields in the developing countries between the end 
of the 1990s and 2030 may range between 32 % and 42 % for wheat, maize, sugar cane, 
soybeans and oil crops (Bruinsma, 2003), compared to an increase of palm fruit yields in our 
analysis of 50 % and 548 % in South America and Africa, respectively, and an increase of 
sugar cane yields and soybean yields of 48 % and 93 % in South America, respectively. Also, 
in reality fertilization regimes are optimized towards maximum profits, not towards minimum 
N2O emissions or N losses. Further, also the uptake efficiency that we assumed based on the 
region with the highest value may not be applicable for all regions due to differences in 
climate or soil. No attempt was undertaken to quantify these uncertainties due to a lack of 
data. Yet, these results in the case of OM can be helpful when formulating policies aimed at 
reducing GHG emissions via biofuels or agriculture in general, provided that the limitations of 
implementing these technologies can be removed. 
 
The GHG emissions from changes in above- or belowground biomass, soil organic matter and 
litter due to the conversion of land into energy crop plantations are excluded from our 
analysis. Recently, a study has been published in which the impact of land clearing on the 
GHG balance of biofuels is analysed (Fargione et al., 2008). First, the researchers calculated 
the release of carbon during the first 50 years after the conversion of land into cropland that is 
used for energy crop production. This is called the carbon debt. Next, they calculated the time 
needed to repay the carbon debt, i.e. the time required to compensate the carbon debt by the 
reduction of GHG emissions from the replacement of conventional fuels. The time to repay 
the carbon debt is calculated at 86 years in the case of palm biodiesel produced in South East 
Asia on converted tropical rainforest and 423 years in case peatland rainforest is cleared for 
palm fruit production. For soybean biodiesel produced in Brazil two types of vegetation are 
considered: tropical rainforest, for which a repayment time of 319 years is calculated and 
cerrado grassland for which a 37 year repayment time is calculated. For sugar cane ethanol 
produced from sugar cane grown on wooded cerrado a 17 year payback period is estimated. 
The production of corn in the US on abandoned cropland that has been abandoned for 15 years 
has a payback period of 48 years. These values indicate that accounting of the consequences 
of biofuels production on land use changes and the resulting GHG emissions and the impact 
on the GHG balance of biofuels is therefore a key target for future research.  

5. Conclusions 
 

We conclude that N2O emissions due to energy crop production are an important factor in the 
GHG balance of biofuels. N2O emissions typically contribute between 10% and 80% of the 
total GHG emissions due to biofuels production. Crop type, climate and the choice of the 
reference land-use system are key factors when calculating N2O emissions due to energy crop 
production. As these factors are uncertain, the N2O emissions that can be attributed to the 
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production and use of biofuels are also uncertain. Consequently, indications of the GHG 
balance of biofuels should reflect these uncertainties by using ranges rather than single values. 
 
Our estimates of the GHG emission reduction achieved by using starch-based biofuels are 
-53% to 84% for ethanol made from wheat, or -6% to 65% when only the EU25 and North 
America are considered. The values for maize ethanol produced in the EU25 and North 
America are -11% and 36%. Rapeseed diesel reduces the GHG emissions by -72% to 69%, the 
crop yield being an important factor. First-generation biofuels that have a clear positive impact 
on GHG emissions are ethanol made from sugar crops (cane and beet). A GHG emission 
reduction potential of between 60% and 102% is calculated in the case of sugar cane, and 17% 
to 56% in the case of sugar beet, depending on the reference land-use system. Palm oil also 
consistently shows a high GHG emission reduction potential of between 51% and 78% across 
different world regions. The highest emission reduction potential is achieved when the 
production of energy crops replaces the production of conventional crops; the lowest reduction 
occurs when energy crop production does not replace any existing activity. 
 
Our results indicate that the IPCC Tier 1 approach, which is used in most LCAs, may 
overestimate the emissions from the zero N input reference system and, therefore, may also 
overestimate the GHG emission reduction potential. 
 
The uncertainty of these estimates is large; in particular, because of uncertainty in the 
statistical model on N2O emissions and data on the non-land-use GHG emissions. However, 
the GHG emission reduction potential of ethanol made from sugar cane, sugar beet and diesel 
made from palm fruit is robust: a positive GHG emission reduction potential was calculated 
for these fuels under all circumstances. To improve the statistical model for N2O emissions by 
reducing its uncertainties, there is a need for more measurements in fields with energy crops 
under conventional and optimised management and under a wide range of environmental 
conditions. The uncertainty of non-land-use GHG emissions can be reduced by more detailed 
analysis, involving selection of the data that most accurately represent the crop management 
system, the conversion technology and efficiency, the energy sources used and the application 
of co-products of biofuels production in each region. Our analysis shows that the N2O 
emissions can be reduced by means of denitrification inhibitors, minimum fertilizer 
application rate and state-of-the-art agricultural technologies that result in higher crop yields. 
This could lead to positive GHG balances for all biofuels; however, even under such 
conditions, for some fuels the GHG emission reductions would only be around 30%. 
 
Finally, the reference system was found to have a large impact on the total GHG balance, as it 
determines how much of the N2O emitted from a field of energy crops is attributable to energy 
crop production. Unlike certain other types of uncertainties, the reference system uncertainty 
is related to imperfect knowledge about current and future substitution processes in the 
agricultural system. In this context, important roles are played by a variety of factors that 
affect land use, such as changing land and food prices, effects on agricultural intensification, 
availability of degraded and abandoned agriculture land and expansion of agricultural areas 
for both food and biofuel production into areas of natural vegetation. Land-use and 
agricultural economy models linked to biophysical models could be an appropriate tool to 
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learn more about the additional N2O emissions induced by energy crop production in an 
‘energy crop scenario’ (although these models obviously suffer from uncertainties in 
modelling these complex systems). At the same time, political choices also determine the 
‘energy crop scenario’ or reference system. The European Commission and several European 
countries are now developing sustainability criteria for biofuels (e.g. EC, 2006; DPB, 2007). 
Criteria range from earmarking certain crops and regions as unsustainable, to certificates 
attesting (hopefully to the fact) that no forests are cut down to establish the energy crop 
plantation. These certification systems are not yet finalised, but several proposals and 
frameworks are currently being discussed and elaborated. For example, in The Netherlands, 
based on the use of second-generation biofuels, a reduction of 30% is proposed for the current 
situation and 80-90% in ten years’ time (DPB, 2007), while the World Wide Fund for Nature 
Germany (WWF Germany, 2006) requires that the GHG emissions of energy crop production 
do not exceed 30 g CO2 eq. Per MJ fuel (WWF Germany, 2006). 
 
These criteria suggest that the production of the most commonly used biofuels in the EU 
(i.e. ethanol made from wheat and maize and diesel made from rapeseed) and in North 
America (i.e. ethanol made from maize) would be considered sustainable depending on the 
induced changes in land use. Land-use changes are therefore an appropriate indicator to assess 
whether a GHG balance criterion is met. The same goes for crop management, as optimised 
crop management can (in theory) reduce the emissions of all biofuels to a level at which the 
GHG emission reduction is positive. Some of the biofuels produced outside Europe have a 
favourable GHG emission reduction potential, independent of the various uncertainties. 
Robust GHG savers are diesel made from palm fruit and ethanol made from sugar cane. Even 
when the emissions due to long-distance transportation are added, the GHG balance is still 
favourable and well above the 30% target minimum. However, if we apply the criterion of a 
maximum of 30 g CO2 eq. emissions per MJ fuel during crop production, the production of 
these fuels would be allowed only when the reference system is cropland or grassland, or 
when the zero fertilizer reference system is considered. However, stimulating energy crop 
production could lead to conflicts with other sustainability issues that are crucial in these 
regions, including biodiversity conservation or meeting the increasing food demand of a 
growing population. Another potential obstacle – and therefore a crucial target for future 
research – are the emissions due to above- or belowground biomass, soil organic matter and 
litter, which can have a large impact on the GHG balance. 
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CHAPTER 7 
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CHAINS IN AN EUROPEAN SETTINGCHAINS IN AN EUROPEAN SETTINGCHAINS IN AN EUROPEAN SETTINGCHAINS IN AN EUROPEAN SETTING����    
 
Abstract 

 

The purpose of this study is to analyse the economic and environmental performance of 
switchgrass and miscanthus production and supply chains in the European Union (EU25), for 
the years 2004 and 2030. Five environmental parameters are considered, namely the 
greenhouse gas (GHG) emissions, the primary fossil energy use, the impact on fresh water 
reserves, soil erosion and biodiversity. Analyses are carried out for five regions in five 
countries that represent the variability of socio-economic and environmental conditions in the 
EU25. The lowest costs of production and supply (storage plus transport across 100km) of 
chopped or baled biomass for the year 2004 are calculated for Poland, Hungary and Lithuania 
at 43-64 € per oven dry tonne (odt) or 2.4-3.6 € per GJ higher heating value. This cost level is 
roughly equivalent to the price of natural gas (3.1 € GJ-1) and lower than the price of crude oil 
(4.6 € GJ-1) in 2004, but higher than the price of coal (1.7 € GJ-1) in 2004. The higher price of 
labour, land and other inputs results in higher production, storage and transportation costs in 
Italy and the United Kingdom (65-105 € odt-1 or 3.6-5.8 € GJ-1). The doubling of the price of 
crude oil and natural gas assumed for 2030 and more or less stable production and supply 
costs of biomass till 2030 (43-56 € odt-1or 2.4-3.1€ GJ-1 for Poland, Hungary and Lithuania 
and 61-103 € odt-1or 3.4-5.7 € GJ-1 for Italy and the United Kingdom) will improve the 
competitiveness of perennial grasses. Further, the GHG emission factors are calculated to be 
68-127 kg CO2 eq. odt-1 (3.8-7.1 kg CO2 eq. GJ-1), compared to 83, 60 and 101 kg CO2 eq. GJ-

1 for oil products, natural gas and coal, respectively (including indirect emissions from the 
production and transportation). In this calculation it is assumed that the biomass is produced at 
recently abandoned cropland. The ratio between bioenergy output and fossil primary energy 
input ratio is 23-49. These results indicate that the replacement of fossil fuels by perennial 
grasses is a robust, promising strategy to curb GHG emissions and reduce fossil energy use. 
An uncertainty and sensitivity analysis is carried out to indentify key targets for research and 
development and issues for the optimisation of production chains. Important factors are the 
crop yield, the fertilizer application rate, the emissions of nitrous oxide (induced by the 
application of nitrogen fertilizers), the harvesting and storing system, the land rent and the 
transportation distance. The production of perennial grasses reduce soil erosion rates 
compared to annual crops. Further, the deep percolation and runoff of water is also reduced 
compared to annual crops, which may lead to a reduction of fresh water reservoirs. 

                                                 
� Co-authors: André Faaij (Utrecht University), Iris Lewandowski (Utrecht University). 
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Overexploitation can be avoided by the selection of suitable locations (away from direct 
accessible fresh water reservoirs) and size of plantations. The impact on biodiversity is 
generally favourable compared to annual crops, but the location of the plantation compared to 
other vegetation types and the size and harvesting regime of the plantation are important 
variables.
 

1. Introduction 
 

The present use of fossil fuels in the European Union (EU) for the production of energy and 
materials has various disadvantages. The use of fossil fuels is a major contributor to 
environmental pollution through the emission of air pollutants and greenhouse gasses (GHGs). 
In addition, the EU (EU25) depends on imported oil for half of it’s energy needs and this 
percentage is expected to increase to 70 % by 2030, assuming no significant changes in 
policies take place (EC, 2001). Biomass can be used as a substitute for fossil fuels and may 
reduce carbon dioxide emissions and/or the dependence on oil imports. Consequently, by the 
EU policies have been developed to promote the development and deployment of biomass 
energy sources (EP, 2001; EP, 2003). 
 
Miscanthus and switchgrass are two C4 perennial grasses that can be used for various energy 
and material applications (Jones and Walsh, 2000). Advantages of grasses over annual energy 
crops such as cereals, sugar beet and rapeseed are the relatively high net energy and net GHG 
saving per unit of biomass (Boehmel et al., 2007). In addition, the production costs per unit of 
biomass are lower compared to annual energy crops, due to the relatively extensive 
management of grasses (Van Dam et al., 2007). Biomass from grasses could be used for a 
wide range of applications, such as for the production of heat and power via combustion 
and/or gasification, for the production of liquid biofuels, but also for the production of 
materials (paper, construction material, plastics). The present key application is co-
combustion with coal and direct combustion for heat and power applications. However, the 
potential of miscanthus and switchgrass depends to a considerable degree on the economical 
and environmental performance of the production, storage and transportation of biomass.  
 
Various studies have been carried out on the economical performance (e.g., Huisman et al., 
1997b; Huisman et al., 1997a; Cappelletto et al., 2000; Heaton et al., 2004; Nelson et al., 
2006; Monti et al., 2007; Styles and Jones, 2007a) and environmental performance (e.g., 
Kahle et al., 2001; Zan et al., 2001; Roth et al., 2005; Lewandowski and Schmidt, 2006; 
Nelson et al., 2006; Semere and Slater, 2007a; Semere and Slater, 2007b; Styles and Jones, 
2007b; Rowe et al., 2008) of the production and application of miscanthus and switchgrass 
biomass. Most of these studies considered a specific site, region or country, or a specific soil 
profile, production and transportation system. Little attention was paid to short- and long-term 
improvement options and/or the sensitivity of the results for changes in the input data. For 
example, Huisman et al. (1997a; 1997b) calculated the costs of miscanthus production, 
storage and transportation in the Netherlands. In other studies the focus was on Ireland (Styles 
and Jones, 2007a) and Italy (Monti et al., 2007). Nelson et al. (2006) researched the 
environmental and economic performance of switchgrass production for water quality 
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improvements in Kansas. Further, Kahle et al. (2001) focussed on the yields and impacts on 
nutrients and soil organic matter of miscanthus production in Central Europe, while Zan et al. 
(2001) analysed carbon sequestration of switchgrass cropping in comparison to corn and 
uncultivated systems.  
 
For a further development of strategies aimed to increase the use of miscanthus and 
switchgrass for energy and material applications detailed and up-to-date information on the 
economic and environmental performance is required. The aim of our research is to provide 
data that allow for cost minimisation and optimisation of production towards maximum 
production capacity and minimum environmental impacts and also in relation to specific 
regional differences in natural circumstances (soil, climate) and socio-economical conditions. 
This information is also crucial to determine the viability of miscanthus and switchgrass 
production and use in case criteria are set that are aimed at ensuring a socially and/or 
environmentally sustainable production and use. This is particularly relevant for the EU, 
considering the high policy ambitions of the European Union and also in the separate member 
states. The EU aims at increasing the use of liquid biofuels for transportation from the present 
2 % in 2005 to 10 % in 2020 and increasing the share of renewable energy of the total primary 
energy consumption from 6.4 % in 2004 to 20 % in 2020 and whereby bioenergy is expected 
to play an important role (EC, 2007b). These targets are combined with sustainability 
demands (e.g. with respect to GHG emissions) (EC, 2008). In this study we focus on 
European Union (EU-25). Special attention will be paid in our analysis to the variability of 
natural circumstances (soil, climate) and socio-economical conditions found in the EU25, 
because these are important factors for the environmental and economic performance of 
miscanthus and switchgrass bioenergy systems. Results are generated for the years 2004 and 
2030. Further, results are generated for five regions that represent (some of) the variability of 
the mentioned factors, whereby specific attention is paid to the differences in socio-economic 
conditions found in the EU25. Special attention is paid to the difference in socio-economic 
conditions between West Europe (the EU15) and East Europe (the 10 new EU member states).  
 
The economic and environmental performance depends on the cultivation scheme, harvest 
system, storage system, transport system, transport distance, farm size, natural circumstances 
(soil characteristics, climate and consequently yield level), and the price of land, labour and 
fuel. The economic performance is evaluated based on detailed calculations of the production 
costs, including storage and transportation. We also analyse the performance of pelletising as 
a strategy to reduce the costs of transportation. Pellets are commonly used in small scale 
(household and district) heating applications, because pellets are easy to handle and pellets can 
be stored for long periods without risking decay due to the low moisture content. Pellets can 
also be used for co-combustion with coal and for gasification. 
 
The environmental performance is focussed on four issues: GHG emissions, soil erosion, 
water use and biodiversity. The (indirect) GHG emission factor of miscanthus and switchgrass 
is calculated using detailed data on input of energy and materials; the other three aspects are 
analysed by means of literature review and analysis. A crop growth model is used in 
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combination with data on climate, soil and land cover, to estimate the yield of miscanthus and 
switchgrass from existing areas of agricultural land100.  
 
This document is divided into 6 sections. In Section 2, the methodology is presented that is 
used to quantify the economical and environmental impact of miscanthus and switchgrass 
production and transportation. Results are presented in Section 3. Discussion and conclusions 
can be found in Sections 7 and 8, respectively. 

2. Selection of case study regions  
 

Five countries are selected that are potentially promising producers, which are Hungary, Italy, 
Lithuania, Poland and the United Kingdom, based on three criteria: 
• The availability of surplus arable land. The availability of arable land for bioenergy crop 

production in the year 2010 and 2030, expressed as percentage of the total utilised 
agricultural area (UUA) in the year 2004, is shown in Table 1 (EEA, 2006; EU, 2006). 
These figures are in line with another recent study on biomass potentials in the EU (De Wit 
et al., 2008). The availability of surplus arable land as calculated in the study of the 
European Environmental Agency (EEA) takes into account limitations from the demand for 
land for the production of food and animal feed, taking into consideration a further 
liberalisation of agricultural markets. Further, it is also assumed that in the year 2030 at 
least 30 % of the agricultural land is dedicated to 'environmentally-oriented farming' in 
every country in the EU25 and that extensively cultivated agricultural areas (e.g. grassland, 
olive groves) are maintained and thus not transformed into arable land. Moreover, 
approximately 3 % of the intensively cultivated agricultural land is set aside for establishing 
ecological compensation areas by 2030.   

• A relatively high crop yield. High yields limit the agricultural inputs per unit of biomass 
(except in the case of fertilizers) and thereby improve the economic and environmental 
performance. The variation in yields between the five countries is however still relatively 
large, so that the selected case study regions still represent an important part of the 
variability in yields in the EU25 Table 1 shows the average yield of miscanthus and 
switchgrass production in the year 2004, see further Section 3).  

• The differences in prices of inputs for production compared to other countries. The five 
countries selected represent the variability in the level of prices and costs of inputs required 
for the miscanthus and switchgrass production (e.g. labour, fuel, fertilizers, land) in the 
EU25.  

                                                 
100 Results of this study are incorporated in the European Non Food Agriculture (ENFA) model, which is an 
integrative assessment model aimed to analyse the competitive economic potentials and the environmental impacts of 
major non-food options in the forest and agricultural sector in the EU. 
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Table 1. The availability of arable land for bioenergy crop production in the year 2010 and 
2030 as percentage of the area arable land in 2004 and the yield of miscanthus and switchgrass 
in 2004 (odt ha-1 y-1). Countries marked with a ► are selected for further analysis101. Sources: 
(EEA, 2006; EU, 2006).  

Yield (odt ha-1 y-1) Availability of land (%)   
  Miscanthus Switchgrass 2010 2030 

Austria 15 12 6 9 
Belgium 18 14 0 0 
Czech Republic 14 12 8 8 
Denmark 15 12 3 0 
Estonia 10 8 11 20 
Finland 9 7 22 8 
France 15 12 2 7 
Germany 14 11 6 18 
Greece 9 7 9 7 
► Hungary 14 12 9 13 
Irish Republic 12 9 0 0 
► Italy 15 12 8 17 
Latvia 15 12 6 12 
► Lithuania 16 13 21 42 
Netherlands 16 13 0 0 
► Poland 15 12 27 31 
Portugal 9 7 7 3 
Slovakia 15 12 4 10 
Slovenia 22 17 1 7 
Spain 10 8 11 10 
Sweden 10 8 4 6 
► United Kingdom 14 11 5 10 

 
Next, in each country one NUTS 2102 region is selected for further analysis as described in 
Table 2. 
 

                                                 
101 Four countries are excluded from the selection despite the relatively high availability of land for energy crop 
production, because of the relatively low yields. These countries are: Finland, Greece, Portugal and Spain. Malta and 
Cyprus are excluded, because the average yield in these countries is below the threshold of 7 odt ha-1 y-1 set in the 
model. Luxemburg is excluded because this country is very small and thus the bioenergy potential is limited 
compared to other countries.  
102 NUTS stands for Nomenclature of Territorial Units for Statistics (NUTS). At the NUTS-0 level the EU is divided 
into countries. At the NUTS-1, -2 and -3 level the EU is devided into increasingly smaller units. At the NUTS-2 level 
the countries are sub-divided into regions that are nationally defined, e.g., régions (France), Regierungsbezirke 
(Germany), periferies (Greece), regions (Ireland), regioni (Italy), województwa (Poland).  
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Table 2. Rationale for selection and description of the five NUTS 2 for which results are 
generated. 
Region NUTS 2 

code 
Rationale and description 

Lubelski  
(North West Poland) 

PL 31 This region is classified as one of the NUTS2 regions in the EU25 with the highest 
percentage land (>31 %) that is potentially available for dedicated energy crop 
production in the year 2030 (Van Dam et al., 2007; De Wit et al., 2008). This region 
is one of the most important centres of agricultural production in Poland and it has 
one of the highest yields in the country. It has a continental climate with year-round 
rainfall of circa 500-700 mm.  

Del-Dunantal  
(South West 
Hungary) 

HU 23 This region has highest percentage of land that is potentially available for dedicated 
energy crop production in 2030 (Van Dam et al., 2007; De Wit et al., 2008). Dan-
Dunantal has the highest yield in the country and one of the highest yields in the 
EU25. The climate and rainfall are similar to that of the Lubelski region in Poland.  

Devon  
(South West United 
Kingdom) 

UKK 4 This region is classified as one of the NUTS2 regions in the EU15 with the highest 
percentage land potentially available for energy crop production in the year 2030 
(17-31 %; >31 % is not found in the EU15, but only in East European countries (Van 
Dam et al., 2007; De Wit et al., 2008)). This regions has high yield and it is 
“BICAL” area. BICAL is a farmer’s co-operative that commercially grows several 
thousands of hectares of miscanthus in the UK and is the largest miscanthus 
producer in the EU25 with the largest production. The region also has a relatively 
high miscanthus yield. Devon has a temperate climate with a high rainfall of circa 
800-1400 mm that is equally distributed across the year. 

Lombardia  
(North Italy) 

ITC 4 Lombardia is an important centre of agriculture in Italy and also in the EU25, thanks 
to its fertile soils on the padana plains, the favourable climate temperate with a year-
round rainfall of circa 850-1400 mm, but the length of the growing period is longer 
compared to the more northern regions. The yield is the highest in the EU25. The 
availability of land for energy crop production is limited, but the high yields make 
this region a promising bioenergy producer with costs that are above those realized 
in East Europe, but below of other EU15 countries (Van Dam et al., 2007; De Wit et 

al., 2008).  
Lithuania LT 00 The yield of perennial grasses is the lowest of the five regions under investigation, 

but the high availability of land, which is the highest of all countries in the EU25, 
combined with the low production costs make this country a promising bioenergy 
producer.  

3. Yields 
 

The crop yield, expressed in annual output of biomass per unit land, is a crucial parameter for 
both the environmental and economic performance.  
 
3.1 Present yield 
 
Data on the (present) yield of miscanthus (in odt ha-1 y-1) under rain fed and non-nutrient 
limiting conditions in the EU25 are calculated using MiscanMod (Stampfl et al., 2006). 
MiscanMod is a spreadsheet model specifically developed for the prediction of miscanthus 
yields (Stampfl et al., 2006). In brief, it is a physiologically based production model where 
radiation interception and radiation use efficiency are specifically parameterised for 
Miscanthus x giganteus. The model uses a number of crop-specific parameters and data on 
climate, soil and land cover, as further described in reference (Stampfl et al., 2006). Key input 
data sets are: 
• Climate: the gridded climate dataset CRU (Climate Research Unit) CL 1.0 is part of the 

climatologic database maintained by University of East Anglia, UK (Hulme et al., 1995). It 
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contains data on average monthly air temperature, precipitation, and sunshine hours, 
calculated from a 30 year period (1961-1990) of measurements. Sunshine hours were 
converted to incident radiation included (data from Mark New, Department of Geography, 
Oxford University in Stampfl et al., 2006).  

• Land cover: the PELCOM (Pan-European Land Cover Monitoring) land cover dataset. This 
dataset is based on NOAA-AVHRR (National Oceanic and Atmospheric Administration - 
Advanced Very High Resolution Radiometer) satellite recordings. 16 land use classes are 
distinguished in the PELCOM land cover map.  

• Soil: the European Soil map is part of the United Nations Food and Agriculture 
Organization (FAO) Soil Map of the World (FAO, 1995). For plant available water (PAW) 
data from the Global Soil Data Products database are used, which is compiled by the Global 
Soil Data Task of the International Geosphere-Biosphere Programme Data and Information 
System (IGBP-DIS) 

 
The yields calculated by MiscanMod for the EU represent peak autumn yields. Data are 
included for cropland and for pastures (Stampfl et al., 2006). The peak autumn yield is 
assumed to occur when the mean air temperature falls below 10°C as crop growth virtually 
stops at this point. Delaying harvest time until spring results in reduced nutrient and moisture 
contents thus increasing biomass quality, but decay also leads to reduction in the harvestable 
yield of one-third of the peak yield (Lewandowski et al., 2003b). The one-third reduction is 
the average for miscanthus grown at five latitudes in Europe (Lewandowski et al., 2003b). 
The yields included in our calculation are shown in Table 3.  
 
At the moment of writing a model similar as the MiscanMod model is being developed to 
estimate switchgrass yields by the same researchers that developed MiscanMod, but results 
are not yet available. In this study switchgrass yields are assumed to be 80 % of the 
miscanthus yields (Clifton-Brown, 2006), see Table 3.  
 
3.2 Future yield 
 
McLaughlin and Kszos (2005) found that switchgrass yields in the US can be increased by 
more than 50 % compared to the present yields through the selection of the best regionally 
adapted varieties and through optimizing cutting frequency and timing. This means that yields 
may be increased above the levels calculated in previous sections for the year 2004, because 
MiscanMod is parameterised and calibrated for one genotype only and for the one time 
harvesting per year. Breeding may also increase yields compared to the 2004 level, 
particularly since breeding of miscanthus and switchgrass aimed at improving the yield for 
energy crop production has been limited. Breeding of switchgrass for use as forage crop has a 
long history, but is mainly aimed at achieving a high leaf to stem ratio and high protein 
content and not for a high yield and low ash content that are favourable for energy crop 
production (McLaughlin et al., 1999). Gains in switchgrass yield performance in the US 
achieved by breeding varied significantly (McLaughlin and Kszos, 2005). In the mid-west, 
gains of 1–2 % y-1 for lowland cultivars (suitable for growth on lower, more hydric sites) and 
3–5 % y-1 for upland cultivars (suitable for higher, more mesic sites) were documented 
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(McLaughlin and Kszos, 2005). In crossing blocks incorporating the two highest yielding 
commercial lowland varieties gains were higher, namely 7 % y-1. Yet, we consider it unlikely 
that increases in yield through breeding of more than 3 % y-1 will be maintained for two 
decades or more. Further, molecular markers and transformation technologies may also be 
used to increase the yield or improve other traits, such as a high cellulose and low lignin 
content (Vogel and Jung, 2001). The use of genetic modification is however controversial, 
because of the risk that modified genes are spread into native populations thereby disrupting 
natural ecosystems.  
 
Insufficient data are available to quantify the impact of individual factors such as breeding, 
optimisation of species selection, fertilizer application rates and harvest frequency and timing 
on future yields. Therefore, we focus on aggregated projections. Elbersen et al. (2005) 
estimate that the combined effects of the developments described above could (exponentially) 
increase switchgrass yields by 2 % y-1. Clifton-Brown (2006) proposes a (non-exponential) 
yield increase equal to 0.8 % y-1 for miscanthus and switchgrass. We include a bandwidth for 
yield increases of between 1 % y-1 and 2 % y-1 for the period between 2004 and 2030 and a 
value of 1.5 % y-1 is included as default. Table 3 shows the yields in the five regions included 
in our analysis in the year 2004 and 2030. The yield levels projected for 2030 are realistic in 
the sense that they are well below the theoretical maximum yields. For example, the upper 
limit of switchgrass production in Tennessee was calculated at 31 odt ha-1 y-1, including a 
reduction of the yield by one-third from spring harvesting (McLaughlin and Kszos, 2005). 
Maximum yields for miscanthus are calculated at 27 odt ha-1 y-1 in Ireland, Scotland and 
Scandinavia and up to 59 odt ha-1 y-1 in the Mediterranean (including a correction for 
incomplete canopy closure during parts of the year, excluding water limitations) (Jones and 
Walsh, 2000). For comparison, the miscanthus yields in the NUTS-2 regions in 2030 are 
calculated to be 15-18 odt ha-1 y-1 in Ireland, 17-21 odt ha-1 y-1 in the United Kingdom and 12-
15 odt ha-1 y-1 in Scotland, assuming a (non-exponential) 1 % y-1 increase in yields. The 
country in the EU25 with the highest average miscanthus yield is Slovenia with a yield of 27-
33.0 odt ha-1 y-1 in 2030.  
 
Table 3. The yield of miscanthus and switchgrass in the five regions included in our analysis 
in the year 2004 and 2030 (in odt ha-1 y-1 based on spring harvesting). Sources: (Lewandowski 
et al., 2003b; Stampfl et al., 2006) plus own assumptions. 
 Miscanthus 

2004 
Miscanthus 

2030 
Switchgrass 

2004 
Switchgrass 

2030 

Poland - Lubelski 19 24-29 15 19-23 
Hungary - Del-Dunantal  20 25-30 16 20-24 
United Kingdom - Devon  15 19-23 12 15-19 
Italy - Lombardia  25 31-37 20 25-30 
Lithuania  17 21-25 13 17-20 

 
The region with the highest miscanthus yield in 2004 is Lombardia in Italy, 25 odt ha-1 y-1, due 
to the fertile soils, high rainfall and warm climate. Del-Dunantal in Hungary and Lubelski in 
Poland have the second and third highest yield level of 20 and 19 odt ha-1 y-1, respectively. 
The miscanthus yields in Lithuania and in Devon in the United Kingdom are the lowest, 17 
and 15 odt ha-1 y-1, respectively, mainly due to the lower temperatures and shorter growth 
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period. The moisture content of spring-harvested biomass ranges roughly between 15 % and 
55 % depending on the variety, the weather conditions prior to harvest (and climate in general) 
and the timing of harvesting (a moisture content of 15 % is generally not realised before 
march or april in North West Europe) (Jones and Walsh, 2000; FAIR, 2001). We assume a 
moisture content of 35 % for harvest in February. 

4. Economics of biomass production  
 

The costs of miscanthus and switchgrass production (€ od t-1) are calculated using a detailed 
cost assessment, following the equation below from Van den Broek (2000).  
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C  =  costs of biomass (€ per oven dry ton)  
yld  =  yield of the energy crop (oven dry ton (odt) per hectare per year) 
rot  =  rotation cycle (year) 
n  =  number of years of plantation lifetime (year)  
ecci  =  cost of energy crop cost item (€) 
fi(y)  =  number of times that cost item i is applied on the plantation in year y 

(dimensionless) 
dr  =  discount rate (dimensionless). A default interest rate of 7 % is used in this study. 
fyld  =  binary number, harvest (1) or not (0) in year y (dimensionless) 
 
Table 4. The management of miscanthus and switchgrass over a production cycle of 15 years 
and the cost items. Sources: (Lewandowski et al., 2003c). 
Cost category Cost item 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Land rent Land rent 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Soil preparation Ploughing 1               
 Power harrowing 2               
Planting/seeding Planting 1               
 Rolling 1/2a               
Fertilizing Fertilizing  2 1 2 1 2 1 2 1 2 1 2 1 2 1 
 Liming    1    1    1    
Weeding Spraying 1               
 Weed cultivating 1 1              
Mowing Mowing 1               
Harvesting Harvest  1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Removing Rotary cultivating               2 
 Spraying               1 
a Miscanthus requires one time rolling and switchgrass two times.  
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Table 4 shows an overview of the cultivation scheme and related operations per year over a 
production cycle of 15 years and the cost items. No distinction in management is made 
between different soil types, climate profiles or socio-economic characteristics, because 
insufficient data are available to define region specific management profiles. Site preparation, 
which involves ploughing and harrowing, is essential for good successful establishment. After 
site preparation the crop can be established using rhizomes in the case of miscanthus and seed 
in the case of switchgrass. Fertilizer is applied usually once or twice per year and lime once 
every four years. Weed control in the establishment phase of the crop is essential, because 
poor control can severely limit crop growth. Mowing is required during the first year, but 
actual harvesting takes place during the second year onwards.  
 
All costs and benefits for the production of miscanthus and switchgrass (excluding 
transportation) are spread out equally over the years103. Next, the costs of storing, pelletising 
(optional) and transporting of the biomass are added. Regional variation in economic 
performance is included by means of differences in natural circumstances (yield) and by the 
fertilizer application rates (which are derived from the yields). Also the prices of land, fuel, 
labour and fertilizer vary between regions. For each of the items presented in Table 5 costs are 
calculated as described in the Sections 4.1.1 to 4.1.9. Calculations are carried for the year 
2004 using data from the literature. Projections for 2030 are calculated taking into account 
technological progress (e.g. increase of the work capacity of machinery and increase of the 
yield), but also changes in the price of inputs (e.g. labour, diesel).  

 
4.1 Agricultural machinery 

 
The costs of agricultural machinery for miscanthus and switchgrass production (excluding 
road transport) are calculated following standardised methodologies to estimate the costs of 
agricultural equipment (AAEA, 2000; Turnhollow, 2002). An example of the methodology 
and of the required input data used is presented in Table 5 for a self-propelled harvester-
chopper.  
 
The costs of machinery are divided into capital, repair and maintenance, fuel, lubrication, 
labour, storage, insurance and other costs. Data for other machines, including data on 
additional equipment needed to carry out the calculations and the work capacity are presented 
in Table 7. 
 

                                                 
103 To spread out costs equally over the years, we converted the costs using annuities. However, also the benefits, 
based on the production of biomass as an intermediate product, is not equally distributed over time. The yield in the 
first and second year is lower than the yield in the thrid and following years.  This production (the "income") can be 
annuitized in the same way as the costs. Converting physical units into annuities may be uncommon but, because they 
do represent monetary values, the concept is basically the same as converting costs into annuities. Since the annuity 
factor (to derive the annual costs from the present value) is the same for both costs and benefits, this factor can be left 
out (Van den Broek et al., 2000). 
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Table 5. An example of the methodology and input data used to calculate the costs of 
machinery. Data are for a self propelled harvester chopper (contractor owned) for Germany in 
the year 2004. Sources: see Table 7. 
Fixed costs value unit Variable costs value unit 

Purchase price (PP) 185 k€ Power 375 kW 
Resale value (10 % of PP) 19 k€ Fuelb 83 l h-1 
Depreciation 89 € h-1 Fuel price 0.94 € l-1 
Repair and maintenance coefficient 1 0.03 -  Fuel costs 78 € h-1 
Repair and maintenance coefficient 2 2.00  - Lubricationc 0.24 l h-1 
Repair and maintenancea 19 € h-1 Lubrication price 3.4 € l-1 
Depreciation period 5 y Lubrication costs 0.82 € h-1 
Use  500 h y-1 Other costs (e.g., rope and cord) 0 € h-1 
Storage (1.75 % of PP y-1) 9 € h-1 Labourd 1.1 h h-1 d 
Insurance (0.5 % of PP y-1) 2 € h-1 Labour price 30 € h-1 
General cost (3 % of PP y-1) 15 € h-1 Labour costs 33 € h-1 
Total fixed costs  134 € h-1 Total variable costs 112 € h-1 
a 

Repair and maintenance costs are calculated based on the following equation (ASAE, 1997 in AAEA, 2000): 
R = RF1 x P x (lt/1000) RF2, where 
R = repair and maintenance costs during the total lifetime (€) 
RF 1  =  repair and maintenance coefficient 1 (h-1) 
RF 2  =  repair and maintenance coefficient 2 (-) 
P = purchase price (€) 
lt = lifetime (h) 
b 

Diesel consumption is calculated based on the following equation, which is a generally accepted methodology to 
calculate diesel consumption originally proposed by the American Society of Agricultural Engineers (ASAE, 1997 in 
AAEA, 2000): 
D = 0.22 x P, where  
D  =  diesel use (l h-1)  
P = maximum power (kWh) 
The price of diesel is assumed to be linearly dependent on the price of oil. The base year (2004) oil price is 30 € per 
barrel. All other cost items are assumed to be independent of the oil price. 
c 

Lubrication consumption is calculated based on the following equation (Huisman et al., 1997a; Huisman et al., 
1997b): 
L = 0.021 + 0.00059 x P  
L  =  lubrication use (l h-1)  
P = maximum power (kWh) 
d 

Labour costs (€ h-1) are calculated by multiplying the time that a machine is used (which is based on the work 
capacity) by 1.1 to account for various unproductive time required for travelling, servicing, lubricating, and training 
(Edwards, 2001). 
 
The price of diesel at the pump (including taxes) for the year 2004 are derived from the 
Eurostat database (EU, 2006), see Table 6. In some countries in the EU, the use of diesel in 
agricultural machinery is partially or fully exempt from taxes, but information for the five 
countries is not readily available and thus we use data on the price inclusive taxes. The 
overestimation of the costs of miscanthus and switchgrass that result from this assumption is 
limited, because diesel makes up less than 15 % of the total production costs (see further 
Section 6.1). For the year 2030 we assume a doubling of the production costs of diesel (thus 
excluding taxes) compared to 2004, following the doubling of the price of crude oil projected 
for that period (IEA, 2007c), see Table 6. We assume no change in the absolute level of taxes. 
The impact of errors resulting from these assumptions is small, because of the limited 
contribution of diesel costs and of the oil price in total taxed diesel costs and to the total costs. 
Data on the price of labour (in € h-1, including taxes, social benefits, and overhead) in 
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agriculture are not available, so the price of labour in manufacturing from the Eurostat 
database in the year 2004 is used as a proxy (EU, 2006), see Table 6. Labour costs in 2030 are 
assumed to increase linearly with the GDP per capita, for which an increase of 64 % and 
141 % between 2004 and 2030 is projected for West Europe (e.g. the United Kingdom and 
Italy) and East Europe (e.g. Poland, Hungary and Lithuania), respectively (EEA, 2007). All 
other parameters in Table 7 are assumed constant between 2004 and 2030, because no 
information is available to estimate future changes. An exception is made for the performance 
of harvest machines, as further discussed in Section 4.1.7.  
 
Table 6. The costs of labour and diesel in the five regions included in our analysis in the year 
2004 and 2030 (in € h-1 and € l-1). Sources: (EU, 2006; EEA, 2007; IEA, 2007c).  

Labour (€ h-1) Diesel (€ l-1)  
2004 2030 2004 2030 

Poland - Lubelski 4 10 0.70 1.15 
Hungary - Del-Dunantal  5 12 0.89 1.31 
United Kingdom - Devon  23 38 1.22 1.23 
Italy - Lombardia  20 33 0.94 0.95 
Lithuania  3 7 0.68 1.01 

 
The costs of a machine are evaluated based on the total time that a machine is used per year. 
The total number of hours that a machine is used per year is different for farm owned and 
contractor owned machines. For conventional agricultural machines (e.g., tractors, trailers, 
ploughs, fertilizer spreaders, sprayers, mowers, and disks) farm owned machines are 
considered in this study. For specialised agricultural machines (e.g., harvesters, high pressure 
compacters) contractor owned machines are considered, because these machines are very 
expensive. We assume that these specialised agricultural machines are bought by a collective 
of farmers, excluding additional costs such as management fees that make contractor owned 
machinery more expensive than farm owned machinery. Data on the hours that a machine is 
being used per year are based on Huisman et al. (1997b; 1997a), see Table 7.  
 
These data are representative for an average farm size of 50 ha of which 10-20 % is assumed 
to be available for miscanthus production and the remaining is used for conventional 
agricultural crops, such as sugar beets, grain, potatoes and various other crops. At a regional 
level, it is quite uncommon that the fraction of the land allocated to one crop exceeds more 
than 30 % of the total area and 10-20 % is therefore probably a realistic value. Further, the 10-
20 % fraction are also broadly in the same range as the availability of agricultural land for 
energy crop production projected for 2010 and 2030 taking into account the demand for land 
for other purposes as well as environmental considerations (Table 1). A third reason for taking 
only a fraction of the agricultural area for bioenergy crop production is that the esthetical 
value of landscapes must be maintained, whereby landscape diversity is generally much 
appreciated. A fraction of 10-20 % of energy forest in open farmland is also beneficial for the 
diversity of flora and fauna (Börjesson, 1999). This may also be applicable to miscanthus and 
switchgrass (see also Section 6.2.3 on biodiversity). 
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Table 7. Data on the costs and performance of agricultural machinery used in the miscanthus and switchgrass production process. 
Sources: a (AAEA, 2000), b (Carver, 2006), c (Easterby-Trailers, 2006), d (Huisman et al., 1997a; Huisman et al., 1997b), e (Kamps-de-
Wild, 2006), f (Kverneland, 2006), g (Lazarus and Selley, 2003), h (Tractor Outlet, 2006), i (Turnhollow, 2002)  
 Power Depre-

ciation 
Use Purchase 

price 
Repair 

coefficients 
(see Table 5) 

Fuel 
use 

Lubri-
cation 

Storage Insu-
rance 

General 
costs 

Work 
capacity 

2004 

Work 
capacity 

2030 

Addition equipment  

     RF 1 RF 2         
 kW y h y-1 € - - l h-1 l h-1 € h-1 € h-1 € h-1 h ha-1 h ha-1  
Tractor 60 kW 60 12 800 52876 0.003 2.00 13 0.06 1.2 0.3 2.0 n/a n/a  
Tractor 75 kW 75 12 800 71943 0.003 2.00 17 0.07 1.6 0.4 2.7 n/a n/a  
Tractor 100 kW 100 12 800 74774 0.003 2.00 22 0.08 1.6 0.5 2.8 n/a n/a  
Plough n/a 20 70 26990 0.290 1.80 n/a n/a 6.7 1.9 11.6 1.30 1.30 88 kW tractor 
Power harrower n/a 20 70 11404 0.230 1.40 n/a n/a 2.9 0.8 4.9 0.40 0.40 75 kW tractor 
Rhizomes planter n/a 10 150 17625 0.320 2.10 n/a n/a 2.1 0.6 3.5 1.00 1.00 100 kW tractor 
Drill n/a 20 70 15645 0.320 2.10 n/a n/a 3.9 1.1 6.7 0.40 0.40 60 kW tractor 
Roll n/a 20 70 12639 0.160 1.30 n/a n/a 3.2 0.9 5.4 0.32 0.32 60 kW tractor 
Fertilizer spreader n/a 10 50 4380 0.630 1.30 n/a n/a 1.5 0.4 2.6 0.50 0.50 60 kW tractor 
Sprayer n/a 10 100 14367 0.410 1.30 n/a n/a 2.5 0.7 4.3 0.60 0.60 60 kW tractor 
Weed cultivator n/a 10 100 5300 0.230 1.40 n/a n/a 0.9 0.3 1.6 0.32 0.32 60 kW tractor 
Mower n/a 20 70 12191 0.180 1.60 n/a n/a 3.0 0.9 5.2 0.50 0.50 60 kW tractor 
Mounted big baler n/a 5 400 122843 0,000 5,4 1,5 9,2 10,0 103 1,08 400 0.70 3 x 75 kW tractors + fork 

loaders + 2 trailers 
Self propelled chopper 80 5 500 184905 0.030 2.00 18 0.07 6.5 1.8 11.1 0.58 0.58 2 x 75 kW tractors + 2 

trailers 
Trailer n/a 12 250 24996 0.190 1.30 n/a n/a 1.7 0.5 3.0 n/a n/a  
Fork  n/a 12 250 3000 0.007 2.00 n/a n/a 0.2 0.1 0.4 n/a n/a  
Rotary cultivator n/a 12 40 10356 0.270 1.40 n/a n/a 4.5 1.3 7.8 0.80 0.80 100 kW tractor 
Sources  d d,a d b-f,h a a a a d d d a,d,g see text  
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4.2 Land rent 
 
Data on the price of cropland (in € ha-1 y-1) are based on country average figures for land 
classified as suitable for crop production in the year 2004 (De Wit et al., 2008). The price of 
cropland in the five regions is 50 € ha-1 y-1 (Poland – Lubelski), 45 € ha-1 y-1 (Hungary - Del-
Dunantal), 201 € ha-1 y-1, (United Kingdom – Devon), 232 € ha-1 y-1, (Italy – Lombardia) and 
10 € ha-1 y-1 (Lithuania – Lithuania). We assume no change between 2004 and 2030 per tonne 
biomass, because we assume that the value of cropland is determined by the value of the crops 
produced and for which we use the yield as a proxy.  
 
4.3 Establishment 
 
The establishment of miscanthus and switchgrass starts with soil preparation, which includes 
ploughing and harrowing. Next, switchgrass can be sown using an average of 15 kg ha-1 pure 
live seed, seed drill and roller (Bullard and Metcalfe, 2001; FAIR, 2001). The price of seed in 
2004 was 27 € kg-1 (Christian and Riche, 1999) and is assumed constant to 2030. Miscanthus 
is reproduced via vegetative propagation. Establishment requires 20000 stems (rhizomes) per 
hectare plus a rhizomes planter and roller (Bullard and Nixon, 1999; Christian and Riche, 
1999; Bullard and Metcalfe, 2001; Lewandowski, 2006). Lower planting densities have also 
been reported (15000-18000 rhizomes per hectare (ECW, 2006) and 10000 rhizomes per 
hectare (Jones and Walsh, 2000)). Prices of rhizomes reported in the literature vary widely, 
from 0.04 € per piece in the future (Huisman et al., 1997b) to more than 0.45 € per piece now 
(Christian and Riche, 1999). Jones and Walsh (2000) state that a price of 0.08 € is a realistic 
level for the present situation, which is in line with the 0.10 € reported by others (Bullard and 
Nixon, 1999; ECW, 2006). Christian and Riche (1999) quote a price of more than 0.45 € per 
piece, but this seems extremely high compared to other estimates. We estimate the price of 
rhizomes produced in a greenhouse in 2004 at 0.16 € per piece when bought from a 
commercial supplier (Lewandowski, 2006). For the year 2030 we assume that the costs can be 
decreased to 0.04 € per piece by the production of rhizomes on the farm using conventional 
agricultural machinery and cultivation techniques (Huisman et al., 1997b).  
 
4.4 Fertilizing 
 
In MiscanMod it is assumed that sufficient fertilizers are added so that nutrients are not a 
growth limiting factor, but fertilizer application rates are not explicitly given. We estimate 
fertilizer application rates based on values derived from the literature. A review of the 
literature shows that there is no consensus on optimum nitrogen (N) fertilizer application rates. 
Reasons are (1) the large-scale commercial production of miscanthus and switchgrass is very 
limited and (2) the results of field trials that focussed on the link between yield and nitrogen 
(N) fertilisation are partially conflicting (Christian and Riche, 1999; Jones and Walsh, 2000; 
Parrish and Fike, 2005). We set the N fertilizer application rate at the optimum application 
rate, which is defined as the combination between the N application level with the lowest 
input and the significantly highest yield level, that is derived from field experiments in 
Germany (Boehmel et al., 2007). We also checked if the N application rates are sufficient to 
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avoid N soil mining. This is indeed the case as a limited N surplus is reported. The N fertilizer 
application rates assumed in our calculation is shown in Table 8. Yet, we acknowledge that 
higher or lower doses are also possible, see further Section 7. Data on the phosphorus (P) and 
potassium (K) application rates found in the literature are less uncertain. We use the amount 
that is removed from the field in the harvested biomass as a proxy for the optimum P and K 
application rate (Lewandowski et al., 2000; FAIR, 2001; Lewandowski et al., 2003a). We 
assume that all P and K is taken up by the plant on the long term (Biewinga and Van der Bijl, 
1996).  
 
Table 8. The N, P and K application rate in the year 2004 and 2030 (in kg N/P/K ha-1 y-1). 
Sources: (Lewandowski et al., 2000; FAIR, 2001; Lewandowski et al., 2003a; Boehmel et al., 
2007). 
 Miscanthusa 

2004 
Miscanthusa 

2030 
Switchgrass 

2004 
Switchgrass 

2030 

Poland - Lubelski 36/12/125 46/15/157 55/18/190 77/14/45 97/17/56 117/21/68 
Hungary - Del-Dunantal  37/12/127 47/15/160 56/18/193 78/14/45 98/18/57 119/21/69 
United Kingdom - Devon  29/9/99 37/12/125 44/14/151 61/11/35 77/14/45 93/17/54 

Italy - Lombardia  47/15/159 59/19/201 71/22/242 98/18/57 123/22/72 149/27/86 

Lithuania – Lithuania 31/10/107 40/15/135 48/15/163 66/12/38 83/15/48 100/18/58 
a For miscanthus and switchgrass the optimum N application rate is equal to 1.9 kg N odt-1 and 5.0 kg N odt-1 
(Boehmel et al., 2007). The assumed P and K nutrient content of miscanthus and switchgrass is based on spring 
harvesting (Lewandowski et al., 2000; Lewandowski et al., 2003b), whereby the following values are assumed: 
0.06 % P and 0.65 % K for miscanthus (Lewandowski et al., 2000), 0.09 % P and 0.29 % K for switchgrass (FAIR, 
2001). 

 
Fertilizer prices for the year 2004 are taken from Eurostat (EU, 2006) and are assumed 
constant between 2004 and 2030.  
 
4.5 Weeding 
 
Specific herbicide applications and mechanical weed management varies widely depending on 
site, weed burden and species composition (Bullard and Metcalfe, 2001). In this study, data on 
the herbicides application rates for miscanthus and switchgrass production and costs are based 
on a generalised application scheme derived from the literature (Christian and Riche, 1999; 
Bullard and Metcalfe, 2001), see Table 9. These values are assumed both for 2004 and 2030. 
 

The herbicide application rate for miscanthus is higher than for switchgrass, because the costs 
of establishment and thus also the financial risk of failure of establishment is higher for 
miscanthus compared to switchgrass and thereby also the need to reduce the risk of failure.  
 
4.6 Disease and insect control  
 
Disease and insect control is generally not required (Christian et al., 1997; Bullard and Nixon, 
1999; Van den Oever et al., 2004).  
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Table 9. Herbicide application rate (kg ha-1) and costs (€ kg-1 and € ha-1). Sources: (Christian 
and Riche, 1999; Bullard and Metcalfe, 2001). 
 Herbicide Application rate 

kg ha-1 
Cost  
€ kg-1  

Total costs 
€ ha-1 

Bromosynil/ioxynil/fluoxypyr 2.0 32 64 
Trifolex-tra 7.7 7.6 59 

Miscanthus 

Glycophosate 2.5 6.2 16 
Switchgrass Glycophosate 2.5 6.2 16 

 
4.7 Harvesting 
 
Two harvest systems are considered in this study that vary with respect to the economic and 
environmental performance and the form in which the harvested biomass is delivered: 
1. A self-propelled forage harvester is included that harvests and chops the biomass. The 

chopped biomass is blown into a trailer. Data on the costs and performance of the 
machine and tractors and trailers required for transportation to the farm can be found in 
Table 7. The bulk density of the chopped miscanthus and switchgrass is 0.12 t m-3.  

2. A pull type harvester-baler is included that bales the material into bales of 1.2 x 0.7 x 2.5 
m. Data on the costs and performance are presented in Table 7. The bales have a bulk 
density of 0.15 t m-3. 

Both harvesting systems are presently used for the production of miscanthus in Devon in the 
United Kingdom, which is the only place in Europe where large-scale, commercial production 
of herbaceous energy crops currently takes place.  
 
The data on the costs of harvest machines as reported in Table 7 are based on a yield of 12 odt 
ha-1 y-1. Detailed analysis of the economic performance of short rotation woody coppice 
harvest machines shows that the harvesting costs per ton are dependent on the yield per 
hectare (WSRG, 1994). The higher the yield, the lower the costs per ton harvested biomass. 
As a result of higher yields, the work capacity of the harvest system (measured in h ha-1) 
decreases, but not as much as the yield. A data fit was carried out to analyse the relative 
impact of yield on harvesting costs (including in field transport) using various harvesting 
systems (WSRG, 1994)104.  
 
Further, we also expect that the work capacity of harvesting machines will increase as a result 
of technological improvements and optimisation of harvesters towards harvesting miscanthus 
or switchgrass. The present generation of harvesters are designed and optimised for 

                                                 
104

 The following equation is derived that represents the correlation between yield and harvest costs based on data for 
four harvesting machines and a yield that ranges from 2 to 20 odt ha-1 y-1 (the R2 of the data fit was 0.97):  
HF = 4.33 x y -0.589, where  
HF = harvest factor (dimensionless). The harvest factor is used to multiply the costs of harvesting (in € odt-1) to 
correct for differences in yield.  
y    = yield (odt ha-1 y-1).  
The HF is 1 for a yield of 12 odt ha-1 y-1. Thus, the harvesting costs are calculated by multiplying the harvesting costs 
based on a yield of 12 odt ha-1 y-1 as calculated as described above by the harvest factor (HF). The harvest factor is 
applied to both harvest machines analysed. We acknowledge that this approach ignores differences between these 
harvest systems that have an impact on the correlation between yield and harvesting costs, but more accurate data are 
not available. 
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maize/forage harvesting. Also the increase of the price of labour projected for the coming 
decades will probably lead to the use of heavier, more powerful machines with higher 
capacities. Data on the impact of these developments on the machinery costs are not available. 
Instead we assume an arbitrary chosen increase of the work capacity of 25 % for the total 
harvesting chain. Note that this figure is limited compared to the 32 % reduction of the costs 
of forest logging residue supply chains that has been observed in Sweden (measured over a 
20-year period; including the costs of labour and fuel) (Junginger et al., 2005), but this figure 
is probably an overestimation of the cost reduction of miscanthus/switchgrass chains as there 
is already extensive experience with similar crops (e.g. alfalfa, maize). 
  
4.8 Storage 
 
Most applications of miscanthus and switchgrass require a continuous biomass input for 
optimal performance. Therefore, we assume that storage is required for on average 6 months. 
The biomass can be stored in buildings and in the open air. Storage in buildings is generally 
prohibitively expensive, unless existing buildings are used (Huisman et al., 1997b; Hartmann 
and Schön, 2004). Since existing buildings may not be always available, we assume open air 
storage. Storage in the open air without covering may be problematic due to the loss of 
biomass from biomass decay, so storage under plastic sheets is the most attractive option 
(Huisman et al., 1997b; Sanderson et al., 1997; Jones and Walsh, 2000) (Kumar and 
Sokhansanj, 2007). This type of storage is also commonly applied to store silage. Ensiling, 
which involves the storage under anaerobic conditions in a pile that is covered with plastic, is 
a promising storage technique in case moisture contents are too high for dry storage and in 
case natural drying is impossible (Jones and Walsh, 2000), although Kumar and Sokhansanj 
(2007) report high dry matter losses for ensiled switchgrass. We calculate the performance of 
storage under plastic based on the data presented in Table 10.  
 
Table 10. The use of labour, tractors (75 kW, see Table 7), fuel and covering material for the 
storage of chopped and baled miscanthus and switchgrass. Sources: (Huisman et al., 1997b; 
Huisman et al., 1997a; Jones and Walsh, 2000; Hartmann and Schön, 2004). 
 Covering 

material 
€ odt-1 

Labour and 
tractor use 

h odt-1 

Diesel  
fuel 

l odt-1 

Dry  
matter loss 

% 
Chopped 1.6 0.11 1.5 2.0 
Baled 3.2 0.04 0.9 3.5 

 
The labour and fuel demand per tonne are multiplied by the country specific price of labour 
and diesel price to calculate the total costs.  
 
4.9 Pelletising 
 
The costs of pelletising are derived from a detailed study of pelletising of wood residues in 
Sweden and Austria (Thek and Obernberger, 2004). The costs per tonne pellets are 31 and 
68 € odt-1 in Sweden and Austria, respectively, excluding the costs of the raw material. The 
differences in costs are especially the result of differences in the size of the plant (80 and 24 kt 
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pellets per year; 8 % moisture content), the load factor, the electricity price and the costs of 
drying. The 80 kt facility is considered the most appropriate, because the reduction in pellet 
production costs outweighs the higher costs resulting from the longer transportation distances 
from the farm to the pelletising facility as further discussed in Section 7. However, for the 
costs of drying, we assume the Austrian case, as in Sweden the costs of drying are low 
because of the use of heat from a combined heat and power plant (CHP) or a biomass district 
heating plant, which may limit the use of this type of technology. The total costs of pelletising 
excluding labour and energy are 14.5 € per tonne pellets (based on a 7 % interest rate and a 
91 % load factor). The costs of energy are calculated assuming an energy requirement of 2.26 
MJ kg-1 per tonne evaporated water and based on a dryer that uses natural gas and has a drying 
efficiency of 85 % (Jones and Walsh, 2000). Also an electricity consumption of 26 kWhe per 
tonne pellets is assumed. Data on the price including taxes of electricity and natural gas for 
industry in the year 2004 are taken from Eurostat (EU, 2006). The costs of gas excluding taxes 
and transportation costs in the year 2004 are set at 3.1 € GJ-1, which are assumed to double 
between 2004 and 2030, following the price of oil (IEA, 2007c). The costs of electricity 
excluding taxes and transportation costs in the year 2004 are estimated at 0.05 € kWhe 
(Delaruea et al., 2007) and a an increase 50 % is assumed between 2004 and 2030, which is 
equal to the increase of the price of oil (IEA, 2007c). Taxes and the costs of transportation of 
electricity and gas are assumed constant between 2004 and 2030. The labour input is 
calculated to be 0.19 hours labour in manufacturing equivalents (EU, 2006).  
 
4.10 Transportation 
 
Three transportation modes considered in this study are trucks, train and inland shipping. We 
assume that transportation across 100 km is sufficient for most biomass processing 
facilities105. Transportation by truck is thereby the most attractive option (see further 
Section 7).  
 
The costs of transportation are divided into costs that are independent of the region in which 
the transportation takes place and costs that are region dependent. Costs that are independent 
of the region include e.g., depreciation, interest, repair, maintenance, storage, insurance, 
administration costs, taxes, licences and overhead. Input data are taken from a study about the 
costs of truck, train and inland ship transport in the Netherlands (NEA, 2004), supplemented 
by data on fuel consumption and maximum capacity that are taken from the literature 
(Hamelinck et al., 2005; POINF, 2006b), see Table 11. These costs are assumed constant 

                                                 
105 For the five countries for which regional results are produced in this study we calculed that the  average 
transportation distance for various energy and material applications is below 100 km, based on the following 
assumptions: (1) The biomass is derived from a circular production area around the facility. (2) 15% of the total 
agricultural area in a region is available for miscanthus or switchgrass production, see Section 2 and also taking into 
account the ratio total land to agricultural land, based on country average data. (3) The total transportation distance is 
1.3 times the average distance from within any point of the circular production area to the biomass processing facility 
that is in the middle (Perlack and Turhollow, 2002). For example, a 100 km transport distance in region of which 50% 
of the area consists of agricultural land of which 15% is available for miscanthus or switchgrass production and in 
which yields of 20 odt ha-1 y-1 are realised equal a total production potential of 115 PJ y-1. This is roughly a factor 
twice higher than the facility with the highest capacity, which are large-scale biofuels plants (54 PJ y-1) (Hamelinck, 
2004).  
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between 2004 and 2030. Costs that are dependent of the region are labour and diesel costs due 
to difference in prices. Data on the costs of the various types of labour required in the different 
transportation modes are not available. Therefore, the costs of labour as included in the 
original dataset that is representative for the Netherlands are multiplied by a region specific 
factor. The region specific factor is the ratio between total labour costs in manufacturing in the 
region under investigation and the total labour costs in manufacturing in the Netherlands, with 
data derived from Eurostat (EU, 2006). The diesel use is dependent on the mass of the 
transported biomass. All transportation modes are assumed to operate at maximum load 
(Table 11), whereby the mass and the volume of the biomass can both limit the load. It is 
assumed that no return loads are realised. The density of the transported biomass is thereby an 
important parameter.  
 
Table 11. Input data used to calculate the costs of truck, train and ship transport. Sources: 
(NEA, 2004; Hamelinck et al., 2005; POINF, 2006b).  

Inland shipa 
Small  

 
Middle Large Push  

Tug 

  
  

Truck Train 

Waterway 
Class II 

Waterway  
Class III 

Waterway  
Class IV 

Waterway  
Class V/VI 

  
  

Fixed costs  0.4 18.8 1.9 3.8 10.8 23.8 € km-1 
Labourb 0.8 3.0 1.0 1.2 2.1 3.1 - 
Diesel consumption, emptyc 0.2 3.7 5.6 8.6 13.5 21.0 l km-1 
Diesel consumption, fullc 0.4 7.3 6.7 10.3 17.2 23.9 l km-1 
Other variable costs 0.1 4.8 4.9 7.6 11.8 18.4 € km-1 
Speed 48.0 53.5 5.4 5.8 6.7 9.0 km h-1 
Maximum load (mass) 27 1820 550 950 2500 10800 t 
Maximum load (volume) 120 4550 642 1321 3137 14774 m3 
a For inland ship transport five different ship sizes are included to allow a match between the ship size and the size of 
the waterways in the regions included in this study. The size of the ship that can be used is dependent on the depth 
and with of the waterway and its infrastructure. A map of waterways in Europe and the maximum allowed tonnage 
can be found in (POINF, 2006a). 
b Labour is expressed as equivalent hours of labour for manufacturing, because this allows the calculation of country 
specific labour costs.  
c In case of train or ship transport other energy sources are used too. In the case of trains electricity is frequently used, 
but the net difference in primary energy consumption is limited (IFEU, 2005). The same goes for ships that use gas oil 
(Haskoning, 2004).  
 
Data on the costs of (un)loading from the literature vary roughly from 1 to 15 € odt-1 

(Hamelinck et al., 2005; Van Dam et al., 2007), but a detailed comparison is not possible due 
to lack of background information. In this study we use data from European Bulk Services 
(EBS), which is the largest (un)loader of biomass and agricultural bulk products in the harbour 
of Rotterdam (Brusse, 2006). The data are split in labour, energy and other inputs as shown in 
Table 12. The costs of other inputs are assumed constant between 2004 and 2030. The data 
indicate the costs of loading. We assume that the costs of unloading are the same as of 
loading. We also assume that the costs are constant per tonne fresh weight.  
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Table 12. Input data used in the calculation of the costs of (un)loading per ton fresh weight 
(tfw) biomass. Sources: (Brusse, 2006), plus own assumptions (see footnote a).  
 Storage to 

truck 
Storage to 

traina 
Storage to 

ship 
 

Labourb 0.09 0.09 0.05 h tfw-1 
Diesel 0.63 0.63 0.37 l tfw-1 
Capital and O&M 1.3 1.3 0.8 € tfw-1 
a Assumed the same as for (un)loading from storage to truck.  
b Refers to equivalent hours of labour in manufacturing industry.  

5. Environmental impacts of biomass production  
 

5.1 Greenhouse gas emissions and primary energy use 
 
For the calculation of the energy and GHG balances of different supply chains, a distinction is 
made between direct and indirect energy use and greenhouse gas (GHG) emissions. Direct 
emissions and energy use include the energy use and the related emissions during the 
production, storage, transportation and pelletising. Two direct impacts are distinguished: (1) 
The use of energy (diesel, electricity, natural gas) during production, storage, transportation 
and pelletising. (2) Nitrous oxide (N2O) emissions from the application of N fertilizers. 
Indirect energy use and emissions include the energy used and emissions released during the 
production of materials or energy that is used for the production, storage and transportation of 
biomass. Three types are included: (1) The production of fossil energy used during 
production, storage, transportation and pelletising. (2) The manufacturing of agricultural 
inputs (herbicides, fertilizers and planting material). (3) The production, repair and 
maintenance of agricultural machinery and trucks, trains and ships and also the construction 
and repair and maintenance of transportation infrastructure (roads, railways, waterways).  
 
The use of energy and agricultural inputs is calculated as described in Section 4. These 
quantities are multiplied by GHG emission factors and primary energy use factors that are 
taken from the literature (Table 13). See Section 7 for a sensitivity analysis. GHG emissions 
from changes in above- or belowground biomass, soil organic matter and litter due to the 
conversion of land into energy crop plantations are ignored, as in this study we focus on the 
use of abandoned cropland as the sole source of land for the production of energy grasses. 
 
The primary energy use and GHG emissions of the production of rhizomes in 2004 are higher 
than those in 2030, which is the result of differences in production (production in 2004 is done 
in a greenhouse and in 2030 in conventional miscanthus fields (Lewandowski et al., 1995; 
Bullard and Metcalfe, 2001).  
 
Values found in the literature for the energy use and emissions of the production of herbicides 
and fertilizers vary significantly. For example, Bullard and Metcalfe (2001) report a energy 
use of between 80 and 454 MJ kg-1. Also for N, P and K fertilizers wide bandwidths are 
found, namely 30-80 MJ kg-1 N , 4-20 MJ kg-1 P and 2-14 MJ kg-1 K (Kaltschmitt and 
Reinhardt, 1997). The values on fertilizers that we use are typical for the production and 
transportation of fertilizers in Europe.  
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Table 13. The greenhouse gas emission factors (top table) and primary energy conversion 
factors (bottom table) used in this study. Data between brackets are estimated. See the main 
text for details. Sources: (Kaltschmitt and Reinhardt, 1997; Bos, 1998; Bullard and Metcalfe, 
2001; Wood and Cowie, 2004; IPCC, 2006). 
Emissions 

 Direct Indirect Total Unit  Source 

Rhizomes (2004) 0 3690 3690 kgCO2eq. ha-1 (Lewandowski et al., 1995) 
Rhizomes (2030) 0 280 280 kgCO2eq. ha-1 (Bullard and Metcalfe, 2001) 
Seed 0 8.8 8.8 kgCO2eq. ha-1 (Bullard and Metcalfe, 2001) 
Herbicides 0 5408 5408 gCO2eq. kg-1 (Kaltschmitt and Reinhardt, 1997) 
N fertilizer (production) 0 2329 2329 gCO2eq. kg-1 (Wood and Cowie, 2004) 
N fertilizer (N2O) 4683 1545 6228 gCO2eq. kg-1 N (IPCC, 2006; Ramaswamy et al., 2007) 
P2O5 fertilizer 0 714 714 gCO2eq. kg-1 P (Kaltschmitt and Reinhardt, 1997) 
K2O fertilizers 0 456 456 gCO2eq. kg-1 K (Kaltschmitt and Reinhardt, 1997) 
Electricity 0 760 760 gCO2eq. kWhe

-1 (Kaltschmitt and Reinhardt, 1997) 
Natural gas 56 6 62 gCO2eq. MJ-1 (Kaltschmitt and Reinhardt, 1997) 
Agric. mach. - diesel 2740 (904) 3644 gCO2eq. l-1 (Kaltschmitt and Reinhardt, 1997; Bos, 1998) 
Truck – diesel 2740 (904) 3644 gCO2eq. l-1 (Kaltschmitt and Reinhardt, 1997; Bos, 1998) 
Train – diesel 2740 (904) 3644 gCO2eq. l-1 (Kaltschmitt and Reinhardt, 1997; Bos, 1998) 
Ship – diesel 2740 (1808) 4548 gCO2eq. l-1 (Kaltschmitt and Reinhardt, 1997; Bos, 1998) 

 
Primary energy use 

 Direct Indirect Total Unit Source 
Rhizomes (2004) 0 45690 45690 MJprim ha-1 (Lewandowski et al., 1995) 
Rhizomes (2030) 0 4000 4000 MJprim ha-1 (Bullard and Metcalfe, 2001) 
Seed 0 120 120 MJprim ha-1 (Bullard and Metcalfe, 2001) 
Herbicides 0 188 188 MJprim kg-1 (Kaltschmitt and Reinhardt, 1997) 
N fertilizer (production) 0 47 47 MJprim kg-1 N (Kaltschmitt and Reinhardt, 1997) 
P2O5 fertilizer 0 6.9 6.9 MJprim kg-1 P (Kaltschmitt and Reinhardt, 1997) 
K2O fertilizers 0 7.4 7.4 MJprim kg-1 K (Kaltschmitt and Reinhardt, 1997) 
Electricity 3.6 10 13.6 MJprim kWhe

-1 (Kaltschmitt and Reinhardt, 1997) 
Natural gas 1.0 0.1 1.1 MJprim MJ-1 (Kaltschmitt and Reinhardt, 1997) 
Agric. mach. – diesel 1.0 (0.3) 1.3 MJprim MJ-1 (Bos, 1998) 
Truck - diesel 1.0 0.3 1.3 MJprim MJ-1 (Bos, 1998) 
Train - diesel 1.0 0.3 1.3 MJprim MJ-1 (Bos, 1998) 
Ship - diesel 1.0 0.7 1.7 MJprim MJ-1 (Bos, 1998) 

 
The global warming potential of N2O can be set at 298 times that of CO2 (Ramaswamy et al., 
2007) . Thus relatively small quantities of N2O emissions that are induced by the application 
of N fertilizers can have a large impact on the GHG balance. We calculate the N2O emissions 
from fertilizer applications using the IPCC Tier 1 approach (IPCC, 2006). This approach 
includes a default emission factor of 1 % and 0.3 % of the N applied in fertilizer that is 
released as N2O-N, directly and indirectly, respectively. Direct N2O emissions are emissions 
from the field on which the biomass is grown. Indirect emissions are the N2O emissions from 
the N that is lost via runoff and leaching and that is emitted elsewhere. A crucial factor when 
calculation the N2O emissions, is the reference system, as further discussed in Section 7.  
 
The indirect energy use of truck, train and ship transport include the energy used during 
production of trucks, train or ships, but also energy used for repair and maintenance and the 
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construction of infrastructure (Bos, 1998). These data are derived from input-output analysis 
(I/O), which considers inter-industry relations in an economy based on a matrix that represents 
the entire economy (including deliveries between industries) of a country. These data are 
combined with the GHG emissions per sector. We assume that the ratio direct to indirect GHG 
emissions is the same as for direct to indirect energy use. For agricultural machinery we take 
the ratio direct to indirect energy use of truck/train transport to calculate the indirect energy 
use and indirect emissions.  
 
5.2 Soil erosion 
 
Soil erosion is the loss of top soil through wind and water. We focus on water erosion, 
because this is the most common type in the EU25 (LPDAAC, 2003). The risk of erosion 
increases when soils are exposed to rainfall through vegetation clearance or soil cultivation 
during crop establishment. This goes particularly for soils with a high sand or silt content. 
Miscanthus and switchgrass production requires soil cultivation only during the establishment 
phase. From the second year onwards the ground cover and rooting system prevent soil 
erosion. In annual crops the cycle of soil cultivation and establishment is repeated yearly and 
consequently soil erosion rates are higher compared to perennial crops. The relative and 
absolute soil erosion rates are calculated using the Universal Soil Loss Equation (USLE; 
(Wischmeier and Smith, 1965; Wischmeier and Smith, 1978)106). The USLE is an empirically 
derived method to calculate water soil erosion rates under various vegetation types. The 
impact of miscanthus and switchgrass production on soil erosion is further analysed by means 
of literature analysis.  
 
5.3 Water use 
 
The miscanthus and switchgrass yields assumed in our study are based on rain fed conditions. 
Irrigation is excluded, because of the high costs associated with irrigation (Hall, 2003a) and 
also because of the risk of depletion of fresh water reservoirs and other forms of 
environmental degradation (e.g. water logging, salinisation). Moreover, irrigation pumps 
consume considerable amounts of fossil energy and lead to the emissions of GHGs. Yet, the 
production of miscanthus and switchgrass may change the water balance of an area via 
changes in the evapotranspiration, runoff and percolation. This may ultimately lead to adverse 
hydrological impacts such as reduced aquifer recharge and stream flow that feed reservoirs, 
wetland, water meadows and other ecosystems. The impact of miscanthus and switchgrass 

                                                 
106 The Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1965; Wischmeier and Smith, 1978) is: 
A  =  R x K x LS x C x P, where,  
A  =  soil loss (t ha-1 y-1).  
R  =  rainfall erosion index (MJ mm ha−1 h−1 yr−1). R = 0.04830 x A1.610  (Renard and Freimund, 1994), where A = 

annual rainfall (mm y-1). Three rainfall levels are included (400, 800 and 1200 mm y-1) that roughly cover the 
range in rainfall for the five regions under investigation.  

LS = slope length and slope gradient factor (dimensionless). LS = (X/22.13)n x (0.065 + 0.045s + 0.0065s2), where X 
= slope length (m), which is set at 100 m, s = gradient (%), which is set at 5%, and n = 0.5 for slopes ≥ 5%. 

C  =  crop/vegetation and management factor (dimensionless). 
P  =  agricultural practice factor (dimensionless; P factor), which is set at 1 (no soil erosion control techniques are 

assumed). 
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production is evaluated by comparing the water use compared to the agricultural land that is 
replaced. Ideally this is done taking into account site specific conditions on climate and soil, 
with special attention for the impacts on water reservoirs at the level of water basins. Such an 
exercise requires the application of a hydrological model, which goes beyond the scope of this 
study. So instead a literature review is carried out.  
 
5.4 Biodiversity 
 
In this study the focus is on changes in the diversity of species of flora and fauna in 
miscanthus and switchgrass fields compared to the agricultural land that is replaced. Impacts 
that occur outside the region where the perennial grasses are being produced and that are the 
result of soil erosion, soil compaction, nutrient leaching to ground- and surface water and the 
pollution of soils and water from the use of pesticides. are not taken into account due to a lack 
of data. However, it can be expected that these impacts are positive in case perennial grasses 
replace annual crops, because the management of perennial grasses is less intensive compared 
to annual crops (Bullard and Nixon, 1999; EEA, 2006). Also soil erosion rates are lower 
compared to annual crops, see Section 5.2. The indirect biodiversity impacts of the use of 
water during the production of perennial grasses are potentially negative, see Section 5.3.  

6. Results 
 

6.1 Economic performance 
 
Figure 1 shows the costs of production, storage, (un)loading and transportation over 100 km 
by truck of baled and chopped miscanthus and switchgrass in the five regions under 
investigation in the year 2004 and 2030.  
 
First, we focus on the costs of the production and storage, excluding transportation. The costs 
of production and storage for miscanthus in the year 2004 is calculated at 42-87 € odt-1 (2.3-
4.8 € GJ-1) and at 30-81 € odt-1 (1.7-4.5 € GJ-1) for switchgrass, dependent on the yield and 
price of inputs (labour, land, diesel) in the different regions. The costs in the year 2030 are 
lower for miscanthus (29-69 € odt-1 or 1.6-3.8 € GJ-1), due to the higher yields and lower costs 
of planting material and the costs of switchgrass remain relatively constant (31-81 € odt-1 or 
1.7-4.5 € GJ-1) as the higher yields are compensated by the higher price of labour and land. In 
the case of miscanthus, the three most important cost items are land (in the case of Italy and 
the United Kingdom), machines and planting material. These three account for 40-75 % of the 
costs. In the case of switchgrass, land and machines are the key cost items that account for 38-
64 % of the costs. The difference between the costs of miscanthus and switchgrass is caused 
by differences in the costs of the planting material and differences in the yield. The costs of 
miscanthus rhizomes are 3200 € ha-1 compared to 540 € ha-1 for switchgrass seed in the year 
2004. The higher establishment costs of miscanthus compared to switchgrass are partially 
compensated by the 25 % higher yield of miscanthus. The net result is that the costs of 
miscanthus in 2004 are up to 40 % higher than the costs of switchgrass. The costs of  
iscanthus are expected to change between 2004 and 2030 as a result of the decrease of the 
price of rhizomes by 75 %, the increase of the price of labour and fuel and the increase of  



 

 

Figure 2. The costs of production, storage, (un)loading and transport over 100 km of baled and chopped miscanthus (top figure) and 
switchgrass (bottom figure) in the year 2004 and 2030. P = production, PL = Poland - Lubelski, HU = Hungary - Del-Dunantal, UK = 
United Kingdom - Devon, IT = Italy – Lombardia, LI = Lithuania, M = miscanthus, S = switchgrass, B = baled, C = chopped. 
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yield and machinery performance. The net effect of these developments is a decrease of the 
production and storage costs of 20-35 % in 2030 compared to 2004. The costs of switchgrass 
are expected to remain roughly constant (between -3 % and +6 %, dependent on the region). 
In 2030 miscanthus is expected to be cheaper compared to switchgrass (between 5 % and 
15 %, dependent on the region). The results show also that the costs are the highest in the 
United Kingdom, followed by Italy which has a comparable level of prices of inputs but 
higher yields. The lowest costs can be found in Poland, Hungary and Lithuania as a result of 
the lower costs of land and labour when compared to Italy and the United Kingdom. 
Differences in the costs per GJ between these three regions are limited, because differences in 
the price of inputs (labour, fuel, fertilizers) and in yields are relatively small. The results also 
show that a harvesting system with chopping is cheaper than a harvesting-baling system, but 
the higher costs of transportation of chopped biomass compared to bales reduces the total 
costs of production, storage plus transportation.  
 
The costs of (un)loading and 100 km transportation by truck in 2004 of miscanthus or 
switchgrass over 100 km are calculated at 11-18 € odt-1 (0.6-1.0 € GJ-1) in the case of baled 
and 13-20 € odt-1 (0.7-1.1 € GJ-1) in the case of chopped material. The costs are higher for 
chopped biomass due to the lower density of chopped material compared to bales. Further, the 
costs are higher in Italy and the United Kingdom compared to Poland, Hungary and Lithuania 
which is mainly the result of the lower labour costs in the latter group of countries. The costs 
are expected to increase 8-31 % during the coming decades due to the increase of the price of 
labour and fuel. The convergence in labour costs reduces the difference between the countries 
in East and West Europe that are considered in our analysis. Yet, the costs are still 
significantly higher in Italy and the United Kingdom when compared to Poland, Hungary and 
Lithuania. Figure 1 also shows that the lower production costs do not compensate for the 
higher costs of storage and transportation of chopped biomass compared to baled biomass.  
 
The costs of pelletising, excluding the costs of transport to the pellet plant, are shown in 
Figure 2. The costs of pelletising are 26-29 € odt-1 (1.4-1.6 € GJ-1) in 2004 and 31-36 € odt-1 
(1.7-2.0 € GJ-1) in 2030. The capital costs are assumed equal for all regions, thus differences 
in total costs are caused by variations in the price of labour, natural gas and electricity. These 
results show that the costs of pelletising are higher than the costs of transportation, which 
means that pelletising is not an economically viable option to reduce the costs of 
transportation. However, the costs of pelletising are sensitive to the assumed moisture content 
and price of energy required during pelletising, as further discussed in Section 7.  
 
6.2 Environmental performance 
 
Figure 3 shows the GHG emissions of production, storage, (un)loading and transporting of 
baled and chopped miscanthus in 2004 and 2030. The GHG emissions in the case of 
miscanthus are estimated at 68-91 kg CO2 eq. odt-1 (3.8-5.1 kg CO2 eq. GJ-1) in 2004 and these 
are projected to decrease to 57-73 kg CO2 eq. odt-1 (3.2-4.1 kg CO2 eq. GJ-1) due to higher 
yields and lower emissions from rhizome production. The emissions from switchgrass 
biomass are higher compared to switchgrass, namely 104-127 kg CO2 eq. odt-1 (5.8-
7.1 kg CO2 eq. GJ-1) in 2004 and 103-123 kg CO2 eq. odt-1 (5.7-6.8 kg CO2 eq. GJ-1) in 2030. 
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Figure 2. The costs of pelletising miscanthus or switchgrass in the year 2004 and 2030 
(excluding feedstock costs). PL = Poland - Lubelski, HU = Hungary - Del-Dunantal, UK = 
United Kingdom - Devon, IT = Italy – Lombardia, LI = Lithuania. Source: (Thek and 
Obernberger, 2004; EU, 2006) plus corrections for differences in the price of energy and 
labour using country-specific data. 
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The GHG emissions from switchgrass are higher due to the higher fertilizer application rates 
and the lower yield. The bulk of the emissions is caused the production of fertilizers, the 
emissions of N2O that are caused by the application of N fertilizers and the use of diesel from 
agricultural machinery and trucks. The contribution of truck transport could be up to 20 % of 
the total emissions. The emissions of chopped biomass are higher compared to baled biomass, 
because of the higher fuel use of the self-propelled forage harvester that also chops the 
biomass compared to the harvester-baler. Differences between the regions investigated are 
limited, because the crop management is assumed the same in all regions and because the 
emissions from storage, (un)loading and transport are also fixed per tonne.  
 
We also calculated the use of primary energy for the production, storage and transportation of 
miscanthus and switchgrass. The ratio bioenergy output to fossil primary energy input ratio is 
23-40 in the case of miscanthus in the year 2004 and 32-56 in the year 2030. For switchgrass 
these values are 25-47 and 27-49 for 2004 and 2030, respectively. The variability in the 
primary energy balance is mainly the result of differences in the fertilizer application rate. 
These data indicate that the use of miscanthus or switchgrass for the replacement of fossil 
fuels could be an efficient way of reducing fossil fuel use.  
 
We also investigated the GHG emissions and primary energy use of pelletising. The GHG 
emissions of pelletising are assumed to be independent of the region and are calculated at 89 
gCO2 eq. odt-1 of which 69 gCO2 eq. odt-1 is from the use of natural gas and 19 gCO2 eq. odt-1 
is from the use of electricity. The primary energy use is calculated at 1.6 GJ odt-1, which is 
equal to 9 % of the energy content of the biomass. These results show that pelletising can 
contribute substantially to the GHG emissions and primary energy use.  
 



 

 

Figure 3. The greenhouse gas emissions of production, storage, (un)loading and transport over 100 km of baled and chopped miscanthus 
(top figure) and switchgrass (bottom figure) in the year 2004 and 2030. P = production, PL = Poland - Lubelski, HU = Hungary - Del-
Dunantal, UK = United Kingdom - Devon, IT = Italy – Lombardia, LI = Lithuania, M = miscanthus, S = switchgrass, B = baled, C = 
chopped. 
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6.2.1 Soil erosion 

 
Previous studies showed a reduction of the rate of soil erosion from 11 t ha-1 y-1 to 1 t ha-1 y-1 
in vulnerable sites where permanent grass has replaced annual cereals (Bical Energy, 2005). 
Jankauskas and Jankauskiene (2003) measured erosion rates during long-term field 
experiments. Winter rye was found to have a soil erosion rate of 5.4–17 t-1 ha-1 y-1, spring 
barley 18–63 t-1 ha-1 y-1 and potatoes 44–186 t-1 ha-1 y-1. Perennial grasses reduce erosion to 
zero. Therefore, the US Conservation Reserve Progamme uses perennial grasses to minimize 
soil erosion (McLaughlin and Walsh, 1998; Parrish and Fike, 2005). These observations are in 
line with the soil erosion prevention guidelines of the British Department for Environment, 
Food and Rural Affairs (DEFRA, 2005), in which miscanthus production is classified as a 
moderately susceptible land use type that can be carried out at areas with a high and very high 
risk of soil erosion.  
 
Table 14 shows the crop/vegetation factor and the soil erosion rates that are calculated for 
various vegetation types. The variation in annual precipitation in Lubeleski (Poland), Del-
Dunantal (Hungary) and in Lithuania lies in the 400 to 800 mm y-1 range. The annual 
precipitation in the United Kingdom and Italy is 800 mm y-1 or higher Note that the calculated 
soil erosion rates are only indicative, because more detailed data on rainfall intensity and more 
validation of the crop factor of miscanthus and switchgrass is required for reliable results.  
 
The value of the crop/vegetation factor varies from 1 on bare soil to 1/1000 for areas under 
dense forest. Typical values for well-protected land are 0.005 to 0.1, which is equal to a soil 
erosion rate of 0.1-0.8 t ha-1 y-1 (0.005) and 2.7-16 t ha-1 y-1 (0.1). There is no generally 
accepted set of tolerable soil erosion rates. Maximum rates of soil erosion may also vary, 
dependent on the local physical and socio-economic conditions (e.g., soil depth, the impact on 
crop production costs). For comparison, the average rate of soil erosion on cropland in the 
USA was 6.7 t ha-1 y-1 in 2001 (USDA, 2003); soil formation rates were roughly 2 t ha-1 y-1 
(Sparovek and Schnug, 2001b).  
 
6.2.2 Water use 

 
Most studies indicate that, because of the fast growth, large leave area and deep rooting 
system, the rate of evapotranspiration of energy grasses is higher compared to traditional 
annual crops and (Stephens et al., 2001; Hall, 2003a). Also the interception of rainfall is 
higher compared to annual crops (Stephens et al., 2001). As a result, the deep percolation and 
runoff of water from areas under energy grass cultivation is reduced compared to annual 
crops. Calculations done for four sites in the United Kingdom showed a decreased of the 
amount of hydrologically effective rainfall (HER; percolation plus runoff) of 50-60 % 
compared to annual crops (Stephens et al., 2001). The reduced percolation and runoff to 
groundwater reservoirs, streams and rivers may lead to a depletion of these water bodies. This 
is particularly relevant considering the typically deep rooting systems of energy grasses (2-3 
meters deep on suitable soils) that allow energy grasses to avoid or reduce water stress during 
periods of limited rainfall and thus allow for optimum growth and high yields. The Centre for 
Ecology and Hydrology in the United Kingdom specifically mentions Devon as one of the 
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Table 14. Soil erosion rates (t-1 ha-1 y-1) and the crop/vegetation factor (C-factor) for various 
land use types and for three levels of rainfall. Sources: (Wischmeier and Smith, 1965; 
Wischmeier and Smith, 1978; Biewinga and Van der Bijl, 1996; Gray and Sotir, 1996; Stone 
and Hilborn, 2000; Ma, 2001). 

Soil erosion rate  C-factor 

400 mm y-1 800 mm y-1 1200 mm y-1 

Roads and other bare areas 1.000 27.4 83.4 160.2 

Fresh clean-tilled seedbed  0.800 21.9 66.7 128.2 

Silage corn, beans, canola  0.500 13.7 41.7 80.1 

Grain corn 0.400 11.0 33.4 64.1 

Cereals (spring or winter) 0.350 9.6 29.2 56.1 

► Miscanthus, switchgrass 0.100 2.7 8.3 16.0 
Grassland 0.050 1.4 4.2 8.0 

Deciduous forest  0.009 0.2 0.8 1.4 

Mixed forest  0.007 0.2 0.6 1.1 

Evergreen / coniferous forest  0.004 0.1 0.3 0.6 

Forest / woody wetland  0.003 0.1 0.3 0.5 

 
regions in the United Kingdom where the large scale production of grasses in catchment areas 
should be avoided, as to prevent an additional pressure on scarce surface water reservoirs, 
which is the main source of water in Devon (Hall, 2003a). This is particularly relevant during 
the summer, when the population increases greatly through holiday visitors. The Guidelines 
for growing Short Rotation Coppice (SRC) of the United Kingdom, propose that plantations 
should be located in areas where rainfall is at least 600 mm y-1 (Hall, 2003b). For energy 
grasses a lower rainfall level can be used as threshold, since the HER of miscanthus is 
typically higher than the HER of SRC (Stephens et al., 2001). The rainfall in Lubeleski 
(Poland), Del-Dunantal (Hungary) and in Lithuania lies in the 400 to 800 mm y-1 range, the 
rainfall in the Devon and Lombardia (Italy) is higher. They also concluded that effects at the 
level of catchment areas are negligible, provided that extensive areas of single catchments are 
not planted. Further, differences between cultivars in water use efficiency have been observed 
(Byrd and May, 2000), thus breeding and cultivar selection may also help to avoid negative 
impacts. An advantage of the high water use of energy grasses is that they may be used to 
reduce peak flows and thereby reduce the risks of local flooding. This goes particularly for 
switchgrass, which is more tolerant to flooding than miscanthus (Lewandowski et al., 2003c). 
 
6.2.3 Biodiversity 

 
Several studies show that the biodiversity increases when miscanthus or switchgrass replaces 
conventional annual agricultural crops. Semere and Slater (2007a) found that the ground flora 
diversity is higher in miscanthus fields during the first three years compared to annual crops. 
This is due to the initial slow growth of miscanthus and the wide row spacing, which means 
that competition for light and nutrients is limited and thus allows for weed growth. After first 
three years the diversity of flora species decreases with increasing canopy closure (LUC, 
2007). Positive impacts on the diversity of species of spiders, beetles and earthworms were 
observed when miscanthus replaces rye (Christian et al., 1997). Further, according to 
Börjesson (1999) the diversity of soil micro-organisms and soil fauna in energy grass 
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cultivation is higher compared to annual crops. This goes particularly for decomposers such as 
earthworms, harvest men and carbides, because of the reduced soil tillage, lower use of 
agrochemicals, and increased litter layer. Eppel-Hotz et al. (1997) reported a higher number of 
mammal, bird, beetle and spider species in miscanthus fields in comparison to corn. In 
general, the higher species diversity in miscanthus fields compared to annual crops is the 
result of the higher number of ecological niches in miscanthus fields compared to annual crops 
(Jodl et al., 1998; Jones and Walsh, 2000). Miscanthus fields contain niches that are common 
to scrubland and forests and that attract certain small mammal and bird species, while the 
empty spaces between the rows with leaf litter provide a habitat for among others certain 
species of small mammals and flora (Jodl et al., 1998). Further, Semere and Slater (2007a) 
also found that the species diversity of ground flora, small mammals and birds is higher in the 
borders of the field compared to the middle.  
 
These observations also show that the biodiversity in fields of perennial grasses can be 
increased by limiting the size of and by locating the fields close to different types of 
vegetation. A proportion of 10-20 % energy forest in open farmland has been estimated to be 
optimal for flora and fauna diversity (Börjesson, 1999). This conclusion probably also holds 
for perennial grasses. Using 10-20 % of the agricultural area for miscanthus and/or 
switchgrass production would be in line with the fraction of the agricultural land available for 
energy crop production in 2010 and 2030 in the five regions considered (Table 1). Roth et al. 
(2005) show that the harvesting schedule is also important for the biodiversity within fields on 
which switchgrass is grown. Leaving some fields unharvested provides habitat for a larger 
number of bird species than if all fields were harvested simultaneously.  

7. Discussion 
 

The calculation of the costs, GHG emissions and primary fossil energy use of miscanthus and 
switchgrass required that various assumptions are made. Here we will carry out a sensitivity 
analysis in which the impact of the most important assumptions on the results is evaluated to 
understand the robustness of our results and to identify the variables and uncertainties that can 
be targets for future research and policy making. We also compare our results with estimates 
from the literature. No sensitivity analysis is carried out for the use of fossil primary energy, 
because both miscanthus and switchgrass have a very high energy output to input ratio. 
 
• Yield We calculated the uncertainty of the yields that are predicted by MiscanMod by 

comparing modelled yields with field measurements. Data are taken from an earlier version 
and a validation exercise of MiscanMod, see reference (Clifton-Brown et al., 2004). We 
calculate the uncertainty of MiscanMod, i.e. the difference between predicted and measured 
yield, at circa +/- 20 %. For the year 2030 we also add the uncertainty of the increase in 
yields between 2004 and 2030. We assume a default non-exponential yield increase of 
1.5 % y-1 and a range of 1.0 % y-1 to 2.0 % y-1 (see Section 3). The results show that the 
yield has a substantial impact on the costs of production, storage and transportation of 
between -7 % and -10 % in case of the high yields and between 10 % to 19 % in case of the 
low yields compared to the baseline. The impact on the GHG emissions is less, namely 
between -3 % and -8 % and between 4 % and 12 %, respectively.  
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• Land rent In our calculations we used data on the national average price of cropland 
classified as suitable. The land rent in the five regions considered in our analysis can be 
higher or lower in practice, dependent on for example the suitability of the soil for crop 
production, but also the distance to infrastructure and the price of agricultural products (thus 
also subsidies). No information is available that allows the calculation of NUTS 2 specific 
land rents. Therefore, we investigate the sensitivity of the results for changes in land rent. 
We use the rent of moderately and very suitable areas as bandwidth. In addition, we add 
different assumptions for the change of land rent between 2004 and 2030. In our 
calculations we assumed that the costs of agricultural land per dry tonne of biomass 
produced remain constant at the 2004 level (see further Section 4.2). In this sensitivity 
analysis we use the two scenarios for change in land rent to 2030 proposed by De Wit et al. 

(2008) as bandwidth: (1) the price of land remains constant per hectare at the 2004 level in 
both West and East Europe; (2) the price of land in West Europe remains constant per 
hectare at the 2004 level and the price of land in East Europe converges to the level in West 
Europe, but with a maximum of 208 € ha-1 y-1, which is the land price in the United 
Kingdom. Table 15 gives an overview of the land rents assumed in this study.  

 
 Table 15. The land rent in the year 2004 and 2030 assumed in the sensitivity analysis. 

Sources: (De Wit et al., 2008) plus own assumptions. 
 2004 

default 
2004 

alternative 
values 

2030 
default 

2030 
alternative 

values 

Poland - Lubelski 50 28-72 63 28-208 

Hungary - Del-Dunantal  45 25-65 57 25-208 

United Kingdom - Devon  201 194-208 253 194-208 

Italy - Lombardia  232 155-309 292 155-309 

Lithuania - Lithuania 10 5-14 13 5-69 

 
 The impact of these assumption is less than +/- 6 %, except in the case of the results for 

Poland and Hungary for 2030, for which a maximum increase of the costs of to 13-17 % is 
calculated in the case the price of land in East Europe converges to the level in West 
Europe.  

 

• Rhizome costs The price miscanthus rhizomes are set at 0.16 € in 2004 and 0.04 € in 2030, 
but these values are uncertain as discussed in Section 4.3. Here we also calculate the costs 
of miscanthus production in case of a price of 0.10 € per rhizome in 2004, which is roughly 
the lowest level found in the literature, to 0.16 € per rhizome in 2030, which is the price of a 
rhizomes in 2004. The costs of miscanthus production, storage and transport decrease 10-
13 % in case of a rhizome price of 0.10 € in 2004 and increase 14-27 % in 2030 in case of a 
0.16 € price level.  

 
• Disease and insect control In our calculations disease and insect control was assumed not to 

be required. However, several potential pests have been identified. For example, in the case 
of miscanthus rustic and ghost moths appear to have migrated from their normal grassland 
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hosts. There are indications of yield losses due to these moths, but this is speculative and 
thus a prime research objective for future studies (Bullard and Nixon, 1999). There is no 
evidence yet of severe yield losses from diseases and insects, but this could change in the 
case of large-scale production of miscanthus and switchgrass. Yet, insufficient data are 
available to quantify the potential impact on yields. 

 
• Planting density A planting density of 20000 miscanthus rhizomes per hectare was assumed 

in our calculations. However, lower values are also reported, see Section 4.3. A planting 
density of 10000 rhizomes per hectare reduces the costs of miscanthus by -13 % to -17 % in 
2004 and by -2 % to -4 % in 2030 and the GHG emissions by -7 % to -10 % in 2004 and -
1 % in 2030.  

 

• Fertilizer application rates Fertilizer application rates reported in the literature vary widely. 
Particularly the application rates of N fertilizer are uncertain, because there is no consensus 
on the yield response of miscanthus and switchgrass to N fertilization. We generated results 
in case the N removed in the harvested matter is used as a proxy for the N fertilizer 
application rate. The rationale is that the N removed from the field must also be replaced to 
avoid soil mining. The N content of miscanthus on a dry matter basis is 0.12-0.64 % 
(Lewandowski et al., 1995) and that of switchgrass is 0.37-1.89 % (FAIR, 2001). For 
comparison, the optimum N fertilizer application rate equals 0.19 % (miscanthus) and 
0.50 % (switchgrass). For P and K the following ranges are considered in our sensitivity 
analysis: 0.02-0.10 % P and 0.41-0.90 % K (miscanthus), 0.06-0.11 % N and 0.13-0.44 % K 
(switchgrass) (Lewandowski et al., 1995; FAIR, 2001). These uncertainty ranges change the 
costs -3 % to +10 % and decrease the GHG emissions 10-16 % or increase the emissions 
44-67 %.  

 
• Harvesting The costs of harvesting accounted for up to half of the total costs of production, 

storing and transporting of miscanthus and switchgrass. The work capacity of harvest 
machines is therefore a crucial factor. We assumed that the work capacity increases by 25 % 
between 2004 and 2030. Without this increase, the costs and GHG emissions would 
increase 9 % and 6 % maximum, respectively.  

 
• Storage system and storage time The risk of loss of dry matter during storage depends to a 

large extend on the initial moisture content of the harvested biomass. For example, 
Jonkanski (1994) reported dry matter losses during storage with natural ventilation of 12-
15 % and 4-9 % for baled and chopped miscanthus with a moisture content of 45-50 % and 
7-10 %, respectively and 2 % for baled and chopped miscanthus with a moisture content of 
25-30 %. In our calculations, the moisture content of miscanthus and switchgrass harvested 
in spring was set at 35 %, but values found in the literature vary roughly from 15 % to 60 % 
for similar climatological conditions (Jones and Walsh, 2000; FAIR, 2001). A 15 % loss of 
biomass would increase the costs 9-14 % and the GHG emissions 9-13 %. Further, the 
duration of storage may be reduced when a harvesting window of several months is 
assumed, which is also beneficial for the biodiversity (see Section 5.4 and 6.2.3). A 3 
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months harvest window reduces the costs of storage circa one-fourth and the total costs 8-
14 %.  

 
• GHG emissions from land conversion. The GHG emissions from changes in above- or 

belowground biomass, soil organic matter and litter due to the conversion of land into 
energy crop plantations are ignored, as in this study we focused on abandoned cropland as 
the sole source of land for the production of energy grasses. This assumptions probably 
results in an overestimation of the GHG emissions, because the high above- and 
belowground biomass production of perennial grasses lead to a net carbon sequestration 
when produced on arable land previously used for the production of annual crops 
(McLaughlin and Walsh, 1998; Ma et al., 2000; Ma et al., 2001; McLaughlin et al., 2002; 
Ney and Schnoor, 2002)  

 
• N2O emissions from N fertilizer applications The IPCC Tier 1 emissions represent the 

Fertilizer Induced Emissions (FIE), which are defined as the difference in emissions 
assuming a fertilized and unfertilized field. This approach ignores the actual changes in N2O 
emissions that result from changes in land use. According to Smeets et al. (2008a) the direct 
emissions can be higher or lower than the FIE, depending on the type of vegetation and the 
fertilizer application rate on the vegetation that is replaced. Therefore, we include an 
emission factor for the direct emissions of 3 % and 0 % as upper and lower limit compared 
to the 1 % proposed by the IPCC as default. 3 % is the emission factor of conventional 
agricultural crops (e.g. maize, wheat, sugar beet) in case the production of these crops is an 
additional activity (Smeets et al., 2008a). The 0 % emission factor is assumed as minimum 
and somewhat arbitrary. Negative emissions may also occur in case miscanthus and 
switchgrass replace land use types with high N2O emissions. For the indirect emissions we 
apply the same relative bandwidth which results in an emission factor of 0-1 %, compared 
to a default 0.33 %. Based on the upper ranges, the GHG emissions increase 24-37 % 
(miscanthus) and 46-64 % (switchgrass). When we apply the lower ranges, than the GHG 
emissions decrease 13-19 % (miscanthus) and 21-29 % (switchgrass).  

 
• Transportation mode and transportation distance In this sensitivity analysis we estimate the 

impact of the haulage distance on the costs and GHG emissions, assuming an arbitrary 
chosen bandwidth of 50 km and 200 km. A distance of 50 km reduces the costs 3-10 % and 
the GHG emissions 5-10 %; 200 km increases the costs 7-20 % and the GHG emissions 10-
20 %. Further, we also calculate the costs of transportation by train and inland ship, because 
these options are potentially attractive in the case of long-distance transport. The costs are 
calculated assuming 50 km transport by truck followed by 450 km by ship or train and these 
costs are compared to truck transport over 500 km (Figure 3). It should be noted that we did 
not check for the presence of waterways in the five regions under investigation. The results 
presented in Figure 3 indicate the cost ranges that can be found within the EU25. 
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Figure 3. The costs of (un)loading and transport by truck (500 km), train (50 km by truck 
followed by 450 km by train) and ship (50 km by truck followed by 450 km by ship) in the 
year 2004. Sources: (NEA, 2004; Hamelinck et al., 2005; EU, 2006; POINF, 2006b), plus 
own assumptions.  
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 Figure 3 shows that train and ship are typically suitable for the transportation of 

commodities with a relatively high density over long distances compared to truck. The ratio 
maximum capacity expressed in mass to maximum capacity expressed in volume of truck, 
train and ship are 0.23, 0.40 and 0.72 t m-3. The bulk density of chopped, baled and 
palletized biomass assumed in this study is 0.12, 0.15 and 0.50 t m-3. Other types of wagons 
with a lower mass to volume ratio of transportation capacity may reduce the costs. For 
example, car vessels have a mass to volume ratio of 0.1 t m-3 (INE, 2008).  

 
 The results show that transport by train can be cheaper compared to truck transport, but the 

differences are limited except in the case of pellets. However, the costs of pelletising 
(including transportation to the pelletising plant and (un)loading) are substantial. The break-
even distance, i.e. the minimum distance beyond which pelletising reduces the total costs, 
are 987-1258 km in the case of truck transport, 683-752 km for train transport and 188-286 
for class I inland ships and 891-1120 for class IV inland ships (the ranges are the result of 
differences in the costs). The break even distances when shifting from the transportation of 
baled biomass by truck to pelletised biomass are 604-757 km (train), 439-608 (class I ship) 
and 244-341 (class IV ship). These results show that pelletising is generally not an effective 
way to reduce the costs of transportation, except in the case of long distance transport and/or 
when combined with a shift of transportation mode. Moreover, pelletising is also 
disadvantageous because of the high GHG emissions and primary energy use when 
compared to the reductions realised by shifting from truck to ship transport. These results 
show that pelletising is probably not a viable transportation option, unless pelletising is also 
required for the end-use phase (e.g. in the case of use in boilers for domestic heating).  

 
• Energy use and costs of pelletising We analyse the impacts of the assumptions on the 

moisture content and energy costs on the GHG emissions and costs of pelletising. The 
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drying of miscanthus and switchgrass prior to pelletising is a costly, energy intensive 
operation. A 15 % moisture content reduces the costs of pelletising 15-31 % and a 60 % 
moisture content increases the costs 39-85 % compared to a 35 % moisture content (all data 
are for the year 2004). The GHG emissions are calculated at 34-235 gCO2 eq. odt-1 
compared to 89 gCO2 eq. odt-1 for a 35 % moisture content. The primary energy use is 
calculated to be 0.6-4.2 GJ odt-1, which equals 3-24 % of the energy content of the biomass, 
compared to 1.6 GJ odt-1, equalling 9 % of the energy content of the biomass in the case of 
35 % moisture. Instead of natural gas, other sources of energy can be used, such as heat 
from a combined-heat and power facility, industrial waste heat or heat from the combustion 
of a part of the miscanthus or switchgrass. Data about the availability and performance of 
these options are however not available. Yet, if we use the costs of miscanthus or 
switchgrass production, storage, (un)loading and transport instead of the price of natural gas 
as a crude approximation, than the costs of pelletising decrease with 4.2-7.2 € odt-1 or 19-
25 % compared to a natural gas fired pelletising plant.  

 
The results of our calculations are in line with estimates found in the literature. Differences in 
outcomes can be explained by differences in assumptions. For example, Huisman et al. 
(1997b; 1997a) calculated the total costs of various miscanthus production chains in the 
Netherlands, using a crop model for optimizing methods of harvesting, storage and transport. 
They calculated the costs of production and storage at circa 120-130 € odt-1, compared to 
94 € odt-1 when our calculations are carried out for the Netherlands. The main reasons for 
these differences are the lower yield (12 vs. 16 odt ha-1 y-1) and higher price of land (725 vs. 
333 € ha-1 y-1) assumed by Huisman et al. (1997b; 1997a). In another study the production 
costs of switchgrass in the United Kingdom and Italy are estimated at 31 € odt-1 and 30 € odt-1, 
respectively (FAIR, 2001). According to our calculations the costs of miscanthus production 
are 53-65 € odt-1 in the United Kingdom and 34-43 € odt-1 in Italy. Key differences are the 
costs of fertilizers, agro-chemicals, labour, the interest rate and the methodology used to 
calculate the costs. Kumar and Sokhansanj (2007) calculated the costs of harvesting and 
storage of switchgrass at circa 18 € odt-1 and 11 € odt-1 for baled and chopped biomass, 
respectively (excluding the costs of labour). These values are comparable to our results of 17-
25 € odt-1 for baled and 11-17 € odt-1 for chopped switchgrass. The lower costs of baled 
compared to chopped biomass are confirmed by Huisman et al. (1997b; 1997a).  
 
Also the costs of road transport are in line with data found in the literature. Differences are 
due to different assumptions on the density of the transported biomass, on the availability of 
cargo on the way back, and on the costs of unloading (Huisman et al., 1997b; Huisman et al., 
1997a; Bullard and Nixon, 1999; Hamelinck et al., 2005; Kumar and Sokhansanj, 2007). For 
example, Bullard and Nixon (1999) calculated the costs of transportation to be 0.44-0.74 
€ odt-1 for transportation across 40-80 km. These costs are equal to 0.29-0.48 € odt-1 after 
correction for differences in assumptions. We estimated the costs to be 0.37-0.48 € odt-1, 
including (un)loading. The costs of rail transport differ from data found in the literature as a 
result of differences in the original data sources. For example, one source estimates the costs 
of rail transport in the Netherlands at 0.015-0.035 € tkm-1 dependent on the type of cargo 
(NEA, 2004), while an other source reports a price of 0.055-0.068 € tkm-1 in the Netherlands 
(Van Dam et al., 2007). Our estimates of the GHG and primary energy use are in line with the 
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ranges found in the literature. For example, estimates of the GHG emissions vary between 
75 kg CO2 eq. odt-1 and 295 kg CO2 eq. odt-1 (Ney and Schnoor, 2002; Kumar and 
Sokhansanj, 2007). Differences with our results are caused mainly by differences in system 
boundaries, the fertilizer application rate, yield and transportation distance. Detailed data on 
pelletising are scarce and results vary widely. For example, Hamelinck et al. (2005) calculated 
the costs of pelletising forestry residues at circa 17 € odt-1 or 1.0 € GJ-1. The lower costs are 
the result of the lower costs of capital and lower price of fuel used for drying the biomass.  

8. Conclusions 
 

The goal of this study was to analyse the economic and environmental performance of 
miscanthus and switchgrass production, storage and transportation chains in Europe. Five 
regions in five countries were selected for which detailed, bottom-up analysis were carried 
out. These regions and countries are Poland – Lubelski, Hungary - Del-Dunantal, United 
Kingdom – Devon, Italy – Lombardia and Lithuania for which no sub-national region was 
selected. In our study we focused on the use of abandoned cropland, to produce the 
miscanthus and switchgrass. 
 
The costs of producing, storing, (un)loading and transporting of miscanthus across 100 km 
(which is sufficient for most applications) in the year 2004 have been calculated to be 55-105 
€ odt-1 (3.1-5.8 € GJ-1). Switchgrass has lower yields compared to miscanthus, but the costs of 
the planting material are also lower and so the costs are in the same range (43-99 € odt-1 or 

2.4-5.5 € GJ-1) compared to miscanthus. The costs of miscanthus are projected to decrease 
between 2004 and 2030 to 43-91 € odt-1 (2.4-5.1 € GJ-1) as a result of the assumed increase of 
the yield and due to the decrease of the costs of the planting material. The costs of switchgrass 
are estimated to remain roughly stable at the 2004 level (45-103 € odt-1 or 2.5-5.7 € GJ-1), 
because the increase in yield is counter acted by the increase of the price of land, labour and 
fuel. Chopped biomass is found to be cheaper than baled biomass, but the difference is small.  
 
Of the five regions analyzed, the lowest costs of production, storage and transportation were 
found for Poland, followed by Hungary and Lithuania. For these regions a cost range of 43-64 
€ odt-1 (2.4-3.6 € GJ-1) was calculated for the year 2004. This is already an attractive cost 
range compared to the price of crude oil and natural gas in 2004 (3.1 and 4.6 € GJ-1, 
respectively, excluding taxes and transportation costs), but the costs are higher than the costs 
of coal in 2004 (ca. 1.7 € GJ-1) The costs are higher in Italy and the United Kingdom (61-105 
€ odt-1 or 3.4-5.8 € GJ-1). The difference between the regions is caused by differences between 
the price of labour, fuel, land and between the yields. Yet, the doubling of the price of crude 
oil and natural gas projected between 2004 and 2030 may make miscanthus and switchgrass 
competitive.  
 
The GHG emissions of production, storage and transportation of miscanthus are estimated at 
68-91 kg CO2 eq. odt-1 (3.8-5.1 kg CO2 eq. GJ-1) in 2004 and these are projected to decrease to 
57-73 kg CO2 eq. odt-1 (3.2-4.1 kg CO2 eq. GJ-1). The emissions from switchgrass biomass are 
104-127 kg CO2 eq. odt-1 (5.8-7.1 kg CO2 eq. GJ-1) in 2004 and 103-123 kg CO2 eq. odt-1 (5.7-
6.8 kg CO2 eq. GJ-1) in 2030. Differences between the GHG emissions of miscanthus 
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produced in different regions are limited, because the emissions and energy use from the 
production and use of fertilizers and agricultural machinery are assumed to be (almost) fixed 
per tonne. For comparison, the GHG emission factor of oil products (gasoline, diesel, fuel oil), 
natural gas and coal is circa 83, 60 and 101 kg CO2 eq. GJ-1, respectively. Thus, the GHG 
emissions of miscanthus and switchgrass are equal to 12 % or less of the emissions from fossil 
fuels. These results indicate that the replacement of fossil fuels by perennial grasses can be a 
robust, promising strategy to curb GHG emissions when abandoned cropland is used to grow 
the miscanthus or switchgrass. Further, the ratio bioenergy output to fossil primary energy 
input ratio is calculated at 23-40 in the case of miscanthus in the year 2004 and 32-56 in 2030. 
For switchgrass these values are 25-47 and 27-49 for 2004 and 2030, respectively.  
 
Our results are in good agreement with values found in the literature. The use of detailed, 
bottom-up calculations combined with data derived from various databases, handbooks and 
the scientific literature make that the results are relatively robust. Here, we also summarize the 
most important and uncertain factors for the economic performance and for the GHG 
emissions, as these are also important targets for future research and optimisation of 
production chains. This is particularly relevant when designing site-specific chains for which 
the regional results are insufficiently representative. The following key factors can be 
mentioned: 
• The crop yield. The uncertainty range for yields used in this study changes the costs -10 % 

to 19 % and the GHG emissions -3 % to -12 %. Breeding of optimum adapted, high yielding 
varieties is a key issue for research and development.  

• The costs of miscanthus rhizomes. The present, but especially future costs of rhizomes are 
uncertain. The cost range assumed for rhizomes in this study change the costs by -10 % to 
+27 % is calculated due to rhizomes.   

• The planting density of miscanthus. Halving of the planting density reduces the costs up to 
17 %. The optimisation of the planting density towards high yields / low costs is therefore 
an important crop management strategy.  

• The price of land. The impact of uncertainties related to land prices is limited (≤6 %), 
except for the development of land rents in Poland and Hungary, which may increase the 
costs in 2030 13-17 %.  

• The harvest efficiency. We assumed that technological progress increases the harvest 
efficiency between 2004 and 2030. Without this increase, the costs and GHG emissions 
would increase 9 % and 6 % maximum, respectively.  

• The performance of storage. A dry matter loss of up to 3.5 % for 6 months storage is 
assumed in this study. However, particularly higher moisture contents may increase this 
figure to 15 % which increases the biomass costs with 14 % and the GHG emissions with 
13 %, maximum. Miscanthus and switchgrass production should preferably be produced in 
regions with a rainfall pattern or climate that ensures a low moisture content during the 
harvest period in spring. Alternatively, the harvest date may also be optimized towards low 
moisture contents. Also lengthening of the harvest season can reduce the duration of storage 
and the costs 8-14 %, but this should be balanced against the loss of harvestable matter.  

• The fertilizer application rates. We estimated ranges for fertilizer application rates, which 
change the costs -3 % to +10 % and the GHG emissions -16 % to +67 %. There is no 
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consensus on optimum fertilizer application rates, which should therefore be a key target for 
research. 

• The N2O emissions. The N fertilizer induced N2O emissions are uncertain and may change 
the calculated GHG emissions of biomass production, storage and transportation with -13 % 
to +37 % (miscanthus) and with -29 % to 64 % (switchgrass). The land use replaced by 
miscanthus or switchgrass production is thereby a crucial factor, but also the N fertilizer 
application rate, the climate and the soil profile. 

 
Further, the transportation distance was also found to have a significant impact on the costs 
and the GHG emissions, namely -10 to 20 % in case of a 50 km and 200 km distance, 
respectively, compared to a default 100 km, both for the costs and the GHG emissions. A 
main area of uncertainty is the cost of (un)loading, but also the potential for improving the 
performance. Transport by train and ship is probably not economically attractive, depending 
on the distance, but the use of train wagons and ships with a higher volume to mass ratio than 
we assumed may improve the performance. Pelletising is probably not a viable option to 
reduce the costs of transportation (the higher density of pellets reduces the costs of 
transportation), but may be required for certain applications. Also the primary energy use and 
GHG emissions of pelletising are high: 89 kg CO2 eq. odt-1 (4.9 kg CO2 eq. GJ-1) and 1.6 
GJ odt-1. The use of energy for drying from waste heat from the industry, from a combined 
heat and power plant, or from the combustion of the biomass feedstock may improve the 
performance.  
 
We also analysed the impacts of miscanthus and switchgrass production on biodiversity, fresh 
water resources and soil erosion. Literature analysis showed a decrease in the rate of soil 
erosion compared to annual crops. Perennial grasses are for this reason also used to prevent 
erosion. Reliable quantitative results are however not available. The impacts on biodiversity 
are mixed. Positive effects are recorded for many species when annual crop production is 
replaced. A crucial aspect seems to be the range in niches that miscanthus and switchgrass 
provide (forest, scrubland, and cropland). Ensuring a high habitat diversity is therefore a key 
targets for crop management and the planning of the location of plantations. The location of 
plantations in the vicinity of a diverse range of other vegetation patterns, ensuring the 
presence of full-grown unharvested fields that provide a habitat for particularly bird species, 
but also the avoidance of large fields or monoculture are potentially promising strategies. 10-
20 % of the area of open farmland has been suggested as an optimum. The size and location of 
plantations is also important to avoid negative impacts on fresh water reservoirs due to the 
high water use of energy grasses compared to annual crops. The planting of extensive areas 
should be avoided and also areas close to water ways or where groundwater tables are high, 
particularly within a single catchment and in areas with limited rainfall (<<600 mm y-1). Also 
the selection of cultivars with high water use efficiency may avoid negative impacts.  
 
A key advantage of miscanthus and switchgrass, but also of other perennial crops, is the 
combination of a relatively high yield (and thereby high potential) with a relatively low 
environmental pressure compared to annual crops. The total potential of perennial crops in the 
EU25, taking into account the demand for land for other purposes and environmental criteria, 
has been calculated at circa 8 % of the primary energy use in 2030 (EEA, 2006). No targets 
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for 2030 are set yet, but the target for the year 2020 is that 20 % of the total primary energy 
consumption should come from renewable sources, whereby bioenergy is expected to play an 
important role (EC, 2007b). We conclude that miscanthus and switchgrass are promising 
energy crops that may contribute to the realisation of this goal.  
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CHAPTER 8 

 

SUMMARY AND CONCLUSIONS 

 

 
The world’s current supply of energy, which is largely derived from fossil fuels (i.e. mineral 
oil, natural gas and coal), is unsustainable for various reasons. Firstly, the large-scale 
combustion of such fuels contributes greatly to the increase in greenhouse gas (GHG) 
emissions to the atmosphere and therefore – most probably – to climate change. Secondly, the 
oil and gas reserves, in particular, are problematic because their geographical distribution is 
uneven. Consequently, the energy supply of many countries depends on fossil fuel imports, 
and this results in geopolitical tensions and conflicts. The instability of some of the key 
exporting regions potentially jeopardises stable production and supply, and thus poses a threat 
to energy security. Thirdly, fossil fuel resources are limited and, particularly in the case of 
mineral oil, are rapidly being depleted. As reserves diminish, it will become increasingly 
difficult and costly to extract oil and gas resources (IEA, 2007c). Fourthly, the combustion of 
fossil fuels leads to emission of atmospheric pollutants. Finally, a few billion people do not 
have the access to affordable and reliable energy supplies that is essential for development, 
including economic growth, and poverty reduction. For all these reasons, the present energy 
system is clearly unsustainable. 
 
Modern bioenergy can potentially contribute to a more sustainable energy supply. It can be a 
carbon dioxide (CO2) neutral source of energy, though this depends on the land-use changes 
involved. As bioenergy can be produced in many parts of the world, it can significantly reduce 
regional and national dependence on fossil fuel imports. Bioenergy production can also 
contribute to rural development, by generating income and investments in areas where the 
biomass is produced. A wide range of biomass resources can be used to produce various 
energy carriers. Currently, the most widespread bioenergy application is the use of residues 
and wastes to produce power and heat. The production of first-generation biofuels, including 
ethanol from sugar or starch crops (e.g. sugar beet, sugar cane, wheat and maize) and biodiesel 
from oil-rich crops (e.g. rapeseed, sunflower seed, palm fruit and soybeans) has increased 
rapidly in the past few years and is expected to increase further in the next few decades. 
Probably, increasing use will be made of bioenergy (i.e. heat, power and biofuels) produced 
from lignocellulose crops (e.g. willow, poplar, eucalyptus, miscanthus and switchgrass), 
which have a higher yield and can be produced less expensively than annual crops. The use of 
lignocellulose crops is likely to bring the costs of certain bioenergy carriers down to a level 
that competes well with energy from fossil fuels, assuming further improvements in the 
production of lignocellulose crops and in the efficiency of converting such crops to modern 
energy carriers. Therefore, bioenergy is now a key option in many countries’ energy policies. 
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However, this does not necessarily mean that the production and use of bioenergy is 
sustainable. It is therefore essential to assess the impacts of bioenergy production and trade. 
Ideally, this should be done using an integrated approach, taking account of the three 
dimensions of sustainable development: social impacts (social well-being), environmental 
impacts (maintaining or improving environmental quality) and socio-economic impacts 
(economic viability of bioenergy production and its welfare impacts). Various initiatives are 
currently aiming to ensure the sustainability of bioenergy production systems by means of 
certification. Certification gives the bioenergy user a certain assurance that the supply 
complies with specific sustainability criteria. Key issues for certification are GHG emissions, 
competition with food production (and other local applications) and impacts on biodiversity, 
environment, welfare and well-being. However, as there is no general consensus on how to 
define sustainability, different stakeholders may set different priorities when assessing these 
impacts. 
 
In this context, this thesis aimed to analyse the possibilities and limitations of sustainable 
production and supply of bioenergy. To this end, five research questions were formulated: 
 

I. What is the potential of different world regions to produce biomass for energy 
generation in the year 2050, taking account of biological and climatological 
limitations, the use of biomass to produce food, materials and traditional 
bioenergy, as well as the need to maintain existing forests and thus protect 
biodiversity? 

II. What are the main bottlenecks to formulating and implementing sustainability 
criteria for bioenergy production? 

III. To what extent does complying with sustainability criteria have impacts on the 
costs and potential of bioenergy production? 

IV. To what extent do fertilizer- and manure-induced nitrous oxide (N2O) emissions 
due to energy crop production have an impact on the reduction of greenhouse 
gas (GHG) emissions when conventional transportation fuels are replaced by 
first-generation biofuels? 

V. In terms of economic and environmental performance, how does Europe’s 
production, storage and transport of miscanthus and switchgrass in 2004 
compare to that in 2030? 

 
Throughout this thesis, specific attention was given to identifying knowledge gaps, and to 
possibilities and limitations of strategies to increase the sustainability of bioenergy production 
systems. 
 
Sections 2 and 3 analysed the potential of bioenergy in various world regions in the year 2050 
(Research Question I), with particular attention to the impact of the underlying factors that 
determine this potential. 
 
Section 2 examined three types of biomass resources: dedicated bioenergy crops, residues and 
waste, and biomass from forest growth. The Quickscan model was developed to estimate 
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technical bioenergy production potentials in 2050. This model is based on bottom-up analysis 
of the key factors that determine these potentials and the development of technical bioenergy 
production, based on evaluation of existing data and studies on these factors. The potential of 
dedicated energy crops was limited to surplus areas of agricultural land. Special attention was 
given to the potential to reduce the land area needed for food production by increasing 
productivity and efficiency. A reference scenario was composed to analyse the demand for 
food. We assumed four levels of advancement of agricultural technology in the year 2050. The 
results indicate that the application of highly efficient agricultural systems, combined with 
geographical optimisation of land-use patterns, could reduce the land area needed to meet the 
global food demand projected for 2050 by as much as 72%, with respect to the present area. A 
key factor is the efficiency of producing animal products, which is currently well below what 
is technically feasible. The bioenergy potential on surplus agricultural land (i.e. land not 
needed for the production of food and feed) is 215-1272 EJ y-1, depending on the level of 
advancement of agricultural technology. The bulk of this potential can be found in South 
America and the Caribbean (47-221 EJ y-1), sub-Saharan Africa (31-317 EJ y-1) and the C.I.S. 
and Baltic States (45-199 EJ y-1). Oceania and North America also have considerable technical 
potentials: 20-174 EJ y-1 and 38-102 EJ y-1, respectively. However, realization of these 
(technical) potentials requires significant increases in food production efficiency. The most 
robust potential is found in the C.I.S. and Baltic States, and in Eastern Europe. 
 
In addition, studies on the potential development of bioenergy were reviewed, taking results 
from the Quickscan model as the starting point. Scenario studies in the literature indicate that 
the productivity increases assumed in our analysis may be unrealistically high, though these 
studies generally exclude additional investments in agricultural modernisation of large-scale 
bioenergy crop production. 
 
The potential of biomass from forest growth was calculated as the maximum amount of wood 
that can technically be harvested from forests without leading to deforestation or reducing the 
standing stock, minus the demand for materials production and traditional woodfuel that is not 
met by the supply from plantations and trees outside forests. A reference scenario was 
composed to analyse the demand for industrial roundwood and traditional woodfuel. The 
worldwide potential of bioenergy from surplus forest growth was calculated to be 74 EJ y-1 in 
the year 2050. 
 
The technical potential of residues and wastes was calculated on the basis of the potential to 
collect agricultural and coppice residues and wastes, and by considering the amount of 
residues used as animal feed. The worldwide potential of bioenergy production from residues 
and wastes was calculated to be 76-96 EJ y-1 in the year 2050. 
 
Section 3 presented a more detailed analysis of the energy potential of biomass from forest 
growth and woody residues and waste (i.e. logging residues, process residues and discarded 
products made from forest biomass) in the year 2050. The potential of forest growth is 
restricted by the demand for industrial roundwood and traditional woodfuel. A distinction was 
made between the theoretical, technical, economic and ecological supply potential of forests. 
Protected forest areas were excluded as a source of biomass. In addition, three scenarios were 
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included regarding the demand for wood for industrial roundwood and traditional woodfuel, 
representing the ranges found in the literature. The supply of wood from trees outside forests 
and in plantations was also taken into account, whereby three plantation-establishment 
scenarios were considered. Based on a medium demand and medium plantation-establishment 
scenario, the global theoretical potential of the surplus wood supply (i.e. the wood remaining 
after the demand for woodfuel and industrial roundwood is met) in 2050 was calculated to be 
6.1 Gm3 (71 EJ), whereas its technical potential was calculated to be 5.5 Gm3 (64 EJ). In 
practice, economic considerations further reduce the surplus wood supply from forests to 
1.3 Gm3y-1 (15 EJy-1). When ecological criteria are also included, the demand for woodfuel 
and industrial roundwood exceeds the supply by 0.7 Gm3y-1 (8 EJy-1). The bioenergy potential 
from logging and processing residues and waste was estimated to be equivalent to 2.4 Gm3y-1 
(28 EJy-1) of wood, based on a medium demand scenario. These results indicate that forests 
can, in theory, become an important source of bioenergy. They also indicate that the use of 
this bioenergy source can, in theory, be realized without endangering the supply of industrial 
roundwood and woodfuel, and without further deforestation. However, regional shortages of 
industrial roundwood and woodfuel may occur in some regions; for example, South Asia, and 
the Middle East and North Africa. In these calculations, key uncertainties are: the supply of 
wood from trees outside forests; the future rates of deforestation; the consumption of 
woodfuel; and the theoretical, technical, economic and ecological wood production potentials 
of the forests. 
 
Sections 4 and 5 focused on the possibilities and limitations of a sustainable, certified 
production of bioenergy (Research Questions II and III). Formulating and implementing 
sustainability criteria can be problematic, because a lack of data and tools make it difficult to 
formulate practical indicators and criteria. Also, compliance with sustainability criteria may 
require changes in the management of energy crop production or the operation of processing 
plants, which may limit the potential supply of bioenergy or increase the costs. These issues 
were investigated for two promising bioenergy production systems: short rotation coppice 
(SRC) in Brazil and Ukraine (Section 4), and ethanol production from sugar cane in Brazil 
(Section 5). 
 
In the study on SRC in Brazil and Ukraine (Section 4), twelve sustainability criteria and 
accompanying indicators were taken into account. These were grouped into: socio-economic 
issues (i.e. child labour, (minimum) wages, employment, healthcare and education), land 
issues (i.e. food supply and deforestation), and environmental issues (i.e. soil erosion, GHG 
emissions, depletion of fresh water resources, nutrient losses and soil nutrient depletion, 
agrochemical pollution, and biodiversity). As there is no generally accepted definition of 
sustainability, a loose and a strict set of criteria were defined. The impact of each criterion on 
costs and quantity of bioenergy were calculated, insofar and as accurately as this was possible. 
The case studies concerned SRC in south-east Brazil and Ukraine in 2015. 
 
The loose set of criteria were found to have no impact on the costs of energy crop production, 
because they require no management adjustments. SRC has lower environmental impacts than 
conventional agricultural land use, especially annual crop production. Additional measures to 
ensure socio-economic sustainability are not required. The costs of bioenergy were calculated 
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to be 1.6 € GJ-1 in Brazil and 1.8 € GJ-1 in Ukraine. These results are based on the average 
yield of SRC that is representative for the area of surplus agricultural land (i.e. land that is no 
longer needed for food production), assuming an increase in food production efficiency. 
 
The strict set of criteria resulted in an increase in the average costs of energy crop production 
to 2.3 € GJ-1 (+44%) in Brazil and 2.1 € GJ-1 (+15%) in Ukraine. The contribution of criteria 
related to socio-economic issues is far less than that of criteria related to land and 
environmental issues, because SRC is relatively labour-extensive and increases in labour costs 
therefore have a limited impact on overall performance. 
 
Section 5 assessed the environmental and socio-economic impacts of producing ethanol from 
sugarcane in São Paulo State, Brazil. We attempted to determine to what extent these impacts 
form obstacles to sustainable and certified ethanol production. Four parameters were used to 
evaluate whether an area of concern is a bottleneck: (1) the importance of the area of concern, 
based on the severity of the impact and the frequency with which the literature cites an aspect 
as an area of concern; (2) the availability of indicators and criteria; (3) the necessity of 
improvement strategies to achieve compliance with Brazilian and/or (inter)national legislation, 
standards, guidelines and sustainability criteria; and (4) the impact of these improvement 
strategies on the costs and potential of ethanol production. 
 
Seventeen environmental and socio-economic areas of concern were analysed. Fourteen areas 
of concern were classified as a minor or medium obstacle. For seven areas of concern, the 
additional costs to avoid or reduce undesirable effects were calculated to be ≤ +10% (per area 
of concern). Due to higher yields and overlapping costs, the total additional production costs 
of complying with various environmental and socio-economic criteria were calculated at about 
+36%. 
 
Major obstacles to sustainable and certified production are the increase in cane production and 
the possible impacts on biodiversity, as well as the competition with food production. 
Genetically modified cane is presently being developed, but has not yet been put into 
application. Either a ban on, or permission to use, genetically modified cane could form an 
obstacle, because both involve potentially large advantages and disadvantages, and these 
remain very uncertain. 
 
The study also showed that the energy input-to-output ratio can be increased and the 
greenhouse gas emissions reduced by increasing the ethanol production efficiency (the ethanol 
production per tonne of cane) and by increasing the use of bagasse (the fibrous residue left 
after cane milling) for electricity production. 
 
Section 6 analysed the impact of fertilizer- and manure-induced nitrous oxide (N2O) emissions 
due to energy crop production on the reduction of greenhouse gas (GHG) emissions, when 
conventional transportation fuels are replaced with first-generation biofuels (taking account of 
other GHG emissions throughout the life cycle). Existing LCAs usually exclude the variability 
of emissions caused by differences in soil and climate, as well as crop type, and also ignore 
the impacts of the reference land use (i.e. the land use that is replaced by energy crop 
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production). To calculate the N2O emissions due to energy crop production, a statistical model 
was applied, using spatial data on climate and soil as inputs. Various reference land-use types 
(i.e. the land use that is assumed to be replaced by energy crops production) were considered. 
The most important reference land-use types are cropland for food production, grassland and 
natural vegetation. Calculations were also done for the case in which the emissions due to 
energy crop production are fully additional; that is, without considering a reference land use. 
The results were combined with data from existing studies on other emissions due to biofuels 
production, resulting in GHG emission reduction potentials for major biofuels in comparison 
to conventional fuels. However, it should be noted that the results are derived from a partial 
analysis, as the impact of CO2 emissions due to the conversion of land use to energy crop 
production have not been included (see also, the following paragraphs on GHG balances). 
 
The results show that N2O emissions can play a very important role in the GHG balance of 
biofuels. Ethanol produced from sugar cane or sugar beet was found to be a relatively robust 
‘GHG-saver’, with GHG emission reduction potentials of 60-102% (sugar cane) and 17-56% 
(sugar beet). Diesel made from palm fruit also has a relatively constant and substantial GHG 
emission reduction potential of 51-78%. For corn and wheat ethanol, the reduction potentials 
were found to be 11-36% and 53-84%, respectively; for rapeseed and soybean diesel, they 
were found to be 72-69% and 44-67%, respectively. 
 
Optimised crop management, which involves the use of state-of-the-art agricultural 
technologies combined with an optimised fertilization regime and the use of nitrification 
inhibitors, can reduce N2O emissions substantially and increase the GHG emission reduction 
potential by up to 135 percent points. However, the uncertainties in the statistical N2O 
emission model and the data on non-land-use GHG emissions due to biofuels production are 
large, as a result of which the absolute GHG emission reduction ranges between -152 and +34 
percent points. 
 
Section 7 analysed the economic and environmental performance of switchgrass and 
miscanthus production and transportation chains in the European Union (EU25). Five 
environmental parameters were considered: GHG emissions, primary fossil energy use, impact 
on fresh water reserves, soil erosion, and impact on biodiversity. The analyses concerned five 
areas in Poland, Hungary, Lithuania, Italy and the UK, which represent the variability of 
socio-economic and environmental conditions in the EU25. In the analyses, we focused on the 
use of abandoned cropland to produce biomass. The lowest costs for the year 2004, including 
production, storage and transportation across 100 km, were calculated to be 
43-64 € per oven dry tonne (odt), or 2.4-3.6 € per GJ higher heating value, for Poland, 
Hungary and Lithuania. This cost level is roughly equivalent to the price of natural gas and 
crude oil (approx. 3.0 € GJ-1) in 2004, but higher than that of coal (1.5 € GJ-1) in the same 
year. The higher prices of labour, land and other inputs in Italy and the UK resulted in higher 
production costs of 65-105 € odt-1, or 3.6-5.8 € GJ-1. The increase in the price of natural gas 
and oil (to approx. 6.0 € GJ-1 in 2030) and the reduction of production costs will improve the 
competitiveness of perennial grasses. The GHG emission factors were calculated to be 
68-127 kg CO2 eq. odt-1 (3.8-7.1 kg CO2 eq. GJ-1), which compare very favourably to 83, 60 
and 101 kg CO2 eq. GJ-1 for oil products, natural gas and coal, respectively (including indirect 
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emissions from the production and transportation). The ratio between bioenergy output and 
fossil primary energy input ratio was found to be 23-49. The results also show that miscanthus 
and switchgrass have a favourable, robust GHG and energy balance in comparison to fossil 
fuels. 
 
An uncertainty and sensitivity analysis was done in order to identify key targets for research 
and development and for optimisation of production chains. Key factors are the crop yield, the 
fertilizer application rate, the nitrous oxide (N2O) emissions, the harvesting and storing 
system, the land rent and the transportation distance. The production of perennial grasses also 
reduces soil erosion rates with respect to annual crops, but an increase is estimated if this land 
use replaces permanent grassland. Due to the fast growth of perennial grasses and deep 
rooting systems, the deep percolation and runoff of water is also reduced with respect to 
annual crops, which may lead to a reduction of fresh water reservoirs. Overexploitation can be 
avoided by selecting suitable locations (distant from directly accessible fresh water reservoirs) 
and an appropriate plantation size. The impact on biodiversity is also generally favourable in 
comparison to annual crops, though the plantation location with respect to other vegetation 
types, as well as the size and harvesting regime of the plantation, were found to be important 
variables. 
 
In summary, we conclude that bioenergy can probably make an important contribution to a 
more sustainable energy supply, provided that criteria are met with respect to the five key 
issues identified in Section 1: (1) greenhouse gas emissions, (2) competition with food, 
(3) biodiversity, (4) environment, and (5) welfare and well-being. 
 
We conclude that fertilizer- and manure-induced N2O emissions can have a large impact on 
the GHG balance of first-generation biofuels, depending on factors including the reference 
land use. However, the uncertainty in calculating GHG balances is large; in particular, as a 
result of uncertainties in the statistical model on N2O emissions and data on non-land-use 
GHG emissions. The GHG emission reduction potentials of ethanol made from sugar cane or 
sugar beet and diesel made from palm fruit are robust: a positive GHG emission reduction 
potential was calculated for these fuels under all circumstances. Lignocellulose crops 
generally require fewer fertilizers than annual crops; consequently, the impact of N2O 
emissions on the GHG balance is probably less than that of annual crops, although this has not 
been investigated in detail. It should be noted that GHG emissions due to changes in above- or 
belowground biomass, soil organic matter and litter resulting from land-use conversion, which 
can have a large impact on the GHG balance of bioenergy systems, have been excluded from 
our analysis. Further research is needed to investigate the impacts of land-use changes. 
However, we expect that these impacts will be limited if waste streams, (recently) abandoned 
cropland and degraded and marginal lands are used to produce biomass for energy 
purposes.107 

                                                 
107 After the research presented in this thesis was completed, two studies were published which analysed the impact of 
land conversion on the GHG balance of biofuels (Fargione et al., 2008; Searchinger et al., 2008). Fargione et al. 
calculated the amount of carbon released during the first 50 years after natural vegetation was converted into cropland 
for energy crop production. They referred to this carbon release as the ‘carbon debt’. Next, they calculated the time 
needed to ‘repay the debt’; that is, the time required to compensate for the carbon debt by reducing GHG emissions, to 
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The issues of (2) competition with food and (3) biodiversity are potential obstacles to the 
production and use of bioenergy. The results in Sections 2 and 3 show a very large technical 
potential of bioenergy from dedicated energy crops, residues and waste, and forest growth. 
The maximum worldwide technical potential of bioenergy production in the year 2050 was 
calculated to be approx. 1500 EJ, which is roughly three times the world’s present primary 
energy consumption per year. However, this figure will be much lower when sustainability 
criteria are applied. 
 
The use of residues and waste that are not needed to produce animal feed is a relatively secure 
option; we calculated its potential in the year 2050 to be 76-96 EJ. Another promising option 
is the use of degraded and marginal lands for the production of lignocellulose energy crops. 
Such lands are not suitable for conventional agriculture and therefore their use for bioenergy 
production does not compete with food production. The potential of lignocellulose energy 
crops produced on degraded and marginal lands was calculated to be 110 EJ in the year 2050, 
but further research is required, as existing data on the total areas of degraded and marginal 
lands and on the crop yields that can be realised on these areas are uncertain. 
 
The bulk of the biomass energy potential in the year 2050 will come from lignocellulose 
energy crops produced on surplus agricultural land. In comparison to the annual crops that are 
currently used to produce first-generation liquid biofuels, lignocellulose crops have the 
advantage of not directly competing with the use of biomass to produce food. However, the 
use of land to produce lignocellulose crops may compete with the use of land to produce food. 
Biomass energy from dedicated energy crops can make a substantial contribution to the global 
energy supply. This will only be achieved if more advanced agricultural production systems 
are implemented that greatly increase food production efficiency and thus reduce the amount 
of land needed to produce food. In our analysis, the total area of agricultural land is kept 
constant to avoid negative impacts on biodiversity. However, most existing projections 
indicate that, under current socio-economic conditions and assuming that current trends 
continue, the area of agricultural land will decrease or remain stable in industrialized regions 
and regions with economies in transition (e.g. countries of the former USSR), whereas the 
area will increase in developing regions. The regions with transitional economies have the 
most robust potential, mainly because their population is projected to decrease in the next few 
decades and the large areas of agricultural land currently in use are producing well below their 
agro-ecological potential. The bioenergy potential of the developing regions (especially South 
America and the Caribbean, and sub-Saharan Africa) is huge, though relatively uncertain, 
because of the large gap between their current, inefficient production systems and the more 

                                                                                                                                
be achieved by replacing conventional fuels with first-generation biofuels. They calculated for example the following 
‘repayment times’ for several biofuels and land-use types: (a) biodiesel made from palm fruit grown on South East 
Asian plantations: 86 years in the case of land converted from tropical rainforest; 423 years in the case of land 
converted from peatland rainforest; (b) ethanol made from sugar cane grown on Brazilian plantations: 319 years in the 
case of land converted from tropical rainforest; 17 years in the case of land converted from wooded cerrado; (c) 
biodiesel made from soybeans grown on converted Brazilian grassland cerrado: 37 years; (d) biodiesel made from 
corn grown on US cropland that had been abandoned for a period of 15 years: 48 years. These values indicate how 
important it is that future research should consider the consequences of producing biofuels from crops grown on 
converted lands, with particular attention to the resulting GHG emissions and the impact on the overall GHG balance. 
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sophisticated systems that are necessary to reduce the area of agricultural land. It should also 
be noted that South America and the Caribbean, and especially sub-Saharan Africa, are 
regions in which a significant part of the population suffers from food insecurity. In reality, 
however, food insecurity results from a variety of factors, including war, civil unrest and 
unequal distribution of income, rather than from a shortage of cropland. The production of 
energy crops may well provide new opportunities for farmers in such regions to generate 
income and diversify their agricultural production. Diversification enhances resilience and 
flexibility with regard to changes in yields and prices, and also reduces dependence on 
conventional cash crops, the production and export of which can be hampered by saturated 
markets and trade barriers. However, these impacts have not been analysed in this study and 
are therefore a prime target for future research. 
 
The conclusions derived from our analysis of global bioenergy potentials are also valid for the 
three bioenergy case studies examined in this thesis: short rotation coppice (SRC) in Brazil 
and Ukraine (Section 4) and ethanol production from sugar cane in Brazil (Section 5). The 
impacts of sugar cane production in Brazil are particularly interesting because this is currently 
the world’s largest and most successful large-scale biofuel production system. The data we 
collected, though admittedly limited and incomplete, indicate that the use of land to grow 
sugar cane for ethanol production competes with the use of land to produce food. There are 
also indications that sugar cane production might (indirectly) lead to the conversion of 
(semi-)natural vegetation to agricultural land. Potential positive impacts of ethanol production 
on food security, via the generation of employment and income, have not been analysed and 
are therefore a subject for future research. It should also be noted that, in theory, up to half of 
the Brazilian agricultural land that was in use in 1998 could be made available for energy crop 
production in 2015 by increasing the food production efficiency — and even when the 
projected increased food consumption is taken into account. 
 
With respect to the environmental impacts, we conclude that the environmental performance 
of perennial energy crops, such as eucalyptus in Brazil (see Section 4), poplar in Ukraine (see 
Section 4) and miscanthus and switchgrass in Europe (see Section 7), is generally more 
favourable than that of annual crops and similar to that of permanent pastures. This conclusion 
is certainly valid for soil erosion, agrochemical pollution and nutrient leaching. The 
biodiversity impacts may also be favourable, provided that attention is given to the 
management of energy crop production and to plantation location and size with respect to 
existing natural and agricultural areas, and provided that no natural vegetation is converted. A 
possible exception is the impact on freshwater reserves, because perennial crops have deeper 
root systems than annual crops and therefore pose a higher risk of depleting freshwater 
reservoirs. Generally speaking, sufficiently reliable tools and methods are available to 
evaluate the environmental performance of various crops, though the lack of detailed site- or 
region-specific data makes this difficult. This is particularly relevant when estimating the 
impact on water reserves, which should ideally be determined for each water basin in 
question. Indicators and criteria can be obtained from existing certification systems, and from 
agriculture and forestry guidelines that can be used when developing certification schemes for 
environmentally sustainable bioenergy systems. The additional costs of complying with 
environmental criteria are probably limited, as can be concluded from our case studies 
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regarding SRC in Brazil and Ukraine and ethanol production from sugar cane in Brazil. For 
example, the production costs of ethanol produced from organic cane are only 10% higher 
than those of conventional ethanol. It should be noted that existing certification systems 
generally focus on direct impacts, ignoring the impacts of indirect and induced land-use 
changes. 
 
We also analysed the competitiveness of several bioenergy production systems with respect to 
fossil fuels. The conclusion is that, potentially, not only SRC in Brazil and Ukraine, but also 
the production of miscanthus and switchgrass in Europe (particularly Eastern Europe), can 
compete with oil or natural gas. Although complying with sustainability criteria may increase 
production costs, our analysis of SRC in Brazil and Ukraine indicates that even when these 
additional costs are taken into account, SRC can provide biomass at attractive cost levels of 
2.3 € GJ-1 in Brazil and 2.1 € GJ-1 in Ukraine in the year 2015. For miscanthus and switchgrass 
produced in Eastern Europe, slightly higher cost levels were calculated, i.e. 2.4-3.6 € GJ-1 in 
the year 2004, though these data exclude the additional costs of complying with sustainability 
criteria. In comparison, the 2004 prices of natural gas and crude oil were approx. 3.1 and 
4.6 € GJ-1, respectively, and the price of coal 1.7 € GJ-1. (It should be noted that crude oil and 
natural gas prices roughly doubled between 2004 and 2007.) Ethanol produced in Brazil is 
already competitive with conventional fuel. For conventional ethanol, production costs of 
0.27 € l-1 were calculated. For sustainable ethanol, the costs may increase to 0.37 € l

-1. 
 
We also conclude that the sustainability of bioenergy crop production in terms of wages, 
labour conditions, child labour and employment can be guaranteed at limited additional costs, 
at least in the cases of SRC in Brazil and Ukraine and ethanol production in Brazil. Current 
labour costs in developing countries are so low that even in the case of labour-intensive 
production of ethanol in Brazil, significant increases in labour costs to ensure social 
sustainability have a limited impact on the total production costs. 
 
The impact of climate change on the potential of energy crop production is an issue that has 
largely been excluded from this thesis and therefore requires further attention. Also, 
comprehensive and practically applicable certification systems need to be developed. 
Furthermore, our calculations of the additional costs of complying with sustainability criteria 
must be regarded as being merely indicative. More detailed research is needed to gain a better 
understanding of these additional costs. Further research is also required to verify and refine 
the framework proposed in Sections 4 and 5, preferably involving more specific regional 
analysis. Another key issue is the need to involve regional and (inter)national stakeholders in 
the further development of sustainability criteria for bioenergy production and use. 
 
The observations and conclusions presented in this thesis clearly indicate that, when 
developing sustainable bioenergy production systems, it is crucial to integrate bioenergy 
policies with agriculture policies to ensure that bioenergy production does not compete with 
food production and that natural vegetation is not converted into agricultural land. In these 
respects, serious obstacles to accurate analysis are posed by the difficulty of quantifying the 
impacts of energy crop production on land use, and the current partial or, in some cases, total 
lack of practical indicators and criteria to evaluate these impacts. This is particularly true of 
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indirect or induced impacts (leakage effects). Future research should therefore focus on the 
dynamics of socio-economic systems in response to energy crop production, and on the 
identification of policy targets, indicators and criteria for sustainability. Such research should 
consider direct as well as indirect and induced impacts, including not only the employment 
and investment benefits that may mitigate the impact of higher food prices, but also the direct 
and induced impacts due to employment trends as a result of land-use changes. The extent to 
which land-use changes have an impact on the greenhouse gas balance of bioenergy systems 
through changes in above- or belowground biomass, soil organic matter and litter is another 
area that has yet to be researched in depth. Finally, the impact of bioenergy production on 
biodiversity should be further investigated and evaluated, with particular attention to the 
mitigation of climate change that can be achieved by means of sustainable bioenergy 
production systems and, in turn, the mitigation of biodiversity losses due to climate change. 
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HOOFDSTUK 8 

 

SAMENVATTING EN  

CONCLUSIES

 

 
Het huidige gebruik van energie, in het bijzonder het gebruik van fossiele energie (aardolie, 
aardgas en steenkool), is om verschillende redenen niet duurzaam. Ten eerste: de verbranding 
van fossiele brandstoffen is voor een overgroot deel verantwoordelijk voor de toename van de 
concentratie van broeikasgassen in de atmosfeer en zeer waarschijnlijk ook voor de 
klimaatverandering. Ten tweede: de ongelijke verdeling van in het bijzonder de olie- en 
gasreserves over de aardbol leidt er toe dat veel landen voor hun energievoorziening 
afhankelijk zijn van de import van energiedragers. Dit leidt weer tot geopolitieke spanningen 
en conflicten. Daarnaast vormt de instabiliteit van sommige belangrijke energie-exporterende 
regio’s een potentiële bedreiging voor een stabiele productie en export van energiedragers en 
daardoor een bedreiging voor de energiezekerheid van de importerende landen. Ten derde: de 
reserves van olie en gas die tegen lage kosten gewonnen kunnen worden zijn beperkt en 
nemen snel af. De winning van olie en gas wordt steeds moeilijker en daardoor duurder (IEA, 
2007c). Ook de uitstoot van vervuilende stoffen (zoals SO2, NOx en fijn stof) ten gevolge van 
de verbranding van fossiele brandstoffen is een belangrijk nadeel van het huidige gebruik van 
energie. Verder is de huidige energievoorziening niet duurzaam aangezien circa 2 miljard 
mensen geen toegang hebben tot moderne, betaalbare en betrouwbare energiedragers, terwijl 
dit essentieel is voor onder andere (economisch) ontwikkeling en het terugdringen van 
armoede.  
 
Moderne bio-energie kan mogelijk een bijdrage leveren aan een meer duurzame 
energievoorziening. Bio-energie kan, afhankelijk van de veranderingen in landgebruik, een 
kooldioxide (CO2) neutrale bron van energie zijn. Bio-energie kan worden geproduceerd in de 
meeste regio’s in de wereld en kan daardoor de afhankelijkheid van de import van fossiele 
brandstoffen verminderen en daarmee bijdragen aan een stabiele energievoorziening. De 
productie van bio-energie kan ook bijdragen aan de economische ontwikkeling van rurale 
gebieden, vanwege de investeringen en de werkgelegenheid die gecreëerd wordt in gebieden 
waar de bio-energie wordt geproduceerd.  
 
Een grote variëteit aan types biomassa kan gebruikt worden voor de productie van bio-energie. 
Op dit moment is het gebruik van residuen en afval voor de productie van warmte en 
elektriciteit de meest gebruikte toepassing van bio-energie. Daarnaast is de productie van 
zogenaamde eerste-generatie biobrandstoffen voor gebruik in de transportsector een 
belangrijke groeimarkt. Eerste-generatie biobrandstoffen worden gemaakt uit traditionele 
gewassen die ook gebruikt worden voor de productie van voedsel. Voorbeelden zijn ethanol 
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dat gemaakt wordt uit suiker- of zetmeelhoudende gewassen (bv. suikerbiet, suikerriet, tarwe, 
maïs) en biodiesel gemaakt uit oliehoudende gewassen (koolzaad, zonnebloemzaad, palm 
fruit, sojabonen). De productie van eerste-generatie biobrandstoffen is de laatste paar jaar snel 
toegenomen en zal waarschijnlijk de komende jaren snel verder stijgen. In toenemende mate 
zal hierna naar verwachting gebruik worden gemaakt van ligno-cellulose gewassen, zoals 
wilg, populier, eucalyptus, olifantsgras, switchgras, voor de productie van vloeibare 
biobrandstoffen voor gebruik in de transportsector, maar ook voor de productie van warmte en 
elektriciteit. Ligno-cellulose gewassen hebben een hogere opbrengst per hectare en kunnen 
tegen lagere kosten geproduceerd worden dan de meeste gewassen die gebruikt worden voor 
de productie van eerste-generatie biobrandstoffen. Het gebruik van ligno-cellulose gewassen 
kan de kosten van bepaalde vormen van bio-energie omlaag brengen tot niveaus die 
concurrerend zijn met energie uit fossiele brandstoffen, aangenomen dat verdere verhoging 
van de opbrengsten per hectare en van de efficiëntie van conversie naar moderne bio-
energiedragers gerealiseerd kunnen worden. De ontwikkeling en toepassing van bio-energie is 
daarom in veel landen een belangrijk onderdeel van het energiebeleid aan het worden.  
 
Dit betekent niet dat de productie en het gebruik van bio-energie per definitie duurzaam is. 
Om dat te bereiken is het noodzakelijk om de gevolgen van de productie en het gebruik van 
bio-energie op mens en natuur te analyseren en te normeren. Idealiter moet dit worden gedaan 
op basis van een geïntegreerde benadering waarbij rekening wordt gehouden met de drie 
dimensies van duurzame ontwikkeling. Deze drie dimensies zijn: de sociale dimensie (draagt 
bio-energie bij aan het sociale welzijn van de mensen?), de dimensie milieu (draagt bio-
energie bij aan een verbetering van de milieukwaliteit?) en de economische dimensie (is het 
gebruik van bio-energie economische haalbaar?). Op dit moment worden verschillende 
initiatieven ontplooid die zich richten op het certificeren bio-energieproductiesystemen. 
Certificering geeft een zekere mate van garantie aan de gebruiker van bio-energie dat aan 
bepaalde duurzaamheidcriteria wordt voldaan. Belangrijke thema’s hierbij zijn de uitstoot van 
broeikasgassen, de concurrentie met de productie van voedsel (en andere toepassingen van 
biomassa) en de gevolgen voor het milieu (met name voor de biodiversiteit), welvaart en 
welzijn. Een probleem hierbij is dat er geen consensus bestaat over de definitie van de term 
duurzaamheid, maar ook al zou die er wel zijn, dan bestaat nog steeds het probleem dat 
verschillende belanghebbenden verschillende prioriteiten stellen en dus tot verschillende 
visies op de te hanteren normen.  
 
Het doel van dit proefschrift is het analyseren van de mogelijkheden en beperkingen van een 
duurzame productie en aanbod van bio-energie. Om dit doel te bereiken zijn vijf 
onderzoeksvragen geformuleerd:  
 

I. Wat zijn de potentiëlen van de productie van biomassa voor de productie voor 
energie in verschillende delen van de wereld in het jaar 2050, rekening houdende 
met biologische en klimatologische beperkingen en ook met het gebruik van 
biomassa voor de productie van voedsel, materialen en traditionele bio-energie 
en met de noodzaak om bestaande bossen te handhaven voor de bescherming van 
biodiversiteit?  
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II. Wat zijn de knelpunten voor de formulering en implementatie van 
duurzaamheidcriteria voor bio-energieproductie?  

III. Wat is de invloed van het voldoen aan duurzaamheidcriteria op de kosten en het 
potentieel van bio-energie?  

IV. Wat is de invloed van het gebruik van kunstmest- en dierlijke mest tijdens de 
productie van energiegewassen en de daardoor veroorzaakte emissies van 
distikstofoxide (N2O) op de vermindering van de emissie van broeikasgassen 
(BKG) wanneer conventionele transportbrandstoffen worden vervangen door 
eerste-generatie biobrandstoffen?  

V. Wat is de economische en milieu prestatie van productie, opslag en vervoer van 
olifantsgras en switchgras in Europa in de jaren 2004 en 2030?  

 
Daarnaast zijn doelen van het onderzoek: de identificatie van gebrek aan kennis en gegevens 
en het onderkennen van mogelijkheden en beperkingen van strategieën die gevolgd kunnen 
worden om de duurzaamheid van bio-energie productiesystemen te verbeteren.  
 
In Hoofdstuk 2 en 3 van dit proefschrift wordt het bio-energiepotentieel in verschillende 
werelddelen in het jaar 2050 geanalyseerd (onderzoeksvraag I). Speciale aandacht wordt 
hierbij besteed aan de invloed van de onderliggende factoren die dit potentieel bepalen.  
 
In Hoofdstuk 2 worden drie bronnen van biomassa beschouwd, namelijk de productie van 
houtachtige energiegewassen, de oogst van biomassa uit bossen en het gebruik van residuen & 
organisch afval. Speciaal voor dit doel is een model ontwikkeld dat het mogelijk maakt het 
technisch potentieel van bio-energie productie te schatten in het jaar 2050. Dit model heet  
Quickscan. Het Quickscan model is gebaseerd op een bottom-up analyse van de factoren die 
het potentieel van bio-energie in een regio bepalen. De productie van energiegewassen is in 
deze analyse beperkt tot het landbouwareaal dat niet meer nodig is voor de productie van 
voedsel. Speciale aandacht is hierbij besteed aan de mogelijkheid om het areaal 
landbouwgrond dat nodig is voor de productie van voedsel te verminderen door de efficiëntie 
van de productie van voedsel per hectare landbouwareaal te verhogen. Ten behoeve van onze 
analyses is een referentiescenario voor de vraag naar voedsel opgesteld. Vier niveaus van 
landbouwtechnologie zijn aangenomen voor het jaar 2050 die verschillen in de mate van 
efficiëntie waarmee voedsel wordt geproduceerd, maar die alle vier efficiënter zijn dan wat 
thans gebruikelijk is. De resultaten laten zien dat efficiëntere productiesystemen in combinatie 
met geografische optimalisatie van gewasproductie, het areaal landbouwgrond dat nodig is 
voor de productie van voedsel in het jaar 2050 kan reduceren met 72 % ten opzichte van het 
huidige areaal. Een belangrijke factor is de efficiëntie waarmee dierlijke producten (vlees en 
zuivel) worden geproduceerd. In de meeste regio’s ligt de efficiëntie momenteel ver beneden 
het niveau dat technisch haalbaar is. Het bio-energiepotentieel van energiegewassen geteeld 
op overtollige landbouwarealen is berekend op 215 EJ y-1 tot 1272 EJ y-1, afhankelijk van de 
efficiëntie van de productie van voedsel en van de gerealiseerde productiviteit. Het merendeel 
van dit potentieel is afkomstig uit Zuid-Amerika & het Caribisch gebied (47-221 EJ y-1), het 
deel van Afrika ten zuiden van de Sahara (31-317 EJ y-1) en het Gemenebest van 
Onafhankelijke Staten & de Baltische Staten (45-199 EJ y-1). Oceanië en Noord-Amerika 
hebben ook aanzienlijke technische potentiëlen: 20-174 EJ y-1 en 38-102 EJ y-1, 
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respectievelijk. Echter, de verwezenlijking van deze (technische) potentiëlen vereist een 
significante toename van de efficiëntie waarmee voedsel wordt geproduceerd. De minst 
onzekere potentiëlen zijn gevonden voor het G.O.S. & de Baltische Staten en voor Oost 
Europa.  
 
Verder worden in Hoofdstuk 2 de resultaten vergeleken met die van bestaande studies naar 
bio-energiepotentiëlen. Bestaande studies geven aan dat de toename van de efficiëntie van de 
productie van voedsel die is aangenomen in onze analyses onrealistisch hoog is. Echter, 
bestaande studies nemen de gevolgen van additionele investeringen in de modernisering van 
de landbouw ten gevolge van de productie van biomassa voor energieproductie niet mee.  
  
Het bio-energiepotentieel van de groei van bossen is berekend op basis van de maximale 
hoeveelheid biomassa die technisch gezien geoogst kan worden zonder dat het areaal bos of de 
hoeveelheid staande biomassa wordt verminderd, minus de vraag naar biomassa voor 
materiaaltoepassingen en voor traditionele bio-energietoepassingen voor zover deze niet 
gedekt worden door het gebruik van biomassa van plantages en van bomen buiten bossen. Een 
referentiescenario is opgesteld voor de vraag naar biomassa voor materiaaltoepassingen en 
biomassa voor traditionele bio-energietoepassingen. Het bio-energie potentieel van de groei 
van bossen in 2050 is berekend op 74 EJ.  
 
Het technisch potentieel van residuen en afval uit de landbouw, bosbouw en de 
houtverwerkende industrie is berekend rekening houdend met het gebruik van residuen als 
diervoer. Het wereldwijde bio-energiepotentieel van residuen en afval in 2050 is berekend op 
76-96 EJ. 
 
In Hoofdstuk 3 wordt een meer gedetailleerde analyse gegeven van het potentieel van 
biomassa van de groei van bossen en van houtachtige residuen en afval (oogstresiduen, 
procesresiduen en afval gemaakt van houtachtige biomassa) in het jaar 2050. Een onderscheid 
is gemaakt tussen het theoretisch, technisch, economisch en ecologische groei potentieel van 
bossen. Beschermde bossen zijn niet meegenomen als een bron van biomassa. Drie scenario’s 
zijn gedefinieerd voor de vraag naar biomassa voor materiaaltoepassingen en voor traditionele 
bio-energietoepassingen in het jaar 2050, op basis van de bandbreedtes die in de literatuur zijn 
gevonden. Ook het aanbod van biomassa van bomen buiten bossen en van plantages is 
meegenomen, waarbij drie scenario’s zijn opgesteld die variëren met betrekking tot de 
snelheid waarmee het areaal plantages zich uitbreidt gedurende de komende decennia. In het 
geval van de middelste scenario’s is het theoretisch potentieel dat in 2050 beschikbaar komt 
voor energieopwekking 6,1 Gm3 (71 EJ) en het technisch potentieel is 5,5 Gm3 (64 EJ). 
Economische beperkingen reduceren dit aanbod tot 1,3 Gm3y-1 (15 EJ y-1). Indien ook nog 
ecologische criteria worden meegenomen, dan overschrijdt de vraag het aanbod met 0,7 Gm3y-

1 (8 EJ y-1). Het bio-energiepotentieel van procesresiduen en oogstafval is geschat op het 
equivalent van 2,4 Gm3y-1 (28 EJ y-1) in het geval van het middelste vraag- en 
plantagescenario. Deze resultaten geven aan dat bossen in principe een belangrijke bron van 
biomassa kunnen zijn, zonder dat de beschikbaarheid van biomassa voor 
materiaaltoepassingen en voor traditionele bio-energietoepassingen daarbij in gevaar komt en 
zonder dat het areaal bos of de hoeveelheid staande biomassa in het bos afneemt. Echter, 
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regionale tekorten kunnen voorkomen in bepaalde gebieden, zoals Zuid-Azië, het Midden-
Oosten en Noord-Afrika. De belangrijkste onzekerheden in deze analyses zijn het aanbod van 
biomassa afkomstig van bomen buiten bossen, de snelheid waarmee ontbossing plaats gaat 
vinden, het gebruik van biomassa voor traditionele energietoepassingen en de theoretische, 
technische, economische en ecologische energiepotentiëlen van bossen.  
 
In Hoofdstuk 4 en 5 wordt een onderzoek beschreven naar de mogelijkheden en beperkingen 
van een duurzame en gecertificeerde bio-energie productie (onderzoeksvragen II en III). De 
resultaten geven aan dat de formulering en implementatie van duurzaamheidcriteria voor de 
productie van bio-energie problematisch kan zijn, omdat praktisch bruikbare indicatoren en 
criteria nog deels geformuleerd moeten worden en omdat er een gebrek is aan gegevens. Het 
moeten voldoen aan duurzaamheidcriteria kan betekenen dat veranderingen nodig zijn in de 
manier waarop energiegewassen geproduceerd en verwerkt worden. Dit kan mogelijk het 
aanbod van bio-energie beperken maar ook de kosten van bioenergie doen toenemen. Twee 
veelbelovende bio-energie productiesystemen zijn onderzocht. Het eerste systeem is de 
productie van biomassa op basis van korte rotatie bosbouw in Brazilië en Oekraïne 
(Hoofdstuk 4). Het tweede systeem is de productie van ethanol uit suikerriet in Brazilië 
(Hoofdstuk 5).  
 
In de studie naar korte rotatie bosbouw in Brazilië en Oekraïne (Hoofdstuk 4) zijn twaalf 
duurzaamheidcriteria en bijbehorende indicatoren meegenomen. Deze twaalf kunnen in drie 
groepen verdeeld worden: socio-economische criteria (kinderarbeid, (minimum) lonen, 
werkgelegenheid, gezondheidszorg, scholing), criteria die verband houden met landgebruik 
(concurrentie met de productie van voedsel, ontbossing) en milieu gerelateerde criteria 
(bodemerosie, broeikasgasemissies, uitputting van waterreserves, vervuiling van ecosystemen 
door meststoffen en agro-chemicalien, impact op biodiversiteit). Een losse en strikte set 
criteria zijn gedefinieerd, aangezien er geen consensus bestaat over een definitie van de term 
duurzaamheid. Voor elk criterium is bepaald in hoeverre naleving van de criteria invloed heeft 
op de kosten en het potentieel van bio-energie, voor zover de beschikbaarheid van gegevens 
dit mogelijk maakt.  
 
De losse set criteria heeft geen gevolgen voor de kosten van korte rotatie bosbouw. Korte 
rotatie bosbouw heeft in het algemeen een lagere milieubelasting dan de productie van 
traditionele gewassen. Maatregelen om socio-economische duurzaamheid te garanderen zijn 
niet noodzakelijk in het geval van de losse set van criteria. De kosten van bio-energie zijn 
berekend op 1,6 € GJ-1 in Brazilië en 1,8 € GJ-1 in Oekraïne. Deze resultaten zijn representatief 
voor het landbouwareaal dat niet meer nodig voor de productie van voedsel, waarbij is 
aangenomen dat een aanzienlijke stijging van de efficiëntie van de productie van voedsel 
gerealiseerd kan worden.  
 
De strikte set criteria leidt tot een toename van de gemiddelde kosten tot 2,3 € GJ-1 (+44 %) in 
Brazilië en tot 2,1 € GJ-1 (+15 %) in Oekraïne. Het merendeel van de additionele kosten heeft 
betrekking op het naleven van criteria de betrekking hebben op landgebruik en milieu; de 
additionele kosten die zijn gemoeid met de naleving van socio-economische criteria zijn 
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beperkt, omdat korte termijn bosbouw relatief arbeidsextensief is en een toename van de 
kosten van arbeid dus een relatief beperkte invloed op de kosten heeft.  
 
In Hoofdstuk 5 zijn de gevolgen geanalyseerd van de productie van ethanol uit suikerriet in de 
staat São Paulo (Brazilië). Tevens is een poging ondernomen te schatten in hoeverre deze 
gevolgen een licht, gemiddeld of een zwaar knelpunt vormen voor een duurzame en 
gecertificeerde ethanolproductie. Vier parameters zijn gebruikt om te evalueren of een 
duurzaamheidthema een knelpunt is: (1) het belang van het thema dat is bepaald op basis van 
de frequentie waarmee een duurzaamheidthema in de literatuur wordt vermeld, (2) de 
beschikbaarheid van indicatoren en criteria, (3) de mate waarin verbeteringen noodzakelijk 
zijn om te voldoen aan Braziliaanse en/of (inter)nationale wetgeving, standaarden, richtlijnen 
en duurzaamheidcriteria en (4) de gevolgen die deze verbeteringen met zich mee brengen voor 
de kosten en het potentieel van de productie van ethanol.  
 
Zeventien duurzaamheidthema’s zijn meegenomen in de analyses. Veertien thema’s zijn 
geclassificeerd als een licht of gemiddeld knelpunt. Voor zeven van deze veertien thema’s zijn 
de additionele kosten om ongewenste gevolgen te vermijden of verminderen tot beneden de 
norm 10 % of minder (per thema). Als gevolg van een overlap in de kosten en een hogere 
productie-efficiëntie zijn de totale additionele kosten geschat op 36 %.  
 
Grote knelpunten voor een duurzame en gecertificeerde productie van ethanol uit suikerriet 
zijn de toename van de productie van suikerriet ten kosten van natuurlijke vegetatie en de 
mogelijk gevolgen voor de biodiversiteit en ook de concurrentie met voedselproductie. 
Genetisch gemodificeerd suikerriet is momenteel in ontwikkeling, maar wordt op dit moment 
niet toegepast. Zowel een verbod op als het toestaan van genetisch gemodificeerd suikerriet 
kan een zwaar knelpunt zijn vanwege de potentiële, maar onzekere voor- en nadelen.  
 
Het onderzoek beschreven in Hoofdstuk 5 toont ook aan dat de energie output input ratio 
verhoogd en de uitstoot van broeikasgassen verlaagd kan worden door middel van een hogere 
efficiëntie van de productie van ethanol per ton suikerriet en door het gebruik van bagasse (het 
vezelige residu dat overblijft na het malen van suikerriet) voor de productie van elektriciteit.  
 
In Hoofdstuk 6 is de invloed van de emissies van distikstofmonoxyde (N2O) op de 
vermindering van broeikasgas (BKG) emissies onderzocht indien conventionele 
transportbrandstoffen worden vervangen door eerste-generatie biobrandstoffen. N2O emissies 
worden veroorzaakt door het gebruik van dierlijke mest en kunstmest tijdens de productie van 
energiegewassen. In bestaande levenscyclusanalyses (LCA’s) wordt de variabiliteit in N2O 
emissies als gevolg van verschillen in bodem, klimaat en type gewas meestal genegeerd. Dit 
geldt ook voor de invloed van het referentielandgebruik (d.w.z. het landgebruik dat wordt 
vervangen door de productie van energiegewassen).  
 
De N2O emissies van de productie van energiegewassen zijn berekend met behulp van een 
statistisch model. Dit model gebruikt data over klimaat en bodem in combinatie met gegevens 
over de hoeveelheid dierlijke mest en kunstmest die gebruikt wordt tijdens de productie van 
energiegewassen. Verschillende typen referentielandgebruik zijn in de analyse meegenomen. 
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De belangrijkste zijn: akkerland, grasland en natuurlijke vegetatie. Tevens zijn berekeningen 
uitgevoerd indien de emissies ten gevolge van de productie van energiegewassen volledig als 
additionele emissies beschouwd mogen worden en er dus geen referentielandgebruik is 
meegenomen. De resultaten zijn gecombineerd met gegevens over andere BKG emissies die 
vrijkomen gedurende de levenscyclus van biobrandstoffen. Daarna is een berekening gemaakt 
van de totale reductie van BKG emissies, waarbij is aangenomen dat de biobrandstoffen 
worden gebruikt ter vervanging van conventionele brandstoffen. Hierbij moet worden 
opgemerkt dat de invloed van BKG emissies als gevolg van veranderingen in landgebruik 
door de productie van energiegewassen niet is meegenomen (zie ook de paragraaf over BKG 
balansen verder in dit hoofdstuk).  
 
De resultaten laten zien dat de N2O emissies een zeer belangrijke factor kunnen zijn voor de 
BKG balans van de eerste generatie biobrandstoffen. Ethanol gemaakt uit suikerriet en 
suikerbieten leidt tot een relatief hoge reductie van BKG emissies van respectievelijk 60 % tot 
102 % voor suikerriet en van 17 % tot 56 % voor suikerbiet ten opzichte van conventionele 
brandstoffen. Ook diesel gemaakt uit palmfruit heeft een relatief hoge en robuuste BKG 
emissiereductie van 51 % tot 78 %. De BKG emissie reductie van ethanol gemaakt uit maïs en 
tarwe varieert tussen respectievelijk -11 % tot 36 % voor mais en –53 % tot 84 % voor tarwe. 
Voor diesel uit koolzaad en sojabonen is een BKG emissiereductie van respectievelijk –72 % 
tot 69 % en van -44 % tot 67 % berekend. Merk op dat een negatief percentage betekent dat de 
BKG uitstoot toeneemt. 
 
De uitstoot van N2O kan verminderd worden door middel van de optimalisatie van de 
productie van energiegewassen door gebruik te maken van hoogwaardige 
landbouwtechnologieën in combinatie met een geoptimaliseerde nutriëntenhuishouding en het 
gebruik van nitrificatieremmers. Daardoor kan de BKG emissiereductie met maximaal 135 
procentpunt toenemen. Echter, het statistisch N2O model en de gegevens over de emissies van 
andere broeikasgassen dan N2O zijn relatief onzeker en kunnen de absolute BKG 
emissiereductie veranderen met -152 tot +34 procentpunt, alhoewel voor de meeste 
biobrandstoffen deze bandbreedtes veel kleiner zijn. 
 
In Hoofdstuk 7 zijn de economische en milieuprestatie van productie- en transportketens van 
switchgras en olifantsgras in de Europese Unie geanalyseerd. Vijf milieuthema’s zijn in dit 
onderzoek meegenomen: de BKG emissies, het gebruik van primaire fossiele energie en de 
gevolgen voor waterreserves, bodemerosie en biodiversiteit. In het onderzoek zijn vijf 
gebieden in vijf landen (Polen, Hongarije, Litouwen, Italië en het Verenigd Koninkrijk) 
meegenomen die de variatie in socio-economische omstandigheden en klimaat in de EU25 
vertegenwoordigen. Wij zijn er van uit gegaan dat de productie van olifantsgras en switchgras 
beperkt kan blijven tot overtollige arealen landbouwgrond. De landen met de laagste kosten 
van de productie, opslag en transport (100 km) van switchgras en olifantsgras in het jaar 2004 
zijn Polen, Hongarije en Litouwen: 43-64 € per ton droge stof (tds) biomassa, ofwel 
2,4-3,6 € per GJ hogere verbrandingswaarde). Dit niveau van kosten is ongeveer gelijk aan de 
prijs van aardgas en ruwe olie (ca. 3,0 € GJ-1) in 2004, maar is hoger dan de prijs van 
steenkool (1,5 € GJ-1). De prijs van arbeid, land en andere kostenfactoren is hoger in Italië en 
het Verenigd Koninkrijk en daarom zijn hier de productiekosten ook hoger dan in de andere 



 
 
 
 
 
Hoofdstuk 8 

282 

drie regio’s: 65-105 € tds-1 of 3,6-5,8 € GJ-1. De concurrentiekracht van olifantsgras en 
switchgras ten opzichte van aardgas en olie kan aanzienlijk verbeteren, aangenomen dat de 
prijs van aardgas en olie stijgt naar ca. 6,0 € GJ-1 in 2030. De BKG emissies zijn berekend op 
68-127 kg CO2 tds-1 (3,8-7,1 kg CO2 eq. GJ-1), vergeleken met een emissiefactor van 83, 60 en 
101 kg CO2 eq. GJ-1 voor respectievelijk olieproducten, aardgas en steenkool (inclusief de 
indirecte emissies van productie en transport van deze energiedragers). De ratio tussen output 
van bio-energie en input van fossiele energie is 23-49. Deze resultaten geven aan dat 
olifantsgras en switchgras een gunstige en robuuste BKG- en energiebalans hebben.  
 
Een onzekerheid- en gevoeligheidsanalyse zijn uitgevoerd om factoren te identificeren waarop 
toekomstig onderzoek zich kan richten en ook om factoren te identificeren voor de 
optimalisering van de productie en van transportketens. Belangrijke factoren zijn de opbrengst 
per hectare, het gebruik van kunstmest, de N2O emissies, de performance van oogst- en 
opslagsystemen, de kosten van land, en de afstand waarover de biomassa getransporteerd 
wordt. De productie van meerjarige grassen vermindert bodemerosie vergeleken met eenjarige 
gewassen, maar de diepe wortels en het hoge watergebruik zorgen er voor dat de percolatie 
van water en de afspoeling van water worden verminderd in verhouding tot eenjarige 
gewassen en dit kan leiden tot een afname van waterreserves. Overexploitatie van 
waterreserves kan mogelijk worden vermeden door de productie van olifantsgras en 
switchgras te beperken tot bepaalde locaties (niet in de nabijheid van rechtstreeks 
toegankelijke waterreserves) en de afmetingen van de plantages te beperken. De invloed van 
de productie van olifantsgras en switchgras op biodiversiteit is in het algemeen gunstig 
vergeleken met eenjarige gewassen, maar de locatie van de plantage ten opzichte van andere 
typen vegetatie, de afmetingen van de plantages en het oogstschema per plantage zijn 
belangrijke variabelen.  
 
Samenvattend laat dit proefschrift zien dat bio-energie een belangrijke bijdrage kan leveren 
aan een meer duurzame energievoorziening, op voorwaarde dat voldaan wordt aan criteria die 
betrekking hebben op de thema’s die in hoofdstuk 1 zijn geïdentificeerd: (1) 
broeikasgasemissies, (2) concurrentie met voedsel, (3) biodiversiteit, (4) milieu, (5) welvaart 
en (6) welzijn.  
 
Wij concluderen dat emissie van N2O als gevolg van het gebruik van kustmest en dierlijke 
mest voor de productie van energiegewassen een grote invloed kan hebben op de 
broeikasgasbalans van de eerste generatie biobrandstoffen. De invloed van N2O emissies is 
sterk afhankelijk van onder andere het referentielandgebruik dat wordt aangenomen. De 
onzekerheden in de berekeningen van de BKG emissiereductie zijn groot, in het bijzonder 
door de onzekerheid van het statistisch model dat is gebruikt om de N2O emissies te 
berekenen maar ook als gevolg van de onzekerheden die samenhangen met andere emissies 
die vrijkomen tijdens de productie van biobrandstoffen. Het BKG emissiereductiepotentieel 
van ethanol gemaakt van suikerriet en suikerbieten en diesel gemaakt van palmfruit is relatief 
robuust: deze biobrandstoffen hebben onder alle omstandigheden een positief BKG 
emissieproductiepotentieel. Ligno-cellulose gewassen hebben in het algemeen een lagere 
behoefte aan meststoffen vergeleken met eenjarige gewassen en daardoor is de invloed van 
N2O emissies op de BKG balans van de tweede generatie biobrandstoffen waarschijnlijk lager 
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vergeleken met de eerste generatie biobrandstoffen. Echter, de BKG emissies ten gevolge van 
veranderingen in de boven- of ondergronds levende biomassa en dood organisch materiaal op 
en in de bodem als gevolg van veranderingen in landgebruik die het gevolg zijn van de 
productie van energiegewassen zijn niet meegenomen in onze analyses. Deze emissies kunnen 
een grote invloed hebben op de BKG balans van bio-energiesystemen, afhankelijk van welke 
type landgebruik wordt vervangen. Verder onderzoek naar veranderingen in landgebruik ten 
gevolge van bio-energie is daarom dringend gewenst. Merk echter op dat deze negatieve 
effecten vermeden of beperkt kunnen worden indien residuen en afval gebruikt worden voor 
de productie van bio-energie, of als (onlangs) verlaten landbouwgronden en gedegradeerde en 
marginale gronden worden gebruikt voor de productie van energiegewassen. 
  
De thema’s (2) concurrentie met voedsel en (3) biodiversiteit zijn potentiële knelpunten voor 
een duurzame productie en gebruik van bio-energie. De resultaten die zijn gepresenteerd in 
hoofdstuk 2 en 3 laten zien dat het technisch energiepotentieel van ligno-cellulose gewassen, 
residuen en afval en van de groei van bossen zeer hoog is. Het wereldwijde technisch 
potentieel in 2050 is geschat op maximaal circa 1500 EJ, wat ongeveer gelijk is aan drie keer 
het huidige primaire energiegebruik op aarde per jaar. Echter, dit potentieel kan sterk 
verminderen indien duurzaamheidcriteria worden toegepast.  
 
Het gebruik van residuen en afval die niet nodig voor de productie van diervoer is een 
betrekkelijk veilige optie met een potentieel van 76-96 EJ in het jaar 2050. Ook het gebruik 
van gedegradeerd en marginale gronden die niet geschikt zijn voor conventionele landbouw is 
een veelbelovende optie, omdat het gebruik van deze gebieden niet hoeft te leiden tot 
concurrentie met de productie van voedsel. Het potentieel van ligno-cellulose 
energiegewassen geproduceerd op gedegradeerde en marginale gronden is berekend op 110 EJ 
in 2050. Verder onderzoek hiernaar is gewenst, aangezien de arealen gedegradeerd en 
marginale gronden en de opbrengsten die gerealiseerd kunnen worden op deze arealen onzeker 
zijn. Het hoogste energiepotentieel in het jaar 2050 is afkomstig van ligno-cellulose 
energiegewassen geproduceerd op landbouwgronden die niet meer nodig zijn voor de 
productie van voedsel. Echter, het gebruik van land voor de productie van ligno-cellulose 
gewassen kan indirect wel leiden tot concurrentie met het gebruik van land voor de productie 
van voedsel.  
 
Een voorwaarde voor de realisatie van een aanzienlijke bijdrage van bio-energie aan de 
wereldenergievoorziening is dat meer geavanceerde landbouwproductiesystemen worden 
geïmplementeerd waardoor de efficiëntie van de productie van voedsel belangrijk toeneemt en 
de hoeveelheid land die nodig is voor de productie van voedsel afneemt. Het totale areaal 
landbouwgrond is in onze analyses constant gehouden waardoor negatieve effecten op 
biodiversiteit ten gevolge van de conversie van natuurlijke vegetatie naar landbouwgronden 
worden voorkomen. Echter, bestaande studies geven aan dat, op basis van de huidige socio-
economische omstandigheden en trends, het areaal landbouwgrond daalt of stabiel blijft in de 
geïndustrialiseerde gebieden en in gebieden met economieën die in een overgang naar vrije 
markt zitten (de landen die behoorden tot het voormalige Sovjet Unie blok) en dat het areaal 
landbouwgrond stijgt in ontwikkelingslanden. De gebieden met overgangseconomieën hebben 
het meest robuuste potentieel, hoofdzakelijk vanwege de afname van bevolking die is 
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voorspeld voor de komende decennia en de grote arealen landbouwgrond die momenteel 
gebruikt worden met een productiviteit die ligt ver beneden wat agro-ecologisch haalbaar is. 
Het bio-energiepotentieel van ontwikkelingsgebieden (en in het bijzonder Zuid-Amerika & het 
Caribisch gebied en het deel van Afrika ten zuiden van de Sahara) is enorm, maar ook relatief 
onzeker, vanwege de grote kloof tussen de huidige, inefficiëntie productiesystemen en de 
productiesystemen die zijn vereist om het areaal landbouwgrond te verminderen. Verder dient 
ook te worden opgemerkt dat Zuid-Amerika & het Caribisch gebied en met name het deel van 
Afrika ten zuiden van de Sahara ook gebieden zijn waarin een aanzienlijk deel van de 
bevolking te maken heeft met een onzekere voedselvoorziening. Onderkend moet worden dat 
een onzekere voedselvoorziening meestal het resultaat is van diverse factoren, zoals oorlog of 
een zeer ongelijke verdeling van inkomen, in plaats van een tekort aan landbouwgrond. De 
productie van energiegewassen biedt mogelijk kansen voor boeren om extra inkomsten te 
genereren en de productie te diversifiëren. Diversificatie versterkt veerkracht en flexibiliteit 
met betrekking tot veranderingen in opbrengsten en prijzen en vermindert ook de 
afhankelijkheid van conventionele gewassen waarvan de productie en uitvoer vaak belemmerd 
wordt door verzadigde markten en handelsbarrières. Deze aspecten zijn echter niet 
geanalyseerd in onze studie en kunnen daarom een belangrijk onderwerp voor toekomstig 
onderzoek zijn.  
 
De conclusies die afgeleid kunnen worden uit de analyses van de wereldwijde bio-
energiepotentiëlen zijn ook geldig voor de drie case studies die geanalyseerd zijn in dit 
proefschrift, namelijk korte rotatie bosbouw in Brazilië en Oekraïne (hoofdstuk 4) en de 
productie van ethanol uit suikerriet in Brazilië (hoofdstuk 5). In het bijzonder de invloed van 
de productie van suikerriet in Brazilië is interessant, omdat dit momenteel het meest 
omvangrijke en succesvolle productiesysteem van biobrandstoffen ter wereld is. De beperkte 
en onvolledige gegevens die wij hebben gevonden geven aan dat er concurrentie optreedt 
tussen de productie van suikerriet voor ethanol en de productie van voedsel. Er zijn ook 
signalen dat de productie van suikerriet (indirect) leidt tot een conversie van (semi-)natuurlijke 
vegetatie naar landbouwland. Potentieel positieve effecten van de productie van suikerriet op 
de voedselvoorziening, via de werkgelegenheid en inkomen, zijn niet geanalyseerd en dit is 
daarom een onderwerp voor toekomstig onderzoek. Verder dient te worden opgemerkt dat in 
theorie het areaal dat nodig voor de productie van voedsel in het jaar 2015 met de helft kan 
worden gereduceerd ten opzicht van het areaal dat in 1998 in gebruik is, rekening houdend 
met een toename van de consumptie van voedsel en aangenomen dat de efficiëntie van de 
productie sterk verhoogd wordt.  
 
Met betrekking tot de gevolgen voor het milieu kan geconcludeerd worden dat de 
milieuprestaties van meerjarige energiegewassen (populier in Oekraïne, eucalyptus in Brazilië, 
olifantsgras en switchgras in Europa (hoofdstuk 7) in het algemeen gunstig zijn vergeleken 
met eenjarige gewassen en vergelijkbaar zijn met grasland. Dit geldt voor bodemerosie en 
voor vervuiling als gevolg van het gebruik van landbouwchemicaliën en meststoffen. Ook de 
gevolgen voor de biodiversiteit kunnen gunstig zijn, op voorwaarde dat tijdens de productie 
van de energiegewassen aandacht wordt besteed aan de bescherming van de biodiversiteit, 
maar ook aan de locatie en de afmetingen van plantages. Ook is aangenomen dat er geen 
conversie plaatsvindt van natuurlijke vegetatie naar landbouwgrond. Een uitzondering is de 
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invloed op waterhuishouding. Meerjarige gewassen hebben een dieper wortelstelsel dan 
eenjarige gewassen en hebben daarom een hoger risico dat de productie leidt tot een daling 
van waterreserves. In het algemeen kan gesteld worden dat voldoende methoden beschikbaar 
zijn om de milieuprestatie van gewassen te evalueren, maar dat gedetailleerde gegevens vaak 
ontbreken. Dit is voornamelijk relevant voor het schatten van de invloed op waterreserves wat 
idealiter zou moet gebeuren per waterbekken. Praktisch bruikbare indicatoren en criteria om 
de milieu-impacts te analyseren zijn beschikbaar in bestaande certificeringsystemen en 
richtlijnen die zijn ontwikkeld voor de landbouw en bosbouw, maar kunnen zonder problemen 
worden gebruikt bij de ontwikkeling van certificeringsystemen voor duurzame bio-
energieproductiesystemen. De kosten van het naleven van duurzaamheidcriteria die betrekking 
hebben op milieuthema’s zijn waarschijnlijk beperkt, zoals is gebleken uit onze studie naar 
korte rotatie bosbouw in Brazilië en Oekraïne en de productie van ethanol uit suikerriet in 
Brazilië. Ter illustratie, de productiekosten van ethanol gemaakt van biologisch geproduceerde 
stengels zijn slechts 10 % hoger dan die van ethanol geproduceerd uit conventioneel 
geproduceerde suikerriet. Een punt van aandacht is wel dat in bestaande certificeringsystemen 
de aandacht louter gericht is op de directe gevolgen en dat indirecte en geïnduceerde 
veranderingen (nog) buiten beeld blijven.  
 
Wij hebben ook de concurrentiepositie van verschillende biobrandstoffen onderzocht in 
vergelijking met die van fossiele brandstoffen. Wij concluderen dat de productie van biomassa 
op basis van korte rotatie bosbouw in Brazilië en Oekraïne en de productie van olifantsgras en 
switchgras in Europa (en in het bijzonder in Oost-Europa) concurrerend kan zijn met fossiele 
olie of aardgas. Het naleven van duurzaamheidcriteria zal de productiekosten doen toenemen, 
maar onze analyses van korte rotatie bosbouw in Brazilië en Oekraïne laten zien dat zelfs 
wanneer deze kosten worden meegenomen, biomassa geproduceerd kan worden tegen een 
aantrekkelijk kostenniveau van 2,3 € GJ-1 in Brazilië en 2,1 € GJ-1 in Oekraïne in het jaar 
2015. De kosten van de productie van olifantsgras en switchgras in Oost-Europa zijn iets 
hoger, namelijk 2,4-3,6 € GJ-1 in het jaar 2004, maar dit is exclusief de extra kosten ten 
gevolge van het voldoen aan duurzaamheidscriteria. Ter vergelijking, in het jaar 2004 was de 
prijs van aardgas circa 3,1 € GJ-1, ruwe olie circa 4,6 € GJ-1, respectievelijk en van steenkool 
circa 1,7 € GJ-1. Hierbij moet worden opgemerkt dat de prijs van ruwe olie en aardgas tussen 
2004 en 2007 ongeveer is verdubbeld. Ethanol geproduceerd in Brazilië is op dit moment al 
concurrerend met conventionele brandstoffen. Voor conventioneel geproduceerd ethanol zijn 
de productiekosten berekend op 0,27 € l-1; de productiekosten van duurzame ethanol zijn 
hoger, namelijk 0,37 € l-1.  
 
Wij concluderen verder ook dat de duurzaamheid van de productie van energiegewassen met 
betrekking tot lonen, arbeidsomstandigheden, kinderarbeid en werkgelegenheid gegarandeerd 
kan worden tegen beperkt additionele kosten. Dit blijkt uit de studies naar de productiekosten 
van korte rotatie bosbouw in Oekraïne en Brazilië en ethanolproductie in Brazilië. De 
arbeidskosten in ontwikkelingslanden zijn in het algemeen zo laag dat zelfs in geval van de 
arbeidsintensieve productie van suikerriet in Brazilië, een significantie toename van de 
arbeidskosten om sociaal verantwoorde productie te garanderen slechts een beperkt effect 
heeft op de totale productiekosten.  
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De gevolgen van de klimaatverandering op het potentieel van energiegewassen is een aspect 
dat in dit proefschrift grotendeels is genegeerd en dat verder onderzocht moet worden. Ook is 
het gewenst dat allesomvattende, maar praktisch toepasbare certificeringsystemen voor bio-
energie ontwikkeld worden. Verder moet worden opgemerkt dat de berekening van de 
additionele kosten ten gevolge van naleving van duurzaamheidcriteria zoals gepresenteerd in 
dit proefschrift slechts als indicatief moeten worden beschouwd. Nader onderzoek is gewenst 
om een beter beeld te krijgen van de additionele kosten. Onderzoek is ook noodzakelijk om 
het raamwerk dat is voorgesteld in hoofdstuk 4 en 5 te verifiëren en te verfijnen, vooral door 
middel van meer regionale analyses. Ook de verdere ontwikkeling van duurzaamheidcriteria 
voor de productie en het gebruik van bio-energie in samenwerking met diverse regionale en 
(inter)nationale belanghebbenden is een belangrijk punt van aandacht.  
 
De resultaten en conclusies in dit proefschrift geven duidelijk aan dat de integratie van bio-
energiebeleid met landbouwbeleid en natuurbeleid een cruciaal aspect is om concurrentie met 
de productie van voedsel te vermijden en de conversie van natuurlijke vegetatie naar 
landbouwgrond te vermijden. Een handicap hierbij is dat de gevolgen van de productie van 
energiegewassen moeilijk zijn te kwantificeren. Ook praktisch toepasbare indicatoren en 
criteria om deze gevolgen te evalueren zijn thans nauwelijks of niet beschikbaar. Dit geldt met 
name voor de indirecte of geïnduceerde gevolgen (ook wel lek-effecten genoemd). Een 
hoofdpunt van aandacht in toekomstig onderzoek moet daarom de dynamiek van het socio-
economische systeem en de formulering van beleidsdoelen, indicatoren en criteria voor 
duurzaamheid zijn. Belangrijk daarbij is dat in een dergelijk onderzoek zowel de directe als de 
indirecte en geïnduceerde gevolgen worden meegenomen. Dit geldt vooral voor de effecten 
van extra werkgelegenheid en investeringen als gevolg van de productie van bio-energie die 
negatieve gevolgen van hogere voedselprijzen mogelijk kunnen verminderen. Daarnaast 
betreft het de indirecte en geïnduceerde gevolgen van de productie van energiegewassen op 
landgebruikspatronen, op de BKG balans van bio-energiesystemen, op de biodiversiteit. Bij de 
analyse van de gevolgen van bio-energieproductie op biodiversiteit moet verder rekening  
worden gehouden met de gevolgen van de vermindering van klimaatverandering die 
gerealiseerd wordt en de afname van het verlies van biodiversiteit ten gevolge van 
klimaatverandering. 
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hoofdstukken. Wim, ook jij, heel erg bedankt. Iris Lewandowski heeft een essentiële bijdrage 
geleverd aan het onderzoek beschreven in de hoofdstukken 2, 4 en 7. Iris, ik heb bewondering voor 
je kennis en gedrevenheid en bedank je voor de uitstekende begeleiding. Further, thanks to Arnaldo 
Walter and Paulo Dolzan from the State University of Campinas, Brazil, for their contributions to 
the research on Brazilian ethanol. Martin Junginger, ook jou bedank ik voor de prettige 
samenwerking. Dank ook aan Lex Bouwman, Detlef van Vuuren en Elke Stehfest van het Milieu- 
en Natuurplanbureau voor de begeleiding tijdens het onderzoek naar de emissies van lachgas (N2O) 
van bio-energieproductie, wat voor mij vrijwel nieuw onderzoeksveld was, maar wat met jullie 
hulp heeft geresulteerd in een leuk stuk werk.  
 
Further, I owe thanks to all the people across the world that have helped me, directly or indirectly, 
during the past few years. You are with too many to mention you all separately, so hereby I thank 
you all! Yet, I would like to make an exception for Paul Crutzen, Wilfried Winiwarter and Michael 
Obersteiner of the International Institute of Applied Systems Analysis, where I spend three months 
in 2006 to participate in the Young Scientists Summer Programme 2006. You got me involved in 
interesting and innovative research on nitrous oxide emissions from energy crop production that 
inspired me to continue working on this topic in the Netherlands. So thank you very much. 
 
Daarnaast ben ik dank verschuldigd aan alle collega’s en oud-collega’s die NW&S maken tot een 
zeer diverse, keigezellige en inspirerende club van interessante persoonlijkheden!! Jullie zijn met te 
veel om jullie allen specifiek te noemen, dus hierbij allemaal heel erg bedankt voor de gezelligheid 
en support. Nog een specifiek bedankje aan de NW&S squashers (Nils, Deger, Takeshi, Richard), 
de fietsers (Maarten, Martin en Floor, en Roald van Innovatie- en Milieuwetenschappen), aan 
Barbara (YSSP), aan mijn voormalige kamergenoten Jinke, Julia Hansson van Chalmers University 
(Zweden) en Jussi Heinimo van Lappeenranta University of Technology (Finland), aan de 
studenten die ik met veel plezier heb begeleid (Adam, Birka, Bothwell en Marieke) en ook aan het 
secretariaat. 
 
Maar ook tijdens mijn onderzoek bij het Milieu- en Natuurplanbureau heb ik mogen genieten van 
de gezelligheid van kamergenoten. In het bijzonder dank ik hiervoor Rineke en Paul. Daarnaast 
speciale dank aan Gerard, vanwege zijn hulp met XY en onnavolgbare afleidingsmaneuvres.  
 
Verder, beste vrienden, familie, kennissen, biologen, jaarclubgenoten, muppers, Amelanders, jonge 
humanisten, drankenbroeders, skiërs, fietsers, squashers, spelletjesfanaten, festivalgangers, limbo’s, 
klaverjassers, pokerspelers en anderen: dank voor de ontspanning en gezelligheid na het werk! Mo, 
thnx voor het ontwerpen van de kaft. 
 
Lieve papa en mama, zonder alles dat ik van jullie heb meegekregen was dit proefschrift er 
ongetwijfeld niet gekomen. Daarom draag ik dit proefschrift op aan jullie, heel erg bedankt voor…. 
tja, alles eigenlijk.  
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