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EXECUTIVE SUMMARY 1 

Bioenergy today 2 

Chapter 2 discusses biomass, a primary source of fiber, food, fodder and energy. Since the dawn of 3 
society Biomass is the most important renewable energy source, providing about 10% (46 EJ) of the 4 
annual global primary energy demand. A major part of this biomass use (37 EJ) is non-commercial 5 
and relates to charcoal, wood and manure used for cooking and space heating, generally by the 6 
poorer part of the population in developing countries. Modern bioenergy use (for industry, power 7 
generation, or transport fuels) is making already a significant contribution of 9 EJ, and this share is 8 
growing.  9 

Currently, modern bioenergy chains involve a wide range of feedstocks, conversion processes and 10 
end-uses. Feedstock types include dedicated crops or trees, residues from agriculture and forestry 11 
and related transformation industries, and various organic waste streams. Their economics and 12 
yields vary widely across world regions and feedstock type/conversion processes, with costs 13 
ranging from 5 to 80 US$/GJ biofuels, from 5 to 20 US$/GJ for electricity, and from 1 to 5 US$/GJ 14 
for heat from solid fuels or waste.There are several important bioenergy systems today, most 15 
notably sugar cane based ethanol production and heat and power generation from residual and waste 16 
biomass that can be deployed competitively. Depending on energy prices and specific market 17 
conditions, also smaller scale applications (for power heat and biofuels) can compete, such as 18 
jathropha oil production in rural settings. 19 

Future potential 20 

The expected deployment of biomass for energy on medium to longer term differs considerably 21 
between various studies. Large scale biomass deployment is largely conditional: deployment will 22 
strongly depend on sustainable development of the resource base and governance of land-use, 23 
development of infrastructure and on cost reduction of key technologies. Based on the current state-24 
of-the-art analyses, the upper bound of the biomass resource potential halfway this century can 25 
amount over 400 EJ. This could be roughly in line with the conditions sketched in the IPCC SRES 26 
A1 and B1 storylines, assuming sustainability and policy frameworks to secure good governance of 27 
land-use and improvements in agricultural and livestock management are secured. 28 

If the right policy frameworks are not introduced, further expansion of biomass use can lead to 29 
significant conflicts in different regions with respect to food supplies, water resources and 30 
biodiversity. The supply potential may then be constrained to a share of the biomass residues and 31 
organic wastes, some cultivation of bioenergy crops on marginal and degraded lands and some 32 
regions where biomass is evidently a cheaper energy supply option compared to the main reference 33 
options (which is the case for sugar cane based ethanol production). Biomass supplies may then 34 
remain limited to an estimated 100 EJ in 2050. 35 

Impacts  36 

Bioenergy production interacts in complex ways with society and the environment, including 37 
feedbacks among climate change, biomass production and land use. The impacts of bioenergy on 38 
social and environmental issues – ranging from health and poverty to biodiversity and water quality 39 
– may be positive or negative depending upon local conditions, how criteria and how actual projects 40 
are designed and implemented. Many conflicts can also be avoided and synergies with better 41 
management of natural resources (e.g. soil carbon enhancement and restoration, water retention 42 
functions) and contributing to rural development are possible. Optimal use and performance of 43 
biomass production and use is regionally specific. Policies therefore need to take regionally specific 44 
conditions into account and need to incorporate the agricultural and livestock sector as part of good 45 
governance of land-use and rural development interlinked with developing bioenergy. 46 
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Future options and cost trends 1 

There is clear evidence that further improvements in power generation technologies, supply systems 2 
of biomass and production of perennial cropping systems can bring the costs of power (and heat) 3 
generation from biomass down to attractive cost levels in many regions, especially when competing 4 
with natural gas. In case carbon taxes of some 20-30 U$/tonne would be deployed (or when CCS 5 
would be deployed), biomass can also be competitive with coal based power generation.  6 

There is clear evidence that technological learning and related cost reductions do occur with 7 
comparable progress ratio’s as for other renewable energy technologies. This is true for cropping 8 
systems (following progress in agricultural management when annual crops are concerned), supply 9 
systems and logistics (as clearly observed in Scandinavia, as well as international logistics) and in 10 
conversion (ethanol production, power generation, biogas and biodiesel).  11 

With respect to second generation biofuels, recent analyses have indicated that the improvement 12 
potential is large enough to make them compete with oil prices of 60-70 U$/barrel. Currently 13 
available scenario analyses indicate that if R&D and market support on shorter term is strong, 14 
technological progress could allow for this around 2020.  15 

Several short term options can deliver and provide important synergy with longer term options, 16 
such as co-firing, CHP and heat production and sugar cane based ethanol production. Development 17 
of working bioenergy markets and facilitation of international bioenergy trade is another important 18 
facilitating factor to achieve such synergies. 19 

Data availability is limited for production of biomaterials and biochemicals, bio-CCS concepts and 20 
algae. Recent scenario analyses indicate that advanced biomaterials (and cascaded use of biomass) 21 
as well as bio-CCS may become very attractive mitigation options on medium term. Algae may 22 
have a potential to produce liquid or gaseous fuels with minimal land-use, but their deployment is 23 
uncertain and may not be significant before 2030 24 

GHG & Climate change impacts 25 

Bioenergy at large has a significant GHG mitigation potential, provided resources are developed 26 
sustainably and provided the right bioenergy systems are applied. Perennial cropping systems and 27 
biomass residues and wastes are in particular able to deliver good GHG performance in the range of 28 
80-90% GHG reduction compared to the fossil energy baseline. 29 

Biomass potentials are influenced by and interact with climate change impacts but the detailed 30 
impacts are still poorly understood; there will be strong regional differences in this respect. Climate 31 
change impacts on bioenergy feedstocks production are real but do not pose serious constraints if 32 
temperature raise is limited to 2°C. Bioenergy and new (perennial) cropping systems also offer 33 
opportunities to combine adaptation measures (e.g. soil protection, water retention and 34 
modernization of agriculture) with production of biomass resources. 35 

The recently and rapidly changed policy context in many countries, in particular the development of 36 
sustainability criteria and frameworks and the support for advanced biorefinery and second 37 
generation biofuel options does drive bioenergy to more sustainable directions. There is consensus 38 
on the critical importance of biomass management in global carbon cycles, and on the need for 39 
reliable and detailed data and scientific approaches to facilitate more sustainable land use in all 40 
sectors.  41 

2.1 Introduction Current Pattern of Bioenergy Use and Trends 42 

Biomass continues to be the world’s major source of food, fodder and fibre as well as a renewable 43 
resource of hydrocarbons for use as a source of heat, electricity, liquid fuels and chemicals. 44 
Biomass sources include forest, agricultural and livestock residues, short-rotation forest plantations, 45 
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dedicated herbaceous energy crops, the organic component of municipal solid waste (MSW), and 1 
other organic waste streams. These are used as feedstocks, which through a variety of chemical and 2 
physical process, produce energy carriers in the form of solid fuels (chips, pellets, briquettes, logs), 3 
liquid fuels (methanol, ethanol, butanol, biodiesel), and gaseous fuels (synthesis gas, biogas, 4 
hydrogen). These fuels can then be used to produce mechanical power, electricity and heat as 5 
shown in Figure 2.1.1. 6 

 7 

Figure 2.1.1: Pathways of producing energy from biomass TSU: improve readability of graph 8 

Sustainably produced and managed, bioenergy can provide a substantial contribution to climate 9 
change mitigation and at the same time provide large co-benefits in terms of local employment and 10 
regional economic development. Bioenergy options may help increase biospheric carbon stocks (for 11 
example through plantations on degraded lands), or reduce carbon emissions from unsustainable 12 
forest use (for instance through the dissemination of more efficient cookstoves). Additionally, 13 
bioenergy systems may reduce emissions from fossil fuel-based systems by replacing them in the 14 
generation of heat and power (for example by gasifying biomass in CHP TSU: definition missing 15 
systems), or in the provision of liquid biofuels such as ethanol instead of gasoline. Advanced 16 
bioenergy systems and end-use technologies, can also substantially reduce the emission of black 17 
carbon and other short-lived GHGs such as methane and carbon monoxide, which are related to the 18 
burning of biomass in traditional open fires and kilns. Not properly designed or implemented, the 19 
large-scale expansion of bioenergy systems is likely to also have negative consequences for climate 20 
and sustainability such as inducing direct and indirect land use changes that can alter surface 21 
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albedo, release carbon from soils and vegetation or negatively impact local populations in terms of 1 
land tenure or reduced food security. In all these cases a life-cycle analysis must be conducted to 2 
assure that the net effect of bioenergy options is positive. 3 

According to available IEA energy statistics, bioenergy provides about 10 percent of the world’s 4 
current total primary energy supply (47.2 EJ of bioenergy out of a total of 479 EJ in 2005, i.e. 9.85 5 
percent) (IEA-ETE, 2007a). Most of this is for use in the residential sector (for heating and 6 
cooking) and is produced locally. In 2005 bioenergy represented 78 percent of all global renewable 7 
energy produced. A full 97 percent of biofuels are made of solid biomass, 71 percent of which is 8 
used in the residential sector, as biomass provides fuel for the cooking needs of 2.4 billion people. 9 
Biomass is also used to generate gaseous and liquid fuels, and growth in demand for the latter has 10 
been significant over the last ten years (GBEP, 2008). Residues from industrialized farming, 11 
plantation forests, and food and fibre-processing operations that are currently collected worldwide 12 
and used in modern bioenergy conversion plants are difficult to quantify but probably supply 13 
approximately 6 EJ/yr. Current combustion of over 130 Mt of MSW TSU: definition missing 14 
provides more than 1 EJ/yr though this includes plastics, etc. Landfill gas also contributes to 15 
biomass supply at over 0.2 EJ/yr (IPCC, 2007). 16 

Biomass can be used as a source of many forms of useful energy as is shown in Figure 2.1.1 but up 17 
to now provides a relatively small amount of the total primary energy supply (TPES) of the largest 18 
industrialized countries (grouped as G8 countries: United States, Canada, Germany, France, Japan, 19 
Italy, United Kingdom, and Russia) (1-4 percent). By contrast, bioenergy, mainly through the use of 20 
traditional forms (e.g. woodfuel and charcoal for cooking and heating) is a significant part of the 21 
energy supply in the largest developing countries representing from 5-27% of TPES (China, India, 22 
Mexico, Brazil, and South Africa) and more than 50% of TPES in the poorest countries. 23 
Worldwide, China with its 9000 PJ/yr is the largest user of biomass as a source of energy, followed 24 
by India (6000 PJ/yr), USA (2300 PJ/yr), and Brazil (2000 PJ/yr), while bioenergy’s contribution in 25 
Canada, France and Germany is around 450 PJ/yr.  26 

Global bioenergy use has been steadily growing worldwide in absolute terms in the last 40 years, 27 
with large differences among countries (see Fig 2.1.2 for the case of woodfuels). The bioenergy 28 
share in India, China and Mexico is decreasing, mostly as traditional biomass is substituted by 29 
kerosene and LPG within large cities, but consumption in absolute terms continues to grow.  The 30 
latter is also true for most African countries, where demand has been driven by a steady increase in 31 
woodfuels, particularly in the use of charcoal in booming urban areas.  32 

The use of solid biomass for electricity production is important, especially from pulp and paper 33 
plants and sugar mills. Bioenergy’s share in total energy consumption is increasing in the G8 34 
Countries through the use of modern forms (e.g. co-combustion for electricity generation, buildings 35 
heating with pellets) especially in Germany, Italy and the United Kingdom.  36 
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Figure 2.1.2. Global Fuelwood and Charcoal Production. Woody biomass is the main component 31 
of the solid biomass reported by IEA. According to the national statistics reported by FAO, in 2007 32 
the total amount of wood used as fuelwood and for charcoal production reached 1,881 million m3, 33 
42% came from Asia, 32% from Africa, 15% from Latin America. The evolution of global fuelwood 34 
production in the period 1961-2007 is shown. World production increased from 1.3 billion m3/yr 35 
in1961 to 1.9 billion in 2007, which means an annual growth rate of 0.7%. It is interesting to note 36 
that outside of the periods with high oil prices (1977-82 and after 2004) the annual growth rates are 37 
smaller 0.3% in the period 1961-77 and 0.5% in the period 1984-2003. The bulk of fuelwood and 38 
charcoal demand is concentrated in developing countries, particularly within Africa and Asia. Their 39 
production has remained essentially constant in LA and Asia – with important differences among 40 
countries – while it has been growing significantly in Africa. Source: FAOSTAT, 2009. 41 

While FAO statistics (Figure 2.1.2) represent an essential reference, they tend to underestimate 42 
woodfuel consumption. Until recent years biomass fuels were regarded as marginal products in both 43 
energy and forestry sectors (FAO, 2005a). In addition to such historical disregard, production and 44 
trade of biomass fuels are largely informal, thus excluded from the conventional sources of energy 45 
and forestry data. International forestry and energy data are the main reference sources for policy 46 
analyses but they are often in contradiction, when it comes to estimate biomass consumption for 47 
energy.  Moreover, detailed analyses indicate quite firmly that national statistics systematically 48 
underestimate the consumption of woody biomass for energy (FAO, 2005b (Mexico); FAO, 2006a 49 
(Slovenia), FAO. 2007 (Italy), FAO, 2009a in press (Argentina), FAO, 2008a (Mozambique)). 50 

2.1.1 Previous IPCC Assessments 51 

Bioenergy has not been examined in detail in previous IPCC reports. In the most recent assessment 52 
(AR4) the analysis of GHG mitigation from bioenergy was scattered among 7 chapters making it 53 
difficult to obtain an integrated and cohesive picture of its potential, challenges and opportunities. 54 
The main conclusions from the AR4 report  (IPCC, 2007) are as follows: i) the global sustainable 55 
potential for bioenergy was estimated at 250 EJ/yr (with a wide range on both sides); ii) The 56 
mitigation potential for electricity generation reaches 1,220 MtCO2-eq for the year 2030, a 57 
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substantial fraction of it at cost lower than 20 US$/tCO2 TSU: use SI units, i.e.”t” not “tonne”!; iii) 1 
Within agriculture the report estimated an overall biomass supply for energy ranging from 22 EJ/yr 2 
in 2025 to more than 400 EJ/yr in 2050. From a top-down assessment estimate the economic 3 
mitigation potential of biomass energy supplied from agriculture to be 70–1260 MtCO2-eq/yr at up 4 
to 20 US$/t CO2-eq, and 560–2320 MtCO2-eq/yr at up to 50 US$/tCO2-eq. These potentials 5 
represent mitigation of 5–80% resp.20–90% of all other agricultural mitigation measures combined, 6 
at carbon prices of up to 20, and up to 50 US$/tCO2-eq, respectively; iv) The energy potential for 7 
bioenergy coming from forest residues reaches 14-65 EJ/yr and the overall mitigation from the 8 
sector may reach 400 MtCO2/yr up to 2030.  9 

2.1.2 Structure of the chapter  10 

Estimating the future mitigation potential of bioenergy presents unique analytical challenges in 11 
comparison to other renewable energy sources, given the multitude of existing and rapidly evolving 12 
bioenergy sources, complexities of physical, chemical, and biological conversion processes, 13 
variability in site specific environmental and socio-economic conditions and the many interlinkages 14 
between bioenergy and other land-based activities, such as food and fibre production, forest 15 
protection, and others, as well as particular political interests triggered by the rapid evolution in 16 
production and use of liquid biofuels. 17 

In this chapter we seek to overcome these methodological and practical challenges by undertaking 18 
an integrated and comprehensive global review of the mitigation potential of bioenergy up to the 19 
year 2030. To reach this goal, we first examine the biomass resource potential, pointing out at the 20 
range of estimates from different sources as well as the opportunities and limitations from the 21 
potential competition for land, water and other resources. We then examine the main technology 22 
chains related to bioenergy production, from the feedstocks to the main end uses. Section 2.4 23 
provides the global and regional status of market and industry development in bioenergy, while 24 
section 2.5 analyzes the environmental and socio-economic impacts of the current bioenergy 25 
systems. We pay particular attention to the recent developments in life-cycle analyses. Section 2.6 26 
examines the emerging bioenergy technologies and integration systems. In section 2.7 we examine 27 
the cost trends for the major bioenergy systems and in section 2.8 we discuss the potential future 28 
deployment of bioenergy. 29 

2.2 Resource Potential  30 

2.2.1 Introduction 31 

Different types of biomass can be used for energy:  32 

 Primary residues from conventional food and fiber production in agriculture and forestry, 33 
such as cereal straw and logging residues;  34 

 Secondary and tertiary residues in the form of organic food/ forest industry by-flows and 35 
retail/ post consumer waste;  36 

 various plants produced for energy purposes including conventional food/feed/industrial 37 
crops, new types of agricultural plants and forest plants grown under varying rotation length.  38 

The quantification of current production of major crops and of industrial roundwood shown in 39 
Figure 2.2.1 offers a first perspective on the present human biomass production in relation to the 40 
size of the national and global energy systems. The present global industrial roundwood production 41 
amounts to 15-20 EJ (2-3 GJ/capita) of biomass per year and the global production of the major 42 
crops included in Figure 2.2.1 corresponds to about 60 EJ (10 GJ/capita) per year in total. For 43 
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comparison, about 390 EJ (60 GJ/capita) of fossil fuels were commercially traded globally in 2005 1 
(BP 2007).  2 

The total biomass flows in agriculture and forestry – including also the flows considered to be 3 
potential bioenergy feedstocks – are substantially larger. Krausmann et al. (2008) estimate that 4 
residues make up 50-60% of the aboveground biomass on the world’s cropland and that close to 5 
40% of these residues are presently left on the fields after harvest. Wirsenius et al. (2004) estimate 6 
that the total global production of by-products and residues from the food and agriculture system 7 
(crop residues, manure, food industry residues, organic waste, etc.) amounted to about 140 EJ/yr in 8 
1992/94. In forestry, felling losses are estimated to correspond to roughly one-third of the global 9 
wood removals, with substantially larger relative losses in tropical developing countries 10 
(Krausmann et al. 2008). In addition to this, large volumes of wood are cut during silvicultural 11 
thinning, which is an integrated part of forest management. 12 

From this it can be concluded that:  13 

 the present total global industrial forest biomass flow is much smaller than the present fossil 14 
fuel use. But a number of countries with large forest industries have significant per capita 15 
forest biomass flows and consequently have good prospects for making forest biomass an 16 
important part in the domestic energy supply (or export forest fuels to other countries);  17 

 globally, agricultural biomass flows are larger than the forest sector flows and there are 18 
more countries than in the case of forestry that have a significant per capita production (e.g. 19 
above 20 GJ/capita/year). The agricultural biomass flows are rather limited compared to the 20 
energy system, but still in many countries residues could become a significant part of the 21 
energy supply. 22 

This section focuses on the longer term biomass resource potential and how this has been estimated 23 
based on considering the Earth’s biophysical resources and restrictions on their energetic use arising 24 
from competing requirements on these resources – including non-extractive requirements such as 25 
soil quality maintenance/improvement and biodiversity protection. More near term potentials are 26 
treated in Section 2.3 that discusses implementation potentials for bioenergy. The different 27 
bioenergy production systems are described in more detail in Section 2.3 and 2.6. 28 

0

20

40

60

80

100

0 1 2 3 4 5

G
J/
ca
p
it
a/
ye
ar

EJ/year

Finland
Industrial roundwood production

USA

Estonia

Brazil

Russia EU25

Sweden
Canada

China

New Zealand

Latvia

 29 



First Order Draft Contribution to Special Report Renewable Energy Sources (SRREN)
 

    
Do Not Cite or Quote 12 of 136 Chapter 2 
SRREN_Draft1_Ch02.doc  22-Dec-09  
 

0

10

20

30

40

50

60

70

0 2 4 6 8 10

G
J/

ca
p

it
a/

ye
ar

EJ/year

China

USA

India

BrazilFrance

Malaysia

Indonesia
Russia

Argentina

Canada

EU27

Crop production

 1 
Figure 2.2.1. Production of major crop types (cereals, oil crops, sugar crops, roots & tubers and 2 
pulses) and industrial roundwood in the countries of the world: average for 2002-2006 (crops) and 3 
2000-2003 (roundwood), converted to energy units. The figure shows the dominant crop and 4 
industrial wood producers in the world and the production per capita in different countries. Based 5 
on data provided by the UN Food and Agriculture Organization, FAO (FAOSTAT, 2008). Note that 6 
the two diagrams have different scales. 7 

The biomass resource potential depends on the priority of bioenergy products vs. other products 8 
obtained from land – notably food and conventional forest products such as sawnwood and paper – 9 
and on how much biomass can be mobilized in total in agriculture and forestry. This in turn depends 10 
on natural conditions (climate, soils, topography) and on agronomic and forestry practices to 11 
produce the biomass, but also on how society understands and prioritizes nature conservation and 12 
soil/water/biodiversity protection and in turn how the production systems are shaped to reflect these 13 
priorities (Figure 2.2.2). Socio-economic conditions also influence the bioenergy potential by 14 
defining how – and how much – biomass can be produced without causing unacceptable socio-15 
economic impacts. Socio-economic restrictions vary around the world, change as society develops, 16 
and – once again – depends on how societies prioritize bioenergy in relation to specific more or less 17 
compatible socio-economic objectives (see also Section 2.5 and Section 2.8). 18 

Bioenergy production interacts with food and forestry production in complex ways. It can compete 19 
for land, water and other production factors but can also strengthen conventional food and forestry 20 
production by offering new markets for biomass flows that earlier were considered as waste 21 
products. Bioenergy demand can provide opportunities for cultivating new types of crops and 22 
integrate bioenergy production with food and forestry production in ways that improves the overall 23 
resource management, but it can also lead to overexploitation and degradation of resources, e.g., too 24 
extensive TSU: did you mean “intensive”? biomass extraction from the lands leading to soil 25 
degradation, or water diversion to energy plantations that impacts downstream water uses including 26 
for terrestrial and aquatic ecosystem maintenance. 27 
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 1 
Figure 2.2.2. Overview of key relationships relevant to assessment of bioenergy potentials 2 
(Dornburg et al., 2008). Indirect land use issues and social issues are not displayed. 3 

Studies quantifying the biomass resource potential have in various ways assessed the resource base 4 
while considering the influence of natural conditions (and how these can change in the future), 5 
socio-economic factors, the character and development of agriculture and forestry, and restrictions 6 
connected to nature conservation and soil/water/biodiversity preservation. A review of 17 available 7 
studies of future biomass availability carried out in 2002 revealed that no complete integrated 8 
assessment and scenario studies were available by then TSU suggests: “at that time” (Berndes et al., 9 
2003). Since then, a number of studies have assessed the longer term (2050-2100) biomass supply 10 
potential for different regions and globally.  11 

Most assessments of the biomass resource potential are based on a “food first” principle intending 12 
to ensure that the biomass resource potentials are quantified under the condition that global food 13 
requirements can be met (see e.g. WBGU, 2009).  Assessments of the forest resource potential 14 
commonly employ a similar “fiber first” principle to ensure availability of resources for the 15 
production of conventional forest products such as sawnwood and paper. 16 

Studies that start out from such principles should not be understood as providing guarantees that a 17 
certain level of biomass can be supplied for energy purposes without competing with food or fiber 18 
production. They quantify how much bioenergy that could be produced at a certain future year 19 
based on using resources not required for meeting food/fiber demands, given a specified 20 
development in the world or in a region. But they do not analyse how bioenergy expansion towards 21 
such a future level of production would – or should – interact with food and fiber production.  22 

Studies using integrated energy/industry/land use cover models (Johansson and Azar, 2007; 23 
Leemans et al., 1996; Strengers et al., 2004; Müller et al., 2007; Van Vuuren et al., 2007; Melillo et 24 
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al., 2009; Wise et al., 2009; Melillo et al., 2009; Lotze-Campen et al., 2009) can give insights into 1 
how an expanding bioenergy sector interacts with other sectors in society including land use and 2 
management of biospheric carbon stocks. Sector-focusing studies is another source of information 3 
on interactions with other biomass uses. Restricted scope (only selected biofuel/land uses and/or 4 
regions covered) or lack of sufficiently detailed empirical data can limit the confidence of results – 5 
especially in prospective studies. This is further discussed in Section 2.5 and Section 2.8. 6 

2.2.2 Assessments of the biomass resource potential 7 

Theoretical/physical/technical biomass resource potentials correspond to biomass production 8 
potentials that are limited only by the technology used and the natural conditions. Given that 9 
resource potential assessments quantify the availability of residue flows in the food and forest 10 
sectors – and as a rule are based on a food/fiber first principle – the definition of how these sectors 11 
develop is central for the outcome. Discussed further below, consideration of various types of 12 
restrictions connected to environmental and socio-economic factors as a rule limits the assessed 13 
potential to lower levels.  14 

Table 2.2.1 shows ranges in the assessed biomass resource potential year 2050, explicit for various 15 
biomass categories. The ranges are obtained based on IEA Bioenergy (2009) and Lysen and van 16 
Egmond (2008), which reviewed a number of studies assessing the global and regional biomass 17 
supply potential, and on selected additional studies not included in these reviews (Field et al., 2008; 18 
Smeets and Faaij, 2007; Fischer and Schrattenholzer , 2001; Van Vuuren et al., 2009; Wirsenius et 19 
al., 2009). Diverging conclusions regarding the future biomass availability for energy can be 20 
explained by studies differing in scope, e.g., some studies are limited to assessing only selected 21 
biomass categories. But a major reason is that studies differ in their approach to considering 22 
different determining factors, which are in themselves uncertain: population, economic and 23 
technology development can go in different directions; biodiversity and nature conservation 24 
requirements set restrictions that are difficult to assess; and climate change as well as land use in 25 
itself can strongly influence the biophysical capacity of land.  Biomass potentials can also not be 26 
determined exactly as long as uncertainty remains about decisions on tradeoffs that have to be 27 
made, e.g. with respect to the amount of acceptable additional biodiversity loss or acceptable 28 
intensification pressure in food production. 29 

Although assessments employing improved data and modeling capacity have not succeeded in 30 
providing narrow distinct estimates of the biomass resource potential, they do indicate what the 31 
most influential parameters are that affect this potential. This is further discussed below, where 32 
approaches used in the assessments are treated in more detail. 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

Table 2.2.1. Overview of the assessed global biomass resource potential of land-based biomass 41 
supply over the long term for a number of categories (primary energy). For comparison, current 42 
global primary energy consumption is about 500 EJ per year and the present biomass use for 43 
energy is about 50 EJ per year. 44 
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Biomass category Comment Global biomass 
resource 

potential year 
2050 (EJ/yr) 

Energy crop 
production on 
surplus agricultural 
land  

The potential biomass supply from agricultural land is usually 
assessed based on a “food first paradigm”: only land not required 
for food, fodder or other agricultural commodities production is 
assumed to be available for bioenergy. However, surplus – or 
abandoned – agriculture land need not imply that development is 
such that less total land is needed for agriculture: the lands may 
become excluded from agriculture use in modeling runs use due 
land degradation processes or climate change (see also “marginal 
lands” below). Large potential requires global development 
towards high-yielding agricultural production. Zero potential 
reflects that studies report that food sector development can be 
such that no surplus agricultural land will be available. 

0  –  >700 

 

Energy crop 
production on 
marginal lands 

Refers to biomass production on deforested or otherwise 
degraded or marginal land that is judged unsuitable for 
conventional agriculture but suitable for some bioenergy 
schemes, e.g., via reforestation. There is no globally established 
definition of degraded/marginal land and not all studies make a 
distinction between such land and other land judged as suitable 
for bioenergy. Zero potential reflects that studies report low 
potential for this category due to land requirements for e.g., 
extensive grazing management and/or subsistence agriculture, or 
poor economic performance of using the marginal lands for 
bioenergy. 

0  –  110 

 

Residues from 
agriculture 

By-flows associated with food production and processing, both 
primary (e.g. cereal straw from harvesting) and secondary 
residues (e.g. rice husks from rice milling) 

15  –  70 

Forest residues By-flows associated with forest wood production and processing, 
both primary (e.g. branches and twigs from logging) and 
secondary residues (sawdust and bark from the wood processing 
industry). Unexploited forest growth represents an additional 
resource. Forest growth on lands estimated as available for wood 
extraction that is not required for production of conventional 
forest products such as sawnwood and paper. Zero potential 
TSU: according to number in right column, zero potential is no 
possible indicates that studies report that demand from other 
sectors than the energy sector can become larger than the 
estimated forest supply capacity 

30  –  150 

 

Unexploited forest 
growth 

Forest growth on lands estimated as available for wood 
extraction that is not required for production of conventional 
forest products such as sawnwood and paper. Zero potential 
indicates that studies report that demand from other sectors than 
the energy sector can become larger than the estimated forest 
supply capacity. 

0  –  100 

Dung Animal manure 5  –  50 

Organic wastes Biomass associated with materials use, e.g. waste wood 
(producers), municipal solid waste 

5  –  >50 

Total  <50  –  >1000 
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2.2.2.1 The contribution from residues, processing by-flows and waste 1 

Retail/post consumer waste and primary residues/processing by-flows in the agriculture and forestry 2 
sectors are judged to be important for near term bioenergy supplies since they can be extracted for 3 
energy uses as part of existing waste management and agriculture and forestry operations. As can be 4 
seen in Table 2.2.1 biomass resource assessments indicate that these biomass categories also have 5 
prospects for providing a substantial share of the total global biomass supply also on the longer 6 
term. Yet, the size of these biomass resources are ultimately determined by the demand for 7 
conventional agriculture and forestry products, and as was indicated by Figure 2.2.1 the present 8 
biomass flows in agriculture and forestry are rather limited compared to the global energy system 9 
(although these flows are clearly significant in some countries). 10 

Assessments of the potential contribution from these sources to the future biomass supply combines 11 
data on future production of agriculture and forestry products obtained from food/forest sector 12 
scenarios with so-called residue factors that account for the amount of residues generated per unit of 13 
primary product produced. For example, harvest residue generation in agricultural crops cultivation 14 
is estimated based on harvest index data (i.e., ratio of harvested product to total aboveground 15 
biomass). The generation of logging residues in forestry, and of additional biomass flows such as 16 
thinning wood and process by-products, are estimated using similar residue factors. 17 

The shares of the generated biomass flows that are available for energy – recoverability fractions – 18 
are then estimated based on considering competing uses, which can be related to soil conservation 19 
requirements or other extractive uses such as animal feeding and bedding in agriculture or fiber 20 
board production in the forest sector.  21 

In addition to the forest biomass flows that are linked to industrial roundwood production and 22 
processing into conventional forest products, unexploited forest growth is considered in some 23 
studies. This biomass resource is quantified based on estimates of biomass increment in forests 24 
available for wood supply that is above the estimated level of forest biomass extraction for 25 
conventional industrial roundwood production – and sometimes for traditional bioenergy, notably 26 
heating and cooking. Smeets and Faaij (2007) provide illustrative quantifications showing how this 27 
“surplus forest growth” can vary from being a potentially major source of bioenergy to being 28 
practically zero as a consequence of competing demand as well as economic and ecological 29 
restrictions. 30 

2.2.2.2 The contribution from energy plantations 31 

From Table 2.2.1 it is clear that substantial supplies from energy plantations are required for 32 
reaching very high future bioenergy supply. Land availability (and suitability) for the production of 33 
dedicated energy crops, and the biomass yields that can be obtained on the available lands, are 34 
consequently two critical determinants of the biomass resource potential. Most earlier assessments 35 
of biomass resource potentials used rather simplistic approaches to estimating the contribution from 36 
energy plantations (Berndes et al. 2003), but the continuous development of modeling tools that 37 
combine databases containing biophysical information (soil, topography, climate) with analytical 38 
representations of relevant crops and agronomic systems has resulted in improvements over time 39 
(Fischer et al., 2008).  40 

Figure 2.2.3 – representing one example (Fischer et al. 2009) – shows the modeled global land 41 
suitability for first generation biofuel feedstocks (sugarcane, maize, cassava, rapeseed, soybean, 42 
palm oil, jatropha). In this case a suitability index has been used in order to represent both yield 43 
potentials and suitability extent (see Caption to Figure 2.2.3). The map shows the case of rain-fed 44 
cultivation; including the possibility of irrigation would result in another picture. Land suitability 45 
also depends on which agronomic system that is assumed to be in use (e.g., degree of 46 



First Order Draft Contribution to Special Report Renewable Energy Sources (SRREN)
 

    
Do Not Cite or Quote 17 of 136 Chapter 2 
SRREN_Draft1_Ch02.doc  22-Dec-09  
 

mechanization, application of nutrients and chemical pest, disease and weed control) and this 1 
assumption also influence the biomass yield levels on the lands assessed as available for bioenergy 2 
plantations. 3 

Based on overlaying information about the present global land cover – agriculture land, cities, roads 4 
and other human infrastructure, and distribution of forests and other natural/semi natural 5 
ecosystems – including protected areas – it is possible to quantify how much suitable land there is 6 
on different land cover types. For instance, almost 700 Mha, or about 20%, of currently unprotected 7 
grass- and woodlands is assessed suitable for soybean. About 580 and 470 Mha are assessed 8 
suitable for maize and jatropha while less than 50 Mha is assessed suitable for oil palm (note that 9 
these land suitability numbers cannot be added since areas overlap). Considering instead 10 
unprotected forest land, roughly ten times larger area (almost 500 Mha) is assessed as suitable for 11 
oil palm. However, converting large areas of forests with high carbon content into oil palm 12 
plantations would negatively impact biodiversity and also lead to large CO2 emissions that can 13 
dramatically reduce the climate benefit of substituting fossil diesel with biodiesel from the palm oil 14 
produced (see Section 2.5). 15 

 16 
Figure 2.2.3. Suitability of land for production of selected agricultural crops that can be used as 17 
biofuel feedstocks. The suitability index SI used reflects the spatial suitability of each pixel and is 18 
calculated as SI=VS*0.9+S*0.7+MS*0.5+mS*0.3, where VS, S, MS, and mS correspond to yield 19 
levels at 80-100%, 60-80%, 40-60% and 20-40% of modelled maximum, respectively. Source: 20 
Fischer et al. 2009.  21 

Supply potentials for energy crops can be calculated based on assessed land availability and 22 
corresponding yield levels. Table 2.2.2 shows the example of rain-fed lignocellulosic crops on 23 
unprotected grassland and woodland. In this case, lands with low productivity has been excluded 24 
and a rough land balance was made based on subtracting land estimated to be required for livestock 25 
feeding (Fischer et al. 2009). Note that Table 2.2.2 represents just one example corresponding to a 26 
specific set of assumptions regarding for example nature protection requirements, crop choice and 27 
agronomic practice determining attainable yield levels, and livestock production systems 28 
determining grazing requirements. Furthermore, it corresponds to the present situation concerning 29 
population, diets, climate, etc. and quantifications of future biomass resource potentials need to 30 
consider how such parameters change over time. 31 

 32 



First Order Draft Contribution to Special Report Renewable Energy Sources (SRREN)
 

    
Do Not Cite or Quote 18 of 136 Chapter 2 
SRREN_Draft1_Ch02.doc  22-Dec-09  
 

Table 2.2.2. Potential bionergy supply from rain-fed lignocellulosic crops on unprotected grassland 1 
and woodland where land requirements for livestock feeding have been considered. Calculated 2 
based on Fischer et al. (2009). TSU: all units in table if not otherwise stated are ha. 3 

 Total grass- 
& woodland 

Of which Balance 
available for 
bioenergy 

Bioenergy potential 

Regions  Protected 
areas 

Unproductive 
or very low 
productive 
areas 

Rough balance 
where areas req. 
for grazing has 
been excluded 

Average 
yield1       
(GJ/ha) 

Total 
bioenergy 
(EJ) 

North America 659 103 391 110 165 18 

Europe & Russia 902 76 618 110 140 15 

Pacific OECD 515 7 332 110 175 19 

Africa 1086 146 386 275 250 69 

S&E Asia 556 92 335 14 235 3 

Latin America 765 54 211 160 280 45 

M East & N Afr. 107 2 93 1 125 0.2 

World 4605 481 2371 780 225 176 

1 Calculated based on average yields for total grass- & woodland area given in Fischer (2009) and assuming energy 4 
content at 18 GJ/Mg dry matter. Rounded numbers.  5 

Studies by Hoogwijk et al. (2003), Wolf et al. (2003) and Smeets et al. (2007) (from where Figure 6 
2.2.3 is taken) are illustrative of the importance of energy crops for reaching higher global biomass 7 
resource potentials, and also of how different determining parameters are highly influential on the 8 
resource potential. Based on varying assumptions for critical aspects (e.g., population growth, level 9 
of improvements in agronomic technology, water supply and efficiency in use (rain-fed/irrigated), 10 
productivity of animal production system) Smeets et al. (2007) show that 0.7-3.5 billion hectares of 11 
surplus agricultural land – mainly pastures and with large areas in Latin America and sub-Saharan 12 
Africa – could potentially become available for bioenergy by 2050. If the suitable part of this land 13 
was used for lignocellulosic crops the total technical biomass resource potential – including also 14 
residues and forestry growth not required in the forest industry – would be above 1500 EJ (Figure 15 
2.2.4).  16 

Also pointing to the potential of pasture land conversion to bioenergy, Wirsenius et al. (2010) 17 
analyse the potential for land-minimized growth of world food supply through (i) faster growth in 18 
feed-to-food efficiency in animal food production; (ii) decreased food wastage; and (iii) dietary 19 
changes in favor of vegetable food and less land-demanding meat. They show that faster-yet-20 
feasible livestock productivity growth combined with substitution of pork and/or poultry for 20% of 21 
ruminant meat can reduce land requirements by about 700 million hectares compared to a projection 22 
of global agriculture development up to 2030 presented by the Food and Agriculture Organization 23 
of the United Nations, FAO (Bruins, 2003). 24 

In an analysis (WBGU, 2009) where current and near-future agricultural land is reserved for food 25 
and fibre production,  thereby assuming mid-range future yield intensification, and where 26 
unmanaged lands are excluded from biomass production if carbon compensation from land 27 
conversion to plantation is slow (large standing biomass or carbon sink), the land is degraded, a 28 
wetland or environmentally protected, or where it is rich in biodiversity, global bioenergy potential 29 
from dedicated biomass plantations is estimated to vary between 34 and 120 EJ depending on the 30 
scenario (severity of the rules applied). 31 
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In a much less optimistic scenario for bioenergy – where agricultural productivity would remain at 1 
its current levels, population growth would continue at high rates and (biomass) trade and 2 
technology exchange would be severely limited – Smeets (2007) show that no land would be 3 
available for energy crops and the biomass resource potential be about 50 EJ consisting of 4 
municipal solid waste and some agricultural and forestry residues. Similarly, assuming a scenario of 5 
high population growth, high food demands and extensive agricultural production systems Wolf et 6 
al. (2003) arrive at zero potential for bioenergy.  7 

  8 
Figure 2.2.4. Illustration of the impact of different scenarios for agricultural productivity 9 
improvement on total technical bioenergy production potential in 2050, all other assumptions 10 
remaining equal (Smeets et al. 2007). All numbers in EJ.  11 

2.2.3 Economic considerations in biomass resource assessments 12 

Besides using restrictions based on minimum yield thresholds, assessments of the potential of 13 
energy plantations can include economic thresholds that exclude biomass resources judged as being 14 
too expensive to mobilize. For instance, land areas that are assessed as suitable for some types of 15 
bioenergy plantations can still be excluded when the estimated biomass production cost is 16 
considered too high. Alternatively, the potential of energy crops can be quantified based on 17 
combining land availability, yield levels and production costs to obtain crop- and region-specific 18 
cost-supply curves (Walsh 2000). These are based on projections or scenarios for the development 19 
of cost factors, including opportunity cost of land, and can be produced for different context and 20 
scale – ranging from feasibility studies of supplying individual bioenergy plants to describing the 21 
future global cost-supply curve. Figure 2.2.5 shows examples of global cost-supply curves for 22 
energy crops. A number of studies use this approach at different scales (Dornburg et al. 2007, 23 
Hoogwijk et al. 2008, de Wit et al. 2009, van Vuuren et al. 2009). Gallagher et al. (2003) exemplify 24 
the production of cost-supply curves for the case of crop harvest residues and Gerasimov and 25 
Karjalainen (2009) for the case of forest wood. 26 
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 1 
Figure 2.2.5. Global average cost-supply curve for the production of energy crops on the two land 2 
categories “abandoned land” (agriculture land not required for food) and “rest land” (TSU: add 3 
definition here), year 2050. The curves are generated based on IMAGE 2.2 modeling of four SRES 4 
scenarios (IMAGETeam 2001). The cost-supply curve at abandoned agriculture land year 2000 5 
(SRES B1 scenario) is also shown. Source: Hoogwijk et al. 2008. 6 

The biomass production costs can be combined with techno-economic data for related logistic 7 
systems and conversion technologies to derive economic potentials on the level of secondary energy 8 
carriers such as bioelectricity and biofuels for transport (see, e.g., Gan, 2007; Hoogwijk et al. 2008; 9 
van Dam et al. 2009). Using biomass cost and availability data as exogenously defined input 10 
parameters in scenario-based energy system modelling can provide information about 11 
implementation potentials in relation to a specific energy system context and possible climate and 12 
energy policy targets. This is further discussed in Section 2.7. 13 

2.2.4 Constraints on biomass resource potentials 14 

As described briefly above, many studies that quantify the biomass resource potential consider a 15 
range of constraints that restrict the potential to lower levels than those corresponding to 16 
unconstrained technical potentials. These constraints are connected to various impacts arising from 17 
the exploitation of the biomass resources, which are further discussed in Section 2.5. Below, 18 
important constraints are briefly discussed in relation to how they have been considered in studies 19 
assessing the biomass resource potentials. 20 

2.2.4.1 Constraints on residue extraction rates 21 

Soil conservation and biodiversity requirements set constraints on residue potentials for both 22 
agriculture and forestry. Organic matter at different stages of decay has an important ecological role 23 
to play in conserving soil quality as well as biodiversity in soils and above-ground. In forests, wood 24 
ash can be recirculated to forests to recycle nutrients taken from the forest and to mitigate negative 25 
effects of intensive harvesting. Yet, dying and dead trees, either standing or fallen and at different 26 
stages of decay, are valuable habitats (providing food, shelter and breeding conditions, etc.) for a 27 
large number of rare and threatened species (Grove and Hanula 2006). In agriculture, fertilizer 28 
inputs can compensate for nutrient removals connected to harvest and residue extraction, but 29 
maintenance or improvement of soil fertility, structural stability and water holding capacity requires 30 
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recirculation of organic matter to the soil (Lal and Pimentel 2007, Wilhelm et al. 2007, Blanco-1 
Canqui and Lal 2009). When ploughed under or left on the field/forest, primary residues may 2 
recycle valuable nutrients to the soil and help prevent erosion. Prevention of soil organic matter 3 
depletion and nutrient depletion are of importance to maintain site productivity for future crops. 4 
Overexploitation of harvest residues is one important cause to soil degradation in many places of 5 
the world. 6 

However, thresholds for desirable amounts of dead wood at the forest stands are difficult to set and 7 
the most demanding species require amounts of dead wood that are difficult to reach in managed 8 
forests (Ranius and Fahrig 2006).  9 

There are also large uncertainties linked to the possible future development of important 10 
determining factors. Population growth, economic development and dietary changes influence the 11 
demand for products from agriculture and forestry products and materials management strategies 12 
(including recycling and cascading use of material) influence how this demand translates into 13 
demand for basic food commodities and industrial roundwood.  14 

Furthermore, changes in food and forestry sectors influences the residue/waste generation per unit 15 
product output which can go in both directions: crop breeding leads to improved harvest index (less 16 
residues); implementation of no-till/conservation agriculture requires that harvest residues are left 17 
on the fields to maintain soil cover and increase organic matter in soils (Lal, 2004); shift in 18 
livestock production to more confined and intensive systems can increase recoverability of dung but 19 
reduce overall dung production at a given level of livestock product output; increased occurrence of 20 
silvicultural treatments such as early thinning to improve stand growth will lead to increased 21 
availability of small roundwood suitable for energy uses and development of technologies for stump 22 
removal at harvest increases the generation of residues during logging (Näslund-Eriksson and 23 
Gustafson, 2008) 24 

Consequently, the longer term biomass resource potentials connected to residue/waste flows will 25 
continue to be uncertain even if more comprehensive assessment approaches are used. It should be 26 
noted that it is not obvious that more comprehensive assessments of restrictions will lead to lower 27 
residue potentials; earlier studies may have used conservative residue recovery rates as a precaution 28 
in the face of uncertainties (see, e.g., Kim and Dale 2004).  29 

2.2.4.2 Constraints on intensification in agriculture and forestry 30 

The prospects for intensifying conventional long-rotation forestry to increase forest growth and total 31 
biomass output – for instance by fertilizing selected stands, introducing alien forest species and 32 
using shorter rotations – is not investigated in the assessed studies of biomass resource potentials. 33 
Intensification in forestry is instead related to shifts to higher reliance on fast-growing wood 34 
plantations that are in many instances identical to the bioenergy plantation systems assumed to 35 
become established on surplus agricultural land. 36 

Intensification in agriculture is on the other hand a key aspect in essentially all of the assessed 37 
studies since it influences both land availability for energy crops (indirectly by determining the land 38 
requirements in the food sector) and the yield levels obtained for these crops (Lotze-Campen et al., 39 
2009, provides  an example). High assessed potentials for energy plantations rely on very efficient 40 
agricultural systems and optimal land use allocation beyond national borders, and the use of high-41 
yielding bioenergy plantations on available lands. A notable example, Smeets et al. (2007) report a 42 
high-end bioenergy potential on surplus agricultural land at 1272 EJ/yr. However, as the authors 43 
also stress, this corresponds to a technical potential requiring productivity increases in agriculture 44 
that appear unrealistically high when comparing with other scenario studies of agriculture 45 
development (see, e.g., Koning 2008, IAASTF 2009, Alexandratos 2009). 46 
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Increasing yields on existing agricultural land is commonly proposed a key component for 1 
agriculture development (Ausubel, 2000; Tilman et al., 2002; Fischer et al. 2002, Cassman et al., 2 
2003; Evans, 2003; Balmford et al., 2005; Green et al., 2005; Lee et al., 2006), Bruins, 2009 . 3 
Theoretical limits still appears to leave scope for further increasing the genetic yield potential 4 
(Fischer et al. 2009). But there can be limitations and negative aspects of further intensification of 5 
the use of cropland aiming at farm yield increases; high crop yields depend on large inputs of 6 
nutrients, fresh water, and pesticides, and contribute to negative ecosystem effects, such as 7 
eutrophication (Donner and Kucharik, 2008; see also Section 2.5). 8 

Some observations indicate that it can be a challenge to maintain yield growth in several main 9 
producer countries, while other observations indicate that rates of gain obtained from breeding have 10 
increased in recent years and that yields may increase faster again as newer hybrids are adopted 11 
more widely (Edgerton 2009). Many infrastructural, institutional and technical constraints can 12 
reduce farm yields and prevent closing the gap between genetic yield potentials and farm yields for 13 
major crops. Even maintaining current yield potentials may prove to be difficult, as there are signs 14 
of intensification-induced declines of the yield potentials over time, related to subtle and complex 15 
forms of soil degradation (Cassman, 1999; Pingali and Heisey, 1999). Large areas of croplands and 16 
grazing land experience degradation and productivity loss as a consequence of improper land use 17 
(Fischer et al. 2002). 18 

Biomass resource potential assessments that rely on established biophysical datasets and modelling 19 
tools run less risk of assuming developments towards biophysically unrealistic productivity levels. 20 
But databases still needs improvements (Sanchez et al. 2009) and assessment studies’ modeling of 21 
agronomic advancement has a less solid basis leading to that the derived productivity growth rates 22 
could still prove to be too optimistic. Limits on intensification – connected to the effects of nutrient 23 
and chemical leaching causing eutrophication, and also to the risks that high-yielding alien species 24 
grown for bioenergy spread to surrounding natural ecosystems – are seldom treated explicitly as a 25 
constraint on intensification in biomass resource assessments but rather noted as a risk with the 26 
proposition that proper land management practice is critical for avoiding negative effects.  27 

It should be noted that studies reaching high potentials for bioenergy plantations points primarily to 28 
tropical developing countries as major contributors. In these countries there are still substantial 29 
yield gaps to exploit and large opportunities for productivity growth – not the least in livestock 30 
production (Wirsenius et al. 2009, Edgerton 2009, Fischer et al. 2002).  31 

2.2.4.3 Water related constraints 32 

Water related constraints primarily influence the prospects for bioenergy plantations, including both 33 
intensification possibilities and the prospects for expansion of bioenergy plantations (Berndes 2008, 34 
Rost et al. 2009). To the extent that bioenergy is based on the utilization of residues and biomass 35 
processing by-products within the food and forestry sectors, water use would not increase 36 
significantly due to increasing bioenergy. The water that is used to produce the food and 37 
conventional forest products is the same water as that which will also produce the residues and by-38 
products potentially available for bioenergy. 39 

The impact of bioenergy plantations on water availability and use depends on site-specific 40 
conditions and prior land use/vegetation cover. To the extent that plantation establishment leads to 41 
higher site productivity and biomass accumulation it can be expected that the evapotranspiration 42 
increases, which can lead to falling groundwater levels and reduced downstream water availability 43 
in regions where water is scarce (Jackson et al. 2005, Zomer 2006 ). Impacts are further discussed 44 
in Section 2.5. 45 
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Water constraints are explicitly considered in some – but far from all – studies of the biomass 1 
resource potential. In studies that use biophysical datasets and modelling, water limitations can 2 
constrain the modelled land productivity to levels considered too low for meeting suitability criteria 3 
for bioenergy plantations. However, assumptions about productivity growth in agriculture may 4 
implicitly presume irrigation development that could lead to challenges in relation to regional water 5 
availability and use.  6 

Illustrative of how water scarcity might constrain biomass resource potentials, Van Vuuren (2009) 7 
overlaid a water scarcity map for 2050 (Döll et al. 2003) and found that about 17% of the assessed 8 
bioenergy potential was in severe water-scarce areas and an additional 6% was in areas of modest 9 
water scarcity. 10 

Studies that have investigated the link between large scale bioenergy supply and water have made 11 
impact assessments of a specified future bioenergy supply rather than assessed biomass resource 12 
potentials as determined by water availability (see, e.g., Berndes 2002, De Fraiture et al. 2008, De 13 
Fraiture and Berndes 2009). Thus, they add an important dimension but they do not give 14 
information about how much biomass that can be produced for energy within limits set by 15 
availability and competing use of water. 16 

2.2.4.4 Biodiversity constraints on agriculture land expansion 17 

Besides influencing possible residue extraction in agriculture and forestry, biodiversity can limit 18 
biomass resource potentials in many ways. 19 

As noted above, biodiversity limits on intensification – connected to the effects of nutrient and 20 
chemical leaching, which can lead to changes in species composition in the surrounding 21 
ecosystems, and also to the risks that alien species grown for bioenergy spread to surrounding 22 
natural ecosystems – are not treated explicitly as a constraint on productivity growth. But some 23 
studies indirectly consider these constraints on productivity implicitly by assuming a certain 24 
expansion of alternative agriculture production that yields lower than conventional agriculture and 25 
therefore requires more land for food production (Fischer et al. 2009, EEA, 2007). Van Vuuren et 26 
al. (2009) illustrate the sensitivity to yield assumptions and show that yield increases for food crops 27 
in general have a more substantial impact on bioenergy potentials than yield increase for bioenergy 28 
crops specifically. 29 

The common way of considering biodiversity requirements as a constraint is by including 30 
requirements on land reservation for biodiversity protection (e.g. WBGU, 2009). Biomass potential 31 
assessments commonly exclude nature conservation areas from being available for biomass 32 
production, but the focus is as a rule on forest ecosystems and takes the present level of protection 33 
as a basis. Other natural ecosystem also needs protection – not the least grassland ecosystems – and 34 
the present status of nature protection may not be sufficient for a certain target of biodiversity 35 
preservation. 36 

Clearly, biodiversity impacts still may arise in the real world. Biodiversity loss may also occur 37 
indirectly, such as when productive land use displaced by energy crops is re-established by 38 
converting natural ecosystems into croplands or pastures elsewhere. Integrated energy system - land 39 
use/vegetation cover modelling have better prospects for analysing these risks. They are further 40 
discussed in Section 2.2.6 below. WBGU (2009) show that differences in the assumed severity of 41 
biodiversity protection between scenarios have a larger impact on bioenergy potential than either 42 
irrigation or climate change. 43 

 44 

 45 
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2.2.5 Summary conclusions on biomass resource assessments 1 

As shown above, narrowing down the biomass resource potential to distinct numbers is not 2 
possible. But it is clear that several hundred EJ per year can be provided for energy in the future, 3 
given favourable developments. It can also be concluded that: 4 

 Biomass use for energy can already today be strongly increased over current levels based on 5 
increased use of forestry and agricultural residues  6 

 The short to medium term energy crop potential depends strongly on productivity increases 7 
that can be achieved in food production and environmental constraints that will restrict 8 
energy crop cultivation on different land types.  9 

 The cultivation of suitable lignocellulosic crops can allow for higher potentials by making it 10 
possible to produce bioenergy on lands where conventional food crops are less suited – also 11 
due to that the cultivation of conventional crops would lead to large soil carbon emissions 12 
(further discussed in Section 2.5.2). 13 

 Water constraints may limit production in regions experiencing water scarcity. But the use 14 
of suitable energy crops that are drought tolerant can also help adaptation in water scarce 15 
situations. Assessments of biomass resource potentials need to more carefully consider 16 
constrains and opportunities in relation to water availability and competing use. 17 

While recent assessments employing improved data and modelling capacity have not succeeded in 18 
providing narrow distinct estimates of the biomass resource potential, they have advanced the 19 
understanding of how influential various parameters are on the potential. Some of the most 20 
important parameters are inherently uncertain and will continue to make long term biomass supply 21 
potentials unclear. However, the insights from the resource assessments can improve the prospects 22 
for bioenergy by pointing out the areas where development is most crucial. This is further discussed 23 
in Section 2.2.6 below where we also propose areas for further research. 24 

2.2.6 Uncertainties and requirements for further research 25 

There are several important but uncertain aspects that make assessments of future potentials for 26 
bioenergy plantations challenging but also important.  27 

2.2.6.1 Water 28 

Since many studies of the biomass resource potential have pointed out that plantation establishment 29 
on abandoned agricultural land and sparsely vegetated degraded land is one major option, the water 30 
use dimension of expanding bioenergy needs to be carefully investigated.  31 

The impact of energy plantations on changes in hydrology needs to be researched in order to 32 
advance our understanding of how the changes in water and land management will affect 33 
downstream users and ecosystems. Such impacts can be both negative and positive. For example, 34 
local water harvesting and run-off collection upstream may reduce erosion and sedimentation loads 35 
in downstream rivers, while building resilience in the upstream farming communities. Also, a 36 
number of crops that are suitable for bioenergy production are drought tolerant and relatively water 37 
efficient crops that are grown under multi-year rotations. These crops provide an option to improve 38 
water productivity in agriculture and help alleviate competition for water as well as pressure on 39 
other land-use systems (Berndes 2008). They also offer a possibility to diversify land use and 40 
livelihood strategies and protect fragile environments. 41 

Assessments of biomass resource potentials should preferably include the possibility of introducing 42 
bioenergy plantations into the agricultural landscape so as to improve water use efficiency. Rost et 43 
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al. (2009) show how low-tech measures may alleviate water stress limitations to agricultural 1 
production. 2 

2.2.6.2 Climate change impact on land use productivity and availability of land 3 

The possible consequences of climate change for agriculture are not firmly established but indicate 4 
net global negative impact, where damages will be disproportionately concentrated in developing 5 
countries that will lose in agriculture production potential while developed countries might gain 6 
(Fischer et al. 2002, Cline 2007, Fischer 2009, ).  7 

Climate change is likely to change rainfall patterns while water transpiration and evaporation will 8 
be enhanced by increasing temperatures. Semi-arid and arid areas are particularly likely to be 9 
confronted with reduced water availability and problems in many river basins may be expected to 10 
increase. Generally, negative effects of climate change will outweigh the benefits for freshwater 11 
systems, thereby adversely influencing water availability in many regions and hence irrigation 12 
potentials. 13 

Clearly, future assessments of biomass resource potentials need to reflect the most recent 14 
understanding of climate change impacts – including up-to-date databases. They should also reflect 15 
the understanding of how introduction of energy crop as a strategy for adaptation to climate change. 16 

2.2.6.3 Plant breeding and genetic modification of crops 17 

Advances in plant breeding and genetic modification of crops not only raises the genetic yield 18 
potential but also adapts crops for more challenging conditions (Fischer et al. 2009). Improved 19 
drought tolerance can improve average yields in drier areas and in rain-fed systems in general by 20 
reducing the effects of sporadic drought (Nelson et al., 2007; Castiglioni et al., 2008). It can also 21 
reduce water requirements in irrigated systems. 22 

Dedicated energy crops have not been subject to the same breeding efforts as the major food crops. 23 
Selection of suitable crop species and genotypes for given locations to match specific soil types and 24 
climate is possible, but is at an early stage of understanding for some energy crops, and traditional 25 
plant breeding, selection and hybridization techniques are slow, particularly in woody crops but also 26 
in grasses. New biotechnological routes to produce both non-genetically modified (non-GM) and 27 
GM plants are possible. GM energy crop species may be more acceptable to the public than GM 28 
food crops, but there are concerns about the potential environmental impacts of such plants, 29 
including gene flow from non-native to native plant relatives. As a result, non-GM biotechnologies 30 
may remain particularly attractive. On the other hand, GMO food crops have already been widely 31 
accepted in many non-EU countries. One challenge will be to make advances in plant breeding 32 
become available for farmers in developing countries. 33 

2.2.6.4 Intensified forest management 34 

The prospects for intensifying conventional long-rotation forestry to increase total biomass output is 35 
not investigated in global/regional studies so far, but national level studies point to significant 36 
possibilities and also trade-offs to be managed. 37 

2.2.6.5 New types of integrated land use systems 38 

Assessments of biomass resource potentials have been done without sufficiently considering 39 
possibilities of new innovative agronomic practice involving integrated bioenergy/food/feed 40 
production. Integration can be realized at the feedstock production level – e.g., double-cropping 41 
systems (Heggenstaller 2008) and different types of agroforestry systems – and based on integrating 42 
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feedstock production with conversion – typically producing animal feed that can replace cultivated 1 
feed such as soy and corn (Dale 2008) and also reduce grazing requirement (Sparovek et al., 2007) 2 

Much attention has been directed to the possible negative consequences of land use change, such as 3 
biodiversity losses, greenhouse gas emissions and degradation of soils and water bodies, referring to 4 
well-documented effects of forest conversion and cropland expansion to uncultivated areas. 5 
However, most impact studies concern conventional food/feed crops and TSU suggests: whereas 6 
studies of environmental effects of lignocellulosic crops are less common (Dimitrou et al. 2009). 7 
Also, the production of biomass for energy can generate additional benefits. In agriculture, biomass 8 
can be cultivated in so-called multifunctional plantations that – through well chosen localization, 9 
design, management, and system integration – offer extra environmental services (including soil 10 
carbon increase and improved soil quality) that, in turn, create added value for the systems (Berndes 11 
et al. 2008) .  12 

Many such plantations provide water related services, such as vegetation filters for the treatment of 13 
nutrient bearing water such as wastewater from households (Börjesson and Berndes 2006), 14 
collected runoff water from farmlands and leachate from landfills. Plantations can also be located in 15 
the landscape and managed for capturing the nutrients in passing runoff water. Sewage sludge from 16 
treatment plants can also be used as fertilizer in vegetation filters. Plantations can be located and 17 
managed for limiting wind and water erosion. For example perennial grasses are used by the US 18 
Conservation Reserve Programme to minimize soil erosion. Besides the onsite benefits of reduced 19 
soil losses, there are also offsite benefits such as reduced sediment load in reservoirs, rivers and 20 
irrigation channels. Plantations can also reduce shallow land slides and local ‘flash floods’. 21 

Comprehensive assessments of the biomass resource potential linked to multifunctional bioenergy 22 
systems exists on national level (see, e.g., Berndes and Börjesson 2007) and for specific 23 
applications (e.g., Berndes et al. 2004), where plantation establishment for reclamation of degraded 24 
land is among the more diverse and numerous. Solid assessments require detailed comprehensive 25 
data making global comprehensive assessments based on uniform methodology challenging. 26 
However, an increased number of local/national assessments can give important information for 27 
implementation of strategies to capture the environmental benefits of expanding multifunctional 28 
biomass plantations. 29 

2.2.6.6 Availability of degraded land 30 

Future biomass potentials are co-determined also by whether degraded lands - of which productive 31 
capacity has declined temporarily or permanently - can be used for biomass production. At this 32 
moment the potential of the large area of degraded soils – classified as light and moderately 33 
degraded and covering about 10% of the total land area – to contribute to the production of biomass 34 
has not yet clearly assessed. Two possible drawbacks are the main reason: firstly the large efforts 35 
and long time period required for the reclamation of degraded land and secondly the low 36 
productivity levels of these soils. Analysis has been shown that using severely degraded land could 37 
increase biomass potentials from energy crops by about 30-45%. However, using severely degraded 38 
land for annual crop production might require large investments and many attempts for reclaiming 39 
degraded land for food production have failed.  40 

2.2.6.7 Complementary methodological approaches 41 

Studies using integrated energy/industry/land use/cover models produce a more dynamic 42 
description of the biomass resource potential, showing bioenergy development where bioenergy 43 
production and use is a modeling result rather than an input parameter. In such studies, land 44 
allocation to bioenergy as well as land/food/fiber prices give insights into the competitiveness of 45 
bioenergy in relation to other competing energy technologies, and in relation to other competing 46 
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land uses. The outcome is among other things dependent on assumed policies influencing the 1 
demand for and competitiveness of bioenergy as well as other energy technologies.  2 

In contrast to conventional assessments of biomass resource potentials where normative restrictions 3 
(e.g., with reference to food sector impacts and biodiversity considerations) limits the resource 4 
potential, this type of studies have the character of impact assessments and can show consequences 5 
of expanding bioenergy to scales beyond those defined by normative restrictions. Thus, instead of 6 
quantifying biomass resource potentials based on considering a range of sustainability constraints 7 
they provide an important basis for discussions of trade-offs between bioenergy supply and various 8 
socio-economic and/or environmental objectives. 9 

An example of such studies, Melillo et al. (2009) developed two scenarios to analyse the 10 
environmental consequences of an aggressive global cellulosic biofuels program over the first half 11 
of the 21st century. They found that both could contribute substantially to future global-scale 12 
energy needs, but with significant unintended environmental consequences, either due to the 13 
clearing of large areas of natural forest, or due to the intensification of agricultural operations 14 
worldwide. Also, numerous biodiversity hotspots suffer from serious habitat loss. This further 15 
discussed in Section 2.5). 16 

2.3 Technology 17 

Bioenergy chains involve a wide range of feedstocks, conversion processes and end-uses (Figure 18 
2.1.1). This section covers the existing and near-term technologies used in the various steps of these 19 
chains, and details the major systems which are currently deployed, while future technologies are 20 
presented in section 2.6. 21 

2.3.1 Feedstock  22 

2.3.1.1 Feedstock production or recovery 23 

Feedstock types may be classified into dedicated crops or trees (i.e., plants grown specifically for 24 
energy purposes), primary residues from agriculture and forestry, secondary residues from agro and 25 
forest industries, and organic waste from livestock farming, urban, or industry origin.  26 

Biomass production from dedicated plants includes the provision of seeds or seedlings, stand 27 
establishment and harvest, soil tillage, and various rates of irrigation, fertilizer and pesticide inputs. 28 
The latter depend on crop requirements, target yields, and local pedo-climatic conditions, and 29 
determine the intensity in the use of production factors (inputs, machinery, labor or land), which 30 
may vary across world regions for a similar species (Table 2.3.1). Within a given region, similar 31 
yield levels may be reached through a variety of cropping systems and production intensities. 32 
Strategies such as integrated pest management or organic farming may alleviate the need of 33 
synthetic inputs for a given output of biomass. Such distinction is beyond the scope of this section, 34 
but is a major avenue to improve the sustainability of biomass supply.   35 

Wood for energy is obtained as fuelwood from the logging of natural or planted forests, and from 36 
trees and shrubs from agriculture fields surrounding villages and towns. Some of this is converted 37 
into charcoal. While natural forests are not managed toward production per se, problems arise if 38 
fuelwood extraction exceeds the regeneration capacity of the forests, which is the case in many 39 
parts of the world (Nabuurs et al., 2007). The management of planted forests involves silvicultural 40 
techniques similarly to those of cropping systems, from stand establishment to tree fellings. The use 41 
of synthetic fertilizers is considerably less intensive than on agricultural species.      42 

Biomass may be harvested several times a year (for forage-type feedstocks such as hay or alfalfa), 43 
once a year (for annual species such as wheat or perennial grasses), or every 2 to 50 years or more 44 
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(for short-rotation coppice and conventional forestry, respectively). Biomass is typically transported 1 
to a collection point on the farm or at the edge of the road before road transport to the bioenergy 2 
unit or an intermediate storage. It may be preconditioned and densified to make storage, transport 3 
and handling easier (section 2.3.2.).   4 

Primary residues from agriculture consist of plant materials that remain on the farm after removal 5 
of the main crop produce, and include straw, stalks or leaves. They may be collected upon crop 6 
harvest. Primary residues from forest may be available from additional stemwood fellings or as 7 
residues (branches, stumps) from thinning salvage after natural disturbances, thinnings or final 8 
fellings. Typical values of residue recoverability are between 25 and 50 % of the logging residues 9 
and between 33 and 80% of processing residues (Nabuurs et al., 2007).  10 

Secondary residues are by-products of post-harvest processing of crops, namely, cleaning, 11 
threshing, sawing, sieving, crushing, etc., and can be in the form of husk, dust, bagasse, cobs or 12 
straw, along with post-consumer recovered wood products having served their purpose e.g., pallets, 13 
construction wood, or furniture (Steierer et al., 2007). Examples include groundnut shells, rice husk, 14 
sugar cane bagasse or corn cobs (Dhingra, Mande, Kishore, et al.1996). They are stored and 15 
collected at the processing site. Although modes and volume of production of agricultural residues 16 
may differ by production area, the rates of production of residues relative to crop marketable yield 17 
are reported as 140% for rice, 130% for wheat, 100% for corn, and 40% for rhizomic crops (Hall et 18 
al. 1993).   19 

A number of important factors have to be addressed when considering the use of residues for 20 
energy. First, there are many other alternative uses, for example, as animal feed, soil erosion 21 
control, animal bedding, and or fertilizers (manure).  Second, they are seasonally available and their 22 
availability is difficult to predict. Availability is also conditioned by the amount of residue deemed 23 
essential for maintaining soil organic matter, which depends on pedo-climatic conditions and 24 
cultural practices (Wilhem et al., 2004), soil erosion control, efficiency in harvesting, and losses 25 
(Iyer et al., 2002). Although the availability of residues upon harvest makes collection easy for 26 
small-scale utilization, it creates storage problems if residues have to be saved for use during other 27 
months of the year, especially due to their low bulk density.   28 

Organic waste utilizable for energy purposes includes animal residues such as cattle dung; poultry 29 
litter; MSW (municipal solid waste), including food and vegetable market waste, tree trimmings 30 
and lawn cuts; and industrial organic waste from food-processing industries, pulp and paper mills 31 
(black liquor). Sewage sludge from domestic and industrial water treatment plants is also a source 32 
of biomass for energy. Organic waste is usually stored on the production site in a tank or heap, prior 33 
to collection and transportation to the bioenergy unit in liquid or solid form. Organic waste contains 34 
many degradable organic materials and nutrients, and may be returned to soils as manure after 35 
conversion to energy. The organic waste that is buried into landfills is also a source of biomass, 36 
since it is digested by micro-organisms and evolved into biogas (landfill gas).   37 

The species listed in Table 2.3.1 are not equivalent in terms of possible energy end-uses. Starch, oil 38 
and sugar crops are grown as feedstock for first-generation liquid biofuels (ethanol and bio-diesel), 39 
which only use a fraction of their total above-ground biomass, the rest being processed in the form 40 
of animal feed or lignocellulosic residues. Nevertheless, it is worthwhile to recognize that sugar 41 
cane bagasse and even sugar cane straw are being used as a source of bioelectricity in many sugar 42 
and ethanol producing countries (Dantas et al., 2009). On the other hand, lignocellulosic crops (such 43 
perennial grasses or short-rotation coppice) may be entirely converted to energy, and feature 2 to 5 44 
times higher yields per ha than most of the other feedstock types, while requiring far less synthetic 45 
inputs when managed carefully (Hill, 2007). However, their plantation and harvest is more resource 46 
intensive than annual species, and their impact on soil organic matter after the removal of stands is 47 
poorly known (Anderson-Texeira et al., 2009). In addition, with the current status of technology 48 
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lignocellulose can only provide heat and power whereas the harvest products of oil, sugar and starch 1 
crops may be readily converted to liquid biofuels and bioelectricity. Costs for dedicated plants vary 2 
widely according to the prices of inputs and machinery, labor and land-related costs (Ericsson et al., 3 
2009). If energy plantations are to compete with land dedicated to food production, the opportunity 4 
cost of land (the price a farmer should be paid to switch to an energy crop) may become dominant 5 
and will scale with the demand of energy feedstock (Bureau et al., 2009). Cost-supply curves are 6 
needed to account for these effects in the economics of large-scale deployment scenarios.     7 

Residues and waste streams are a coveted resource since their apparent costs only include 8 
collection, pre-conditioning and transport (Table 2.3.2). However, their export has to be carefully 9 
managed to avoid jeopardizing soil organic matter content and fertility in the long-run, which 10 
typically brings down their theoretical availability by 70% to 80% (EEA, 2006). Nutrient exports 11 
should also be compensated for, possibly by recycling residual ash, stillage or digestate from the 12 
bioenergy conversion process.  13 

2.3.1.2 Interactions with the agriculture, food & forest sectors 14 

Energy feedstock production may compete with the food, feed, and fibre and forest sectors either 15 
directly for land or for a particular stream of biomass (e.g., cereal straw for cattle bedding material 16 
vs. energy production). The outcome of these competition effects hinges on the economics of 17 
supply and demand for the various sectors and markets involved, at regional to global scales (see 18 
section 2.2). From a technology standpoint and at a local scale, synergistic effects may also emerge 19 
between these competing usages. Agroforestry makes it possible to use land for both food and 20 
energy purposes with mutual benefits for the associated species (Bradley et al., 2008). The 21 
associated land equivalent ratios may reach up to 1.5 (Dupraz and Liagre, 2008), meaning a 50% 22 
saving in land area when combining trees with arable crops respective to mono-cultures. 23 
Intercropping and mixed cropping are also interesting options to maximize the output of biomass 24 
per unit area farmed (WWI, 2006). Perennial species create positive externalities such as erosion 25 
control, improved fertilizer use efficiency, reduction in nitrate losses and water stress, and provision 26 
of habitat for biodiversity and biological control of pests (Openshaw, 2000; Semere and Slater, 27 
2007). Perennial species such as switchgrass offer other benefits in terms of building and 28 
maintaining soil organic matter and improving soil structure (Paustian et al., 2006). Annual energy 29 
crops may be used as break crops in rotations involving cereals, to decrease the pressure of specific 30 
pathogens. Mixed cropping systems (e.g. a combination of legume and cereal crops, or a high 31 
diversity of grass species) result in increased yields compared to single crops, and may provide both 32 
food/feed and energy feedstock from the same field (Tilman et al., 2006; Jensen, 1996). Lastly, the 33 
revenues generated from growing bioenergy feedstock may provide access to technologies or inputs 34 
enhancing the yields of food crops, provided the benefits are distributed to local communities 35 
(Practical Action Consulting, 2009). The latter authors reviewed small-scale bioenergy projects in 36 
developing countries and concluded that they did not affect (and possibly improve) local staple food 37 
security, under those conditions. 38 

 39 

 40 

 41 

 42 

 43 

 44 

Table 2.3.1. Typical characteristics of the production technologies for dedicated species and their 45 
primary residues. 46 
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Feedstock type Region  Yield 
(GJ/ha) / 
fraction 

Management Co-products Costs 
USD/GJ

Refs. 

   N/P/K use Water 
needs 

Pesticides    

OIL CROPS Oil 

Oilseed rape Europe 42 +++ + +++ Rape cake, straw 7.2 1,2 

Soybean N America 
Brazil 

25  
18,21 

++ 
++ 

+ 
+ 

+++ 
+++ 

Soy cake, straw 11.7 3,12 

Palm oil Asia 
Brazil 

135-200  
169  

++ 
++ 

+ 
+ 

+++ 
+++ 

Palm fronds, fruit 
bunches, press fibers 

 
12.6 

 
3 

Jatropha India 
Africa 

21 
45 

+ 
+ 

+ 
+ 

+ 
+ 

Seed cake (toxic), 
wood, shells 

2.9  
 

3,4,5,
10,11

STARCH CROPS As ethanol 

Wheat Europe 54-58 +++ ++ +++ Straw, DDGS 5.2 3 

Maize N America 72-79 +++ +++ +++ Corn stover, DDGS 10.9 3 

Cassava World 43 ++ + ++ DDGS  3 

SUGAR CROPS As ethanol 

Sugar cane Brazil 
India 

116-149 
95-112 

++ 
 

+ +++ Bagasse, straw 1.0-2.0 3,20 
3 

Sugar beet Europe 116-158 ++ ++ +++ Molasses, pulp 5.2 3,13 

Sorghum 
(sweet) 

Africa 
China 

 
105-160 

 
+++ 

 
+ 

 
++ 

Bagasse  
12.8 

 
3 

LIGNOCELLULOSIC CROPS  

Micanthus Europe 190-280 +/++ ++ +  4.8-16 6,8 

Switchgrass Europe 
N America 

120-225 
103-150 

++ 
++ 

+ 
+ 

+ 
+ 

 2.4-3.2 
4.4 

10,14

Short rotation  

Eucalyptus 
S Europe 
S America 

180 
250 

+ 
+ 

++ 
+ 

+ 
+ 

Tree bark 2.9-4 
2.7 

 
2,19 

S.rotation  Willow Europe 140     4.4 3,7 

Fuelwood 
(chopped) 
Fuelwood (from 
native forests) 

Europe 
 
C America 

110 
 
80-150 

   Forest residues 
 
Forest residues, 
whole trees and 
branches  

3.4-13.6
 

2-4 

17 

PRIMARY RESIDUES        

Wheat straw Europe 
USA 

60  
7 

+   1.9 2 
14 

Sugar cane straw Brazil 90-126 +    21 

Corn stover N America 
India 

15-155 
22-30 

+ 
+ 

   
0.9 

9,14 
21 

Sorghum stover World 85 +    9 

Forest residues Europe 
World 

2-15 
 

   

 

 
1-7.7 

 
17 

References: 1: EEA, 2006; 2: JRC, 2007; 3: Bessou et al., 2009; 4: Ndong et al., 2009; 5: 1 
Openshaw, 2000; 6: Clifton-Brown et al., 2004: 7: Ericsson et al., 2009; 8: Fargernäs et al., 2006; 2 
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9: Lal, 2005; 10: WWI, 2006; 11: Maes et al., 2009; 12: Gerbens-Leenes et al., 2009; 13: Berndes, 1 
2008; 14: Perlack et al., 2005; 15: Yokoyama and Matsumura, 2008; 16: Kärhä, pers. com., 2009; 2 
17: Karjalainen et al., 2004; 18: Nabuurs et al., 2007; 19: Scolforo, 2008; 20: Folha, 2005; 21: 3 
Guille, 2007. 4 

Table 2.3.2: Typical characteristics of the production technologies for selected secondary residues 5 
and waste stream). Same references as Table 2.3.1.  6 

Feedstock type Region Energy content  Cost 
USD/GJ 

Ref. 

Charcoal Worldwide 29 GJ/odt 2  

Sugar cane bagasse Brazil 15.5 GJ/odt 1.6-7.6 10,2 

Rice husk India 15 GJ/odt 2 21 

Waste wood Europe 18 GJ/odt 2.2 2 

Wood pellets and 
briquettes 

N Europe 
US/Canada 

18 GJ/odt 
 

8.8 
5-5.3 

16 

MSW USA 3.4 GJ/inhab.(organic) May be 
negative 

10 

Cattle slurry Asia 
N America 

14-17/cattle head 
14-32/cattle head 

 15 

Black liquor Europe 12 GJ/odt   

Waste cooking oil Global 40 GJ/t  3 

2.3.2 Logistics and supply chains    7 

2.3.2.1 Preconditioning of biomass 8 

Most non-woody biomass is available in loose form and has low bulk densities, which causes 9 
problems of handling, transportation and storage. Shredded biomass residues may be densified by 10 
briquetting or pelletizing, typically in screw or piston presses that compress and extrude the 11 
biomass (FAO, 2009c). The application of high pressure increases the temperature and lignin 12 
present in the biomass partially liquefies and acts as a binder. Briquettes and pellets can be good 13 
substitutes for coal, lignite and fuelwood as they are renewable, have consistent quality, size, better 14 
thermal efficiency, and higher density than loose biomass. 15 

Briquettes are larger than pellets and are produced by compression and extrusion, with various 16 
compaction rates (Erikson and Prior, 1990). There are briquetting plants in operation in India and 17 
Thailand, using a range of secondary residues and with different capacities, but none as yet in other 18 
Asian countries. There have been numerous, mostly development agency-funded briquetting 19 
projects in Africa, and most have failed technically and/or commercially. The reasons for failure 20 
include deployment of new test units that are not proven, selection of very expensive machines that 21 
do not make economic sense, low local capacity to fabricate components and provide maintenance, 22 
and lack of markets for the briquettes due to uncompetitive cost and low acceptance (Erikson and 23 
Prior, 1990). There are indications that most of these obstacles are being overcome in efforts to 24 
protect the Virunga National Park in the Democratic Republic of Congo, a global biodiversity 25 
hotspot, by replacing illegal charcoal production by briquettes in the surrounding densely populated 26 
areas on the open market.  27 

Wood pellets are made of wood waste such as sawdust and grinding dust. Pelletization produces 28 
somewhat lighter and smaller pellets of biomass compared to briquetting. Pelletization machines are 29 
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based on fodder making technology. Pelletizing generally requires conditioning of biomass material 1 
by mixing with a binder or by raising its temperature through direct addition of steam or both (BEC, 2 
2009). Wood pellet are easy to handle and burning is easy; shape and characteristics of fuel are 3 
uniform; transportation efficiency is high; energy density is high. Wood pellets are used as fuel in 4 
many countries for cooking and heating application (EREC, 2009). 5 

Chips are mainly produced from plantations waste wood and wood residues (branches and 6 
nowadays even spruce stumps) as a by-product of conventional forestry. They require less 7 
processing and are cheaper than pellets. The handling of both chips and pellets is amenable to 8 
automation. Bark and wood are usually chipped separately because they have different properties. 9 
Depending on end use, chips may be produced on-site, or the wood may be transported to the 10 
chipper. For example in Durban, South Africa the chipper is located at the port and debarked logs 11 
are transported to the port by road and rail. The chips are pumped directly onto ships for export, in 12 
this case to Japan. Chips are commonly used in automated heating systems, and can be used directly 13 
in coal fired power stations or for combined heat and power production (Fargernäs et al., 2006).  14 

Charcoal is a product obtained by heating woody biomass to high temperatures in the absence of 15 
oxygen, with a twice higher calorific value than the original feedstock. It burns without smoke and 16 
has a low bulk density which reduces transport costs. It has been in use in India and China since 17 
times immemorial. In many African countries charcoal is produced traditional kilns in rural areas 18 
with efficiencies as low as 10% (Adam, 2009), and typically sold to urban households while rural 19 
households use fuelwood. Hardwoods are the most suitable raw material for charcoal, since 20 
softwoods incur possibly high losses during handling/transport. Charcoal from granular materials 21 
like coffee shells, sawdust, and straw is in powder form and needs to be briquetted with or without 22 
binder. Charcoal is also used in large-scale industries as iron reducer, particularly in Brazil, and also 23 
increasingly as co-firing in oil-based electric power plants. Charcoal is produced in large-scale 24 
efficient kilns and fuelwood comes from high-yielding eucalyptus plantations (Scolforo, 2008). In 25 
Africa, frequently illegal charcoal production is seen as a primary threat to remaining wildlife 26 
habitats. 27 

2.3.2.2 Logistics 28 

The majority of households in the developing world depend on solid biomass fuels such as charcoal 29 
for cooking, and millions of small-industries (such as brick and pottery kilns) generate process heat 30 
from these fuels. Despite this pivotal role of biomass, the sector remains largely unregulated, poorly 31 
understood, and the supply chains are predominantly in the hands of the informal sector (GTZ, 32 
2008).  They are complicated by certain characteristics of the feedstocks, including high moisture 33 
content, low density, and seasonal availability patterns, necessitating specific handling, drying and 34 
voluminous storage. They may involve several intermediate steps between the supplier and the end-35 
user and encompass wide geographical areas. A generic value chain showing elements and 36 
stakeholders is given on Table 2.3.3. 37 

Table 2.3.3. A generic value chain showing elements and stakeholders (based on GTZ, 2008). 38 

Production Harvesting/ 
charcoal 
making 

Transport Wholesale Retail End use 

 
Wood 
Producer 

Charcoal 
producer 

Transporter Wholesaler Retailer End user 

 39 
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When fuelwood is marketed, trees are usually felled and cut into large pieces and transported to 1 
local storage facilities from where they are collected by merchants to wholesale and retail facilities, 2 
mainly in rural areas. Some of the wood is converted to charcoal in kilns and packed into large bags 3 
and transported by hand, animal drawn carts and small trucks to roadside sites from where they are 4 
collected by trucks to urban wholesale and retail sites. Thus charcoal making is an enterprise for 5 
rural populations to supply urban markets. Crop residues and dung are normally used by the owners 6 
as a seasonal supplement to fuelwood.  7 

2.3.3 Conversion technologies    8 

Different end use applications of biomass involve various conversion processes, which can be 9 
classified according to Table 2.3.4. 10 

Table 2.3.4: Main routes for converting biomass to a range of possible end-uses.  11 

Process  Type of 
Feedstock  

 Conversion Technology  End use  

Thermo 
chemical 
conversion  

Lignocellulosic 
crops, wood , 
primary and 
secondary 
residues 

Combustion  
Pyrolysis 
Gasification  
Liquefaction  
Cogeneration 
 

Cooking/heating/electricity/ 
cogeneration 

Chemical Oil crops, waste Acid Hydrolysis/ 
Transesterification  

Electricity /liquid biofuels  

Biochemical Starch, sugar,  
lignocellulosic 
crops, wood, 
residues, organic 
waste 

Anaerobic digestion  
Ethanol Fermentation  

Cooking/heating/ power 
/liquid biofuels in vehicles 

2.3.3.1 Thermo-chemical Processes   12 

Biomass combustion is a process where carbon and hydrogen in the fuel react with oxygen to form 13 
carbon dioxide and water with a release of heat. Direct burning of biomass is popular in rural areas 14 
for cooking. About 2.4 billion people in developing countries use firewood in inefficient traditional 15 
open fire cook stoves in poorly ventilated kitchens leading to major health problems in women and 16 
children (see section 2.5).  Major efforts have been launched in the past decade on the development 17 
of more efficient and reliable cookstoves.  18 

Grate combustion is the most commonly-used technology for small-scale industrial processes and 19 
heating systems. Combustion applications of fluidised bed technology were commercially 20 
developed in the 1970’s, with the advantages of more flexibility for fuels, and lower emissions of 21 
sulphur, nitrogen oxides and unburned components (Fargernäs et al., 2006). The technology for 22 
generating electricity from biomass is similar to the conventional coal-based power generation. The 23 
biomass is burnt in boilers to generate steam, which drives a turbo alternator for generation of 24 
electricity. The equipment required for these projects comprises mainly of boilers, turbines, and grid 25 
inter-phasing systems. Recent innovations include the use of air-cooled condensers to reduce 26 
consumptive use of water. 27 

Charcoal as described earlier is produced through a process known as carbonization, which 28 
comprises three distinct phases: drying, pyrolysis and cooling. These may considerably overlap 29 
when the charcoal is made in large kilns. Selection of the charcoal making technology is based on: 30 
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the investment costs, duration of carbonization, yield and labour intensiveness. The Missouri kiln is 1 
widely used in developed countries (Massengale, 1985). Unlike the earth mounted traditional 2 
charcoal kiln, they consist of permanent structures made up of brick or concrete construction that 3 
can be used for several batches with minor maintenance.   4 

Cogeneration is the process of using a single fuel to produce more than one form of energy in 5 
sequence. In normal electricity generation plants, up to 70% of heat in steam is rejected to the 6 
atmosphere. In cogeneration mode, however, this heat is not wasted and is instead used to meet 7 
process heating requirement. The overall efficiency of fuel utilization can thus be increased to 60% 8 
or even higher (over 90%) in some cases (Williams et al., 2009).  The sugar industry across the 9 
world has traditionally used bagasse-based cogeneration for achieving self-sufficiency in steam and 10 
electricity as well as economy in operations. Technologies available for high-temperature/high-11 
pressure steam generation using bagasse as a fuel make it possible for sugar mills to operate at 12 
higher levels of energy efficiency and generate more electricity than what they require.  Similarly 13 
black liquor, an organic waste produced in paper and pulp industry is being burnt efficiently in 14 
boilers for producing energy that is used back as process heat (Faaij, 2006).      15 

Biomass Gasification is the thermo-chemical conversion of solid biomass into a combustible gas 16 
mixture (synthesis gas, a mixture of CO and H2) through a partial combustion route with air supply 17 
restricted to less than that theoretically required for full combustion. Synthesis gas can be used as a 18 
fuel in place of diesel in suitably designed/adopted internal combustion (IC) engines coupled with 19 
generators for electricity generation.  It can replace conventional forms of energy such as oil in 20 
many heating applications in industry. The gasification process renders use of biomass relatively 21 
clean and acceptable in environmental terms. Most commonly available gasifiers use wood/woody 22 
biomass; some can use rice husk as well. Many other non-woody biomass materials can also be 23 
gasified, specially designed gasifiers to suit these materials (Yokoyama and Matsumura, 2008). 24 
Fuel is loaded into the reactor from the top, and is subjected to drying and pyrolysis as it moves 25 
down Air is injected into the reactor in the oxidation zone, and through the partial combustion of 26 
pyrolysis products and solid biomass, the temperature rises to 1100 °C, helping in breaking down 27 
heavier hydrocarbons and tars. As these products move downwards, they enter the reduction zone 28 
where synthesis gas is formed by the action of carbon dioxide and water vapour on red-hot 29 
charcoal. The hot and dirty gas is passed through a system of coolers, cleaners, and filters before it 30 
is sent to engines or turbines. It can also be upgraded to a liquid fuel using a catalyst (with e.g. the 31 
Fischer-Tropsch process) to produce a range synthetic liquid biofuels (synfuels). Biomass gasifier 32 
stoves are also being used in many rural industries for heating and drying (Yokoyama and 33 
Matsumura, 2008). 34 

Biomass Liquefaction is the process of conversion of biomass materials to liquid fuels. This can be 35 
done by thermal and biochemical methods. Among the most common method in use is destructive 36 
distillation of wood to form charcoal and methanol. Destructive distillation was used in the past for 37 
generating methyl alcohol, which is used as a solvent and in many other applications. 38 

2.3.3.2 Chemical Processes  39 

Transesterification is the process where the alcohols reacts with triglycerides oils contained in 40 
vegetable oils or animal fats to form an alkyl ester of fatty acids, in the presence of a catalyst (acid 41 
or base; WWI, 2006). The production of this fuel referred to as bio-diesel thus involves extraction 42 
of vegetable oils from the seeds, usually with mechanical crushing or chemical solvents. The 43 
protein-rich by-product of oil (cake) is sold as animal feed or fertilizers, but may also be used to 44 
synthesize higher-value chemicals. Bio-diesel can also be made by hydrodeoxygenation of 45 
vegetable oil through processes which are currently already deployed (IEA Bioenergy, 2009), which 46 
is especially interesting for oils with low saturation such as palm oil.   47 
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2.3.3.3 Biochemical Processes  1 

Fermentation of sugars by appropriate yeasts produces ethanol. The major feedstocks are 2 
sugarcane, sweet sorghum, sugar-beet and starch crops (such as corn, wheat or cassava). Ethanol 3 
from sugarcane or sugar-beets is generally available as a by-product of sugar mills, but it can also 4 
be directly produced from extraction juices and molasses. The fermentation either takes place in 5 
single-batch or continuous processes, the latter becoming widespread and being much more 6 
efficient since yeasts can be recycles. The ethanol content in the fermented liquor is about 10%, and 7 
is subsequently distilled to increase purity to about 95%. As the ethanol required for blending with 8 
gasoline should be anhydrous, the mixture has to be further dehydrated to reach a grade of 99.8%-9 
99.9% (WWI, 2006).  10 

Ethanol is viewed as a promising alternative to gasoline throughout much of the world. It is widely 11 
used in cars and buses in Brazil (WWI, 2006). Technological developments, improvements in 12 
feedstock and better management practices induced with adequate environment control have turned 13 
Brazil into a global benchmark in production of ethanol from sugarcane. In India, sugar cane 14 
molasses is the feedstock for ethanol production. India is one of the developing countries where 15 
ethanol is being used as a five percent ethanol-gasoline blend. Corn ethanol is popular in U.S.A 16 
where it is used as a blend with gasoline.  However, it is considered less efficient than other types of 17 
ethanol (e.g., sugar cane) because only the grain is used and many petroleum-based products are 18 
used in its production. In Europe, most of the ethanol is refined to ethyl tertiary butyl ether (ETBE) 19 
in oil refineries before blending (WWI, 2006).   20 

Anaerobic digestion involves the breakdown of organic matter in biomass such as animal dung, 21 
human excreta, leafy plant materials, and urban solid and liquid wastes by micro-organisms in the 22 
absence of oxygen to produce biogas, a mixture of methane (50-60%) and carbon dioxide with 23 
traces of hydrogen sulphide. In this process, the organic fraction of the waste is segregated and fed 24 
into a closed container (biogas digester). In the digester, the segregated waste undergoes 25 
biodegradation in presence of methanogenic bacteria under anaerobic conditions, producing 26 
methane-rich biogas and effluent. The biogas can be used either for cooking/heating applications or 27 
for generating motive power or electricity through dual-fuel or gas engines, low-pressure gas 28 
turbines, or steam turbines (IEA Bioenergy, 2009). The sludge from anaerobic digestion, after 29 
stabilization, can be used as an organic amendment. It can even be sold as manure depending upon 30 
its composition, which is determined mainly by the composition of the input waste.  In recent years 31 
biogas systems have become an attractive option for decentralized rural development as it produces 32 
a cheap fuel and good quality, rich manure (Faaij, 2006). Many developing countries like India and 33 
China are making use of this technology extensively in rural areas. In Germany large size biogas 34 
plants have been set up for digesting grains, food waste to produce green power that can bring more 35 
returns to the farmers (Faaij, 2006).   36 

2.3.4 Bioenergy Systems and Chains: Description of existing state of the art 37 
systems    38 

Table 2.3.5 shows the most relevant bioenergy systems and chains in commercial and 39 
demonstration status (marked in the last column as NA TSU: please indicate what NA is 40 
abbreviation of) at global level presently. For each end-use biofuel there is information about the 41 
feedstock being used the technology required in the processing stage, the end-use sector, the 42 
country or region, the production cost, the market potential and the deployment potential. Some 43 
other information is also described in the column “Comments”. Liquid biofuels are mainly used in 44 
the transport sector and ethanol costs are usually lower than biodiesel for the systems which are 45 
already in commercial use (the ones based in rapeseed, soya and oil palm). It is relevant to note that 46 
conversion efficiency (from feedstock to end-use product) is modest, from a little over 50% to 47 
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around 10%. Note that this efficiency is measured with respect to the feedstock listed, which 1 
usually is a fraction of total biomass grown. Thus, space for better use of the feedstock and, mainly 2 
the total biomass produced, is remarkable.  Solid biomass, mostly used for heat, power and 3 
heat&power has usually lower production costs than liquid biofuels. Unprocessed solid biomass is 4 
less costly than pre-processed type (via densification), but for the final consumer the transportation 5 
and other logistic costs have to be added, which justify the existence of a market for both types of 6 
solid biomass. It is important to note that some of the bioenergy systems are under demonstration 7 
for small scale application due cost barriers imposed by economy of scale and consequently it is 8 
necessary to identify a different technology than the one used successfully for large scale 9 
applications (such as combustion for electricity generation).   10 

Table 2.3.6 describes the characteristics of the existing state of the art of some bioenergy systems. 11 
The table lists the major end-use, the technical process on which its operation is based, the fuel 12 
efficiency, and capital cost. Some brief explanations are added in the column “Comments”. It is 13 
important that all these systems are being used commercially but some of them are cost competitive 14 
for the particular activity listed in the row “Type of use”.  15 
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Table 2.3.5. Table summarizing the state of the art of the main chains for production of end use biofuels.  1 
 2 

End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

Ethanol Transpor
t 

Fermentation Brazil 8 to 12* +++ +++ 

      

Sugar cane syrup 

        *IEA Bioenergy: 
ExCo,2007 

                
  

          

Eff. = 0.38 only ethanol production; Mill size, 
advanced power generation and optimised 
energy efficiency and distillation can reduce 
costs further in the longer term/surplus 
electricity, 50kWh/t of sugar cane 

      
  

    Fermentation Molasses India         
  

        Colombia         
  

        Thailand         
  

        Brazil 8 to 12* +++ +++ 
  

                
  

          

Mill size, advanced power generation and 
optimised energy efficiency and distillation 
can reduce costs further in the longer 
term/surplus electricity, 50kWh/t of sugar 
cane 

      
  

  Transpor
t 

Fermentation Corn grain USA Eff. = 0.56 wet milling and 0.55 dry milling * 25** ++ +++ 

        USA Dry mill only 16***-17****     

        China Price includes subsidy 4.5RMB/kgEt
OH 

    

*UK DFT, 2009; 
**Hamelinck, 
2004; *** Tao, 
Aden, 
2009;****Bain,  
2007 

  Transpor
t 

Fermentation Sugar beet EU Eff. = 0.12 * 20 to30** + + *UK DFT, 
2009;**IEA 
Bioenergy: 
ExCo,2007 

  Transpor
t 

Fermentation Wheat EU 29*** + + 

          

Eff. = 0.53 to 0.59* ** ***  

      

*Reith, 
2002;**IEA, 
2002;***UK DFT, 
2009 

  Transpor
t 

Fermentation Cassava Thailand     + + 
  

  Transpor
t 

Lignocellulosic USA +++ NA 

    

Hydrolysis/Ferm
entation 

    

Eff. = 0.47 for wood and 0.40 for straw; 
includes integrated electricity production of 
unprocessed components*     

      

corn stover*** 

USA 

TC=thermochemical; BC=biochemical 

 12 to 17** 
14-16*** 
(TC-BC) 

10-
13****(TC-

BC) 
17.6 

(BC)***** 

    

*Reith, 2002;**IEA 
Bioenergy: 
ExCo,2007; *** 
Tao, Ling, 
2009;;****Bain, 
2007;*****NRC, 
2009 
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End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

        OECD   18 to 39* +++ NA 
*Sims et al., 2008 

Transpor
t 

Fischer-Tropsh Lignocellulosic USA 12 to 17* +++ NA 
*Sims et al., 2008 

Liquids 
from 
biomass         

Via biomass gasification and subsequent 
syngas processing 

21**  
    

** NRC, 2009 
        OECD   18 to 39* +++ NA 

*Sims et al., 2008 
Biodiesel  Transpor

t 
Transesterificatio
n 

Rape seed Germany 25 to 40** +++ ++ 

        France 

Eff. = 29%. For the total system it is 
assumed that surpluses of straw are used 
for power production*       

*CSIRO, 2000; 
**IEA Bioenergy: 
ExCo,2007 

  Transpor
t 

Transesterificatio
n 

Soya Brazil   24 to 34* + 
*Agrolink, 2009 

        USA   
18** 

+++ 

  
**Tao, Aden, 2009 

  Transpor
t 

Transesterificatio
n 

Oil palm Indonesia     +++ ++ 
  

  Transpor
t 

Transesterificatio
n 

Jatropha Tanzania 5.5* +++ NA 

          

Large uncertain in yield/lack of data: 
assuming seed yields of 2.5 and 1 t/ha/yr in 
semi arid and arid regions can be obtained. 
With oil content of seeds of 34% and oil 
extraction  of 90%, oil yields ranges from 0.8 
to 0.3 t/ha/yr in these regions* 

      

*Wicke et al., 
2009 

  Transpor
t 

Transesterificatio
n 

Vegetable oil 5.52 to 23.8* +++ ++ 

        

109 
countries 

Based in total lipids exported costs was 
evaluated for 109 countries.  Neglects few 
countries with high production cost*       

*Johnston and 
Holloway, 2007 

  Transpor
t 

Transesterificatio
n 

Microalgae USA 
Experiment 

80 or more*
140-180**  
40-60*** 

+++ NA *Chisti, 2007  *** 
Pienkos, Darzins, 
2009 

                  

                  

          

Assuming biomass production capacity of 
10,000 t/yr, cost of production per kg is 
$0.47 and $0.60 for photobioreactors and 
raceways, respectively. Assuming biomass 
contains 30% oil by weight, cost of biomass 
for providing a liter of oil would be $1.40 and 
$1.81, respectively. Oil recovered from the 
lower-cost biomass produced in 
photobioreactors costs $2.80/L.*. 
**Productivity =2.5 g/sqm/day; 
***Productivity=10 g/aqm/day          

Transpor
t 

Hydrogenation Soya USA 
16**  

+++ NA *USEPA, 2008 Renewable 
diesel 

        

LC Energy required 9.3 MJ/l assuming 
electricity efficiency conversion of 40%* 

      **Bain, 2007 
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End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

  Transpor
t 

Hydrogenation Yelow grease USA 
10**  

+++ NA 

          

LC Energy required 3.3 MJ/l assuming 
electricity efficiency conversion of 40%* 

      

*USEPA, 2008  
**See note 2 

  Transpor
t 

Hydrogenation Rape seed OECD   16* +++ NA 
*Hamelinck, 2004 

Methanol Transpor
t 

Lignocellulosic USA/EU 10 to 15* +++ NA 

    

Gasification/Synt
hesis 

    

Combined fuel and power production 
possible 

      *IEA Bioenergy: 
ExCo,2007 

Butanol Transpor
t 

Fermentation Sugar/starch USA   
17.5* 

+++ NA 
* Tao, Aden, 2009 

Liquid 
biofuels in 
general 

Transpor
t 

Hydrolysis& 
Fermentation 

Energy crops EU Price value calculated for the year 2000 12 to 16 * +++ +++ *Hoogwijk, 2004 

Hydrocarbo
ns fuels 
(gasoline, 
diesel and 
jet fuel) 

Transpor
t 

Biological 
synthesis from 
sugars or 
catalytic 
upgrading  

Sugar, starch, or 
lignocellulosic 

U.S. (and 
elsewhere) 

Ongoing R&D with small pilots; insufficient 
public data for technoeconomic evaluation; 
dozens of companies developing intellectual 
property and starting commercialization* 

   +++ NA NSF, 2008; DOE, 
2009; Tang, Zhao, 
2009; Biofuel 
Digest, 2008 

briquettes Electricit
y 

Drying/Mechanic
al compression 

Wood residues EU/USA/ 
Canada 

Large and continuously increasing co-
combustion market 

5.0* +++ ++ *Riegelhaupt et 
al., 2009 

wood 
pellets 

Heat Drying/Mechanic
al compression 

Wood residues EU/USA/ 
Canada 

Large and continuously increasing 
residential market 

5.3* +++ ++ *Riegelhaupt et 
al., 2009 

bagasse 
pellets 

Heat Drying/Mechanic
al compression 

Sugar cane Brazil Large potential availability. No commercial 
use 

3.1* +++ NA *Riegelhaupt et 
al., 2009 

Solid 
biofuel 

Electricit
y/Heat 

Direct 
combustion 

Forestry EU   4* +++ ++ *Hoogwijk, 2004 

  Pyrolysis Wood   +++ + 

  

Heat 
(residenti
al)     

Developing 
countries 

2.1**     

*FAO, 2009; 
**Riegelhaupt et 
al., 2009 

          

Use wood in large pieces or whole tree 
trunks. It is difficult to dry such large pieces 
before carbonising and the yield overall is 
lower but wood preparation costs are 
negligible*       

  
  Pyrolysis Wood Worldwide   +++ + 

  

Heat 
(industry) 

      2.1**     

*FAO, 2009; 
**Riegelhaupt et 
al., 2009 

          

Wood in smaller pieces is easier to dry in 
the air and hence the yield in carbonising is 
higher and is also required for the 
mechanised feeding systems used in most 
industrial type carbonising  processes. 
Generally any industrial system adopted 
must face quite large wood preparation 
costs* 
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End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

combustion Worldwide     Fuelwood 
(small 
scale) 

Heat 
(residenti
al)     ´+++ + 

        

Traditional devices are inefficient and 
generate indoor pollution. Improved 
cookstoves are available that reduce fuel 
use (up to 60%) and cut 70% indoor 
pollution 

2.5* 

    

  Combustion Worldwide 

  

Heat 
(small 
industrie
s) 

  

Fuelwood, 
biomass residues 

  

Existing industries have low efficiency kilns 
that are also high polluting. Improved kilns 
are  available that cut consumption in 50-
60% 

2.5* ´++ + 
See Note 1) 

Biomass 
gases 

        
  

      
  

(small 
scale) 

Gasification Wood residue Worldwide eff., 17%, India 2.5-
3.5Rs/kWh 

++ + 
  

  

Power & 
heat 

Gas engine Agro residues   7.5*     

          

eff., 20%, Japan; Assumptions: 1) Biomass 
cost $3/GJ; Discount rate 10%; 2) Heat 
value $5/GJ.       *IEA Energy, 2007 

(large 
scale) 

Gasification Wood residue Worldwide 7 to 9* +++ NA 

  

Power & 
heat 

Gas turbine Agro residues   

IGCC; Assumptions: 1) Biomass cost $3/GJ; 
2) Discount rate 10% 

      *IEA Energy, 2007 
(large 
scale) 

Gasification Wood residue Worldwide   22 +++ NA 
*Hamelinck, 2004 

  

Synthetic 
diesel 

Synthesis Agro residues     21**     **NRC, 2009 
Biogas                 

  
Household 

biogas 
Digestion Manure Worldwide byproduct: liquid fertilizer  ++ + 

  
  

Cooking, 
heat 

  Human wastes   payback time  1-2 years       
Biogas (big 

scale) 
Electricit
y 

MSW Worldwide byproduct: liquid fertilizer   +++ + 
  

    

Digestion plus 
gas engine/ 
steam turbine Agro residues   eff., 15-20%         

      Industry waste         

          

Widely applied for homogeneous wet 
organic waste streams and waste water*       *IEA Bioenergy: 

ExCo,2007 
US By product credit not considered for 

fertilizers 
14* Biogas 

(medium 
scale) 

transport
ation 

Digestion plus 
gas clean up and 
compression 

manures 

UK Developmental stage 13** 

++ + *Krich et al., 2005 
Sustainable 
**Transportation 
Solutions, 2006 
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End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

         
 
 
 
 

++ 

 
 
 
 
 

++ 
      

      

      

 
 
 
 
 

Biogas 
(small 
scale) 

includes 
landfill 

      

 
 
 
 
 
 
Widely applied and, in general, part of waste 
treatment policies of many countries* 

      

 
 
 
 
 
*IEA Bioenergy: 
ExCo,2007 

  

 
 
 
 
Cooking, 
heat, 
electricity 

      

eff. 10-15%* 

      
*IEA Bioenergy: 
ExCo,2007 

Co-firing Electricit
y 

Combustion MSW Worldwide eff., ~40%       
  

      Wood residue       

          

Assumptions: 1) Biomass cost $3/GJ; 2) 
Discount rate 10%; 3) eff. 35-40% 

0.05 
US$/kWh*     

*IEA Energy, 2007 
Biomass 
pyrolysis 

Fuel Pyrolysis Wood residue OECD Demonstration stage*    ++(+) NA *Bauen et al., 
2004 

      Agro residues  USA  Commercial for specialty, demo for fuels 5.5**    **Bain, 2007 
                   

Combustion Wood Worldwide +++ + *IEA Bioenergy: 
ExCo,2007 

Biomass for 
direct 
combustion 

Power & 
heat 

  Wood residues       

      Briquettes       

          

Processes are in demonstration for small-
scale applications between 10 kW and 1 
MWe. Steam turbine based systems 1-10 
MWe are widely deployed throughout the 
world. Efficiency of conversion to electricity 
in the range of 30-35%* 

Ect5-15 
/kWh. High 
costs small 
scale power 

gen. with 
high-quality 
feedstock. 

Low costs for 
large-scale 
(i.e., >100 

MWth) state-
of-art* ** *** 

    

*Egsgaard et al., 
2009, **IEA 
Bioenergy: 
ExCo,2007, ***IEA 
Energy, 2007 
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End use 
biofuel 

Major 
end use 

Processing Feedstock Site Comments Production 
Cost by 

2006 
(EU$/GJ) 

Market 
potential 
+low/+++ 

high 

Present 
deployment 

+low/+++high 

References 

      Bagasse   +++ NA 

      Straw       *Risø Energy, 
2009 

              

          

Concentration of chloride and potassium 
salts. Straw contains a lot of these salts, 
which can cause corrosion and slagging 
problems. The need to make power plants 
from corrosion-resistant materials has 
increased the cost of energy from straw, at 
least in Denmark* 

state-the-art 
combustion 

(wood, 
grasses) and 

co-
combustion**     

**Egsgaard et al., 
2009 

  Power Combustion USA 19.8* +++ ++ 

      

Several solid 
biomass 

  

Cost of electricity delivered to consumer in 
EU/GWh. Cost off biomass EU$ 2/GJ 

      
*Electricity from 
Renewable, 2009 

Hydrogen Transpor
t 

USA/EU 9 to 12* +++ NA 
*Hoogwijk, 2004 

    

Gasification/Syn
gas processing 

Several solid 
biomass 

  

Combined fuel and power production 
possible 

10**      **Bain, 2007 
Note 1) Costs are extremely variable (from 0 monetary costs when fuelwood is collected to 8 GJ or more when fuelwood is 
scarce)  

   

Note 2)  http://www.eia.doe.gov/oiaf/analysispaper/biodiesel/pdf/tbl5.pdf 
corrected 

 
 

   

 1 
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Table 2.3.6: Main characteristics of the existing state of the art Bioenergy Systems  1 
 2 
Type Major 

end-use 
Process  Type of use Characteristics   Cost 

US2005$ 

Improved 
Cookstoves  

Cooking  Combustion/ 
Gasification  

Domestic/ 
Commercial  

Fuel Efficiency 15-40%. New 
stoves with optimized combustion 
chambers and cookstoves that 
gasify fuelwood are being 
disseminated at large scale. 
Stoves may be massive, with 
chimney and multiple pans, or 
small and light-weight without a 
flue and single pot.  Newest 
models serve also as water 
heaters for bath and produce 
electricity using the themo-electric 
effect. 

 
5-100 
US$/device

Gasifiers Cooking 
/Power 
generation  

Partial 
combustion of 
woody biomass, 
agro residues to 
generate 
producer gas  

Community 
/Commercial 

CO + H2 low calorific producer gas  
can be used for thermal energy  
80% and electrical energy 60% 
applications  

0.5-0.8 
million US$ 
/ MW 
thermal  
 
0.5-  0.8 
million US$ 
/ MW 
electrical  

Steam 
Boilers  

Heat Cogeneration Power for 
captive and 
grid 
requirements 

High pressure boilers 0.5-  0.8 
million US$ 
/ MW 
electrical 

BiogasPlant
s  

Cooking 
/Power 
generation 
/Lighting 

Anaerobic 
Digestion 
/Biomethanation 

Individual 
households 
/Commercial 
for 
decentralise
d power 
generation 

Digestor with an inlet and outlet 
and a unit for storage of Gas Can 
digest organic waste through the 
biological route to produce gas and 
manure Efficiency is 20% 

200 US$ 
per  M3 

Biodiesel/ 
Ethanol 
plants  

Power 
Generation 
/Transport
ation  

SVO or 
transesterificatio
n 

Commercial 
and for grid 
interactive  
and 
decentralize
d power 
production 

Expellers, Transesterification 
plants 

1 US$ per 
liter 

2.4 Global and Regional Status of Market and Industry Development  3 

2.4.1 Introduction  4 

The status and development of biomass market are reviewed considering technologies, activities 5 
and products that are used regionally and in geographically widespread applications through 6 
international markets.  7 

For local markets it is worth noting that the use of bioenergy technologies provides a simple, local 8 
and renewable solution for energy related to cooking, heating and lighting mainly in rural areas. 9 
However widespread, dissemination of these technologies may be limited by the purchasing power 10 
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of the people and availability, as well as access to the biomass resource used. Lack of education, 1 
awareness and motivation are among the prime factors that obstruct regional penetration of such 2 
technologies.  The extent to which they have currently penetrated into or are in use in rural areas 3 
and the limitations faced are described in the first part of this section.  4 

For non-local biomass market barriers cover a larger area of issues and we will discuss them in 5 
section 2.5    6 

2.4.2 Biogas Technology 7 

Biogas systems are functional under a wide range of climatic conditions. Nonetheless, widespread 8 
acceptance and dissemination of biogas technology has not yet materialized in many countries.  9 

A number of psychological, social, institutional, legal and economical factors present barriers that 10 
impair the development of energy from biogas. 11 

Legal and Financial Barriers: 12 

 lack of proper legal standards determining explicitly the programme and policy; 13 

 insufficient economic mechanisms, in particular fiscal, to facilitate achieving the desirable 14 
profits related to the investment costs, installations and equipments; 15 

 relatively high costs of technologies and of labour (e.g. geological investigations). 16 

Information Barriers: 17 

 lack of easily available information on projects feasible for technical applications; 18 

 lack of easily accessible information on procedures for projects implementation and 19 
realisation, standard costs, economic, social and ecological benefits; 20 

 lack of information on installations producers, suppliers and contractors 21 

 lack of information on the certainty of the design and construction of scale anaerobic 22 
digestion systems 23 

 limited application of knowledge gained from the operation of existing plants in the design 24 
of new plants 25 

 lack of familiarity with biogas investments in the financial community 26 

A number of countries have initiated biogas programmes - China and India, for example are 27 
promoting biogas on a large scale, and there is significant experience of commercial biogas use in 28 
Nepal (Hu, 2006; Rai, 2006; India, 2006). Results have been mixed, especially in the early stages 29 
(TSU: empty bracket – reference missing?). Quality control and management problems have 30 
resulted in a large number of failures. Biogas experience in Africa has been on a far smaller scale 31 
and has been often disappointing at the household level (TSU: empty bracket – reference missing?). 32 
The capital cost, maintenance, and management support required have been higher than expected. 33 
Under subsistence agriculture, access to cattle dung and to water that must be mixed with slurry has 34 
been more of an obstacle than expected. Possibilities are better where farming is done with more 35 
actively managed livestock and where dung supply is abundant - as in rearing feedlot-based 36 
livestock. (Hedon Household Network, 2006)  37 

Experience of NGOs that are members of the Integrated Sustainable Energy and Ecological 38 
Development Association (INSEDA) for the last more than two decades in the transfer, capacity 39 
building, extension and adoption of household biogas plants in rural India has shown that for 40 
successful implementations of biogas and other RET programmes in the developing countries, the 41 
important role of NGOs networks/associations needs to be recognized. These may provide funding 42 
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and support under the Clean Development Mechanism (CDM) in the implementation of household 1 
biogas programmes in target regions through north-south partnerships in which both groups gain. 2 
Developing such partnerships would lead to establishing a global data base, measurement of GHGs, 3 
as well as closer follow-up and monitoring that ensures the longer term sustainability of such 4 
programmes. In order to realize the full potential, treating biogas programmes as an important tool 5 
for empowering rural population in general and rural women in particular, appropriate changes in 6 
funding and policy support for such programmes is required (VODO, 2001).  7 

In order to promote dissemination of biogas technology at the grassroots communities four 8 
activities are important (Hedon Household Network, 2006): 9 

Promotion. It should make potential users aware of the existing technology and raise interest in 10 
biogas. Awareness is the starting point for later investment decision, but does not necessarily lead to 11 
active interest (TSU: empty bracket – reference missing?).  12 

Information and education. Potential users who are aware and have some interest in the 13 
technology need be able to obtain more information and properly evaluate the usefulness of 14 
implementation under their circumstances. The information activities should not be biased, should 15 
be available for all members of the households, need to be decentralized and could include farmers’ 16 
seminars, orientation workshops, but also individual contacts between potential users and extension 17 
workers or service providers (TSU: empty bracket – reference missing?).  18 

Personal persuasion by a credible personal contact is required to solidify the interest of potential 19 
users of the technology. Persuasion to illiterate and semi-literate people requires more time than 20 
with educated population.   21 

Implementation is an individual or intra-family matter. The period between awareness and 22 
decision for adoption varies and depends on a number of factors including the economic and 23 
socio/cultural situation of the potential user. Economical and socio/cultural constraints influence the 24 
ultimate potential.  25 

2.4.3 Improved Cookstove Technology  26 

Reasons for success or failure of  Improved Cookstoves Programs have been outlined in Table 2.4.1 27 
below: 28 

Table 2.4.1 29 
Reasons for success Reasons for Failure 

Program targets region where traditional fuel and 
stove are purchased or fuel is hard to collect. 

People cook in environments where smoke causes 
health problems and is annoying. 

Market surveys are undertaken to assess potential 
market for improved stoves. 

Stoves are designed according to consumer 
preferences, including testing under actual use. 

Stoves are designed with assistance from local 
artisans. 

Local or scrap materials are used in production of 
the stove, making it relatively inexpensive. 

The production of the stove by artisans or 
manufacturers is not subsidized. 

Stove or critical components are mass-produced. 

Program targets region where traditional fuel 
or stove are not purchased or fuel is easy to 
collect. 

People cook in the open, and smoke is not really 
a problem. 

Outside experts determine that improved stoves 
are required. 

Stove is designed as a technical package in the 
laboratory, ignoring customers' preferences 

Local artisans are told or even contracted to build 
stoves according to specifications. 

Imported materials are used in the production of 
the stove, making it expensive. 

The production of the stove by artisans or 
manufacturers is subsidized. 
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Similar to traditional stove. 

The stove is easy to light and accepts different 
sized wood. 

Power output of stove can be adjusted. 

The government assists only in dissemination, 
technical advice, and quality control. 

The stove saves fuel, time, and effort. 

 

Donor or government support extended over at 
least 5 years and designed to build local institutions 
and develop local expertise. 

Monitoring and evaluation criteria and 
responsibilities chosen during planning stages 
according to specific goals of project. 

Consumer payback of 1 to 3 months. 

Critical stove components are custom built. 

Dissimilar to traditional stove. 

The stove is difficult to light and requires the use 
of small pieces of wood. 

Power output cannot be easily controlled. 

The government is involved in production. 

The stove does not live up to promised economy 
or convenience under real cooking conditions. 

Major achievements expected in less than 3 
years, all analysis, planning, and management 
done by outsiders. 

Monitoring and evaluation needs are not planned 
and budgeted, or criteria are taken uncritically 
from other projects or not explicitly addressed. 

Consumer payback of more than 1 year 

 1 

The World Bank and the Shell Foundation, and ARTI an NGO based in Pune have developed 2 
strategies to promote improved biomass based fuels and improved cooking devices through 3 
commercialisation mode. A programme, acceptable to all the stake-holders has been chalked out 4 
and no direct subsidy would be given either to the improved fuels nor to any of the cooking devices, 5 
but financial assistance would be made available for propaganda, users' training, manufacturers' 6 
training, market research, market development and promotion. (Arti Pune artiindia.org, quoted in 7 
Muller, 2007) TSU: If this is a direct quote, please mark it as one. Ideally rephrase/shorten it. . In 8 
the eastern Democratic Republic of Congo, stoves using briquette fuel manufactured from biomass 9 
wastes are being disseminated into urban as well as rural populations through a coordinated 10 
programme that is economically stabilised through NGO funding. The aim is to decrease 11 
unsustainable charcoal use that is causing illegal deforestation in biologically diverse national 12 
parks, particularly in Virunga National Park. The programme is transitioning from the NGO-13 
guaranteed start-up phase to economic viability on the open market in competition with traditional 14 
charcoal (Virunga National Park, www.gorilla.cd). 15 

2.4.4 Small-Scale Bioenergy Initiatives 16 

Linkages between livelihoods and small-scale bioenergy initiatives were studied based on a series 17 
of 15 international case studies conducted between September and November 2008 in Latin 18 
America, Africa and Asia (Energy Research Programme Consortium, 2009). The cases were 19 
selected to highlight the use of a range of bioenergy resources (residues from existing agricultural, 20 
forestry or industrial activities; both liquid and solid energy crops). These resources were matched 21 
to a range of energy needs that included cooking, mobility, productive uses and electricity for 22 
lighting and communication. The approach taken also considers the non-energy by-products of 23 
production processes where these form, or could form, a significant added benefit in terms of 24 
livelihoods, revenues and efficiency. A summary of preliminary lessons and conclusions that are 25 
drawn from these case studies are summarised as follows (Practical Action Consulting, 2009): 26 

 Natural resource efficiency is possible in small-scale bioenergy initiatives 27 

 Local and productive energy end-uses develop virtuous circles 28 

 Where fossil energy prices dominate, partial insulation is an option 29 
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 Longer term planning and regulation plays a crucial role for the success of small-scale 1 
bioenergy projects. 2 

 Flexibility and diversity can also producer risk TSU: did you mean “produce risks” or 3 
“increases produces’ risks”? 4 

 Collaboration in the market chain is key at start up 5 

 Long local market chains spread out the benefits 6 

 Moving bioenergy resources up the energy ladder adds value 7 

 Any new activity raising demand will raise prices, even those for wastes 8 

 Cases do not appear to show local staple food security to be affected 9 

 Small-scale bioenergy initiatives offer new choices in rural communities 10 

2.4.5 Overview of existing policies relevant for bioenergy  11 

2.4.5.1 Global Bioenergy Partnership (GBEP) Overview 12 

The purpose of the Global Bioenergy Partnership is to provide a mechanism for partners to 13 
organize, coordinate and implement targeted international research, development, demonstration 14 
and commercial activities related to production, delivery, conversion and use of biomass for energy, 15 
with a particular focus on developing countries. GBEP also provides a forum for implementing 16 
effective policy frameworks, identifying ways and means to support investments, and removing 17 
barriers to collaborative project development and implementation. The partnership builds in the 18 
three strategic pillars of energy security, food security and sustainable development, which 19 
demonstrates the interlinkage between these topics. It will undertake the GBEP Report (GBEP, 20 
2007), which provides a platform for future GBEP's work towards the sustainable development of 21 
bioenergy, facilitate the sustainable development of bioenergy and collaboration on bioenergy field 22 
projects, and formulate a harmonized methodological framework on GHG emission reduction 23 
measurement from the use of biofuels for transportation and for the use of solid biomass while 24 
raising awareness and facilitating information exchange on bioenergy. 25 

2.4.5.2 Policies that might promote bioenergy in the U.S. Research, development and 26 
demonstration  27 

TSU: Not clear why U.S. is taken as example here. Either state reason for this (“representatice”, 28 
“forerunner”) or replace section with overview including/compare with other industrialized 29 
countries. 30 

In developed countries such as the United States, there is a continued need for technology 31 
development to address issues such as contamination, improving efficiencies and reducing costs. 32 
There is also a need for more research on growing energy crops cheaply and with minimum of 33 
environmental impact.   34 

Tax Credits 35 

The last Energy Policy Act to be passed by Congress was in 1992 (Energy Policy Act, 1992). 36 
Section 45 of the Energy Policy Act of 1992 offers a 1.5 cent per kWh tax credit to wind power and 37 
“closed-loop biomass”, which means only energy crops purchase the required biomass. Such a tax 38 
credit can be extended to include many more forms of biomass, which are cheaper than energy 39 
crops. The credit does not have to be restricted to biomass for power plants—it can include biomass 40 
for small industrial boilers and district energy operations. The tax credit allows bioenergy operators 41 
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to compete with other industries that use biomass, so that a consistent, high quality supply of 1 
biomass is possible.  2 

The US congress has been working on updating the Energy Policy Act for 2005 (Energy Policy Act, 3 
2005) to include new incentives and support for the biomass industry. The proposed act as approved 4 
by the US senate June 28, 2005 would set an 8 billion gallon TSU: please use SI units renewable 5 
portfolio standard for ethanol by 2012 and supply $18 billion in tax breaks over the next 10 years.  6 

Also, the National Security and Bioenergy Investment Act of 2005 would "expand research and 7 
development of biomass energy and biobased products, establish the position of Assistant Secretary 8 
of Agriculture for Energy and Biobased Products at the U.S. Department of Agriculture, and 9 
provide incentives to businesses producing biofuels." [1]  10 

Finally, accelerated depreciation and investment tax credits can help catalyze new biomass CHP 11 
projects by making near-term economics more attractive to financiers.  12 

Renewable fuels standard  13 

The renewable fuels standard requires an increasing percentage of transportation fuel sold in the 14 
United States be biofuels. The policy features a credit trading system to allow refiners, blenders, 15 
and retailers to buy and sell credits from each other to meet their goals.  16 

Renewable portfolio standard (RPS)  17 

Biomass power plants can be included in renewable portfolio standards, which require a certain 18 
percentage of power within a state or the entire U.S. to come from renewables. The RPS also 19 
features a credit trading system similar to the renewable fuels standard. (Federal Bill, 2005)    20 

2.4.5.3 Biofuel policies in selected Asian countries  21 

In Asia, India has pioneered policies implementation in the renewable energy sector. The work 22 
started in 1974 with the establishment of the Fuel Policy Committee, proceeds with the creation of 23 
the Department of Non-conventional Energy Sources in 1982, creation of the Ministry of Non-24 
conventional Energy Sources in 1992, and provided institutional and economic support to 25 
renewable through the Electricity Act (2003), National Electricity Policy (2005) and the National 26 
Tariff Policy (2006), which clearly set preferences and economic advantages to them (Singh, 2007). 27 

Several others Asian countries have declared major policy initiatives so as to substitute petroleum 28 
products with a view to cut consumption reduce pollution and also avail CDM benefits (see Table 29 
2.4.2). Some of these are tabulated below:  30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 
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Table 2.4.2 Major Policy Initiatives in Asian Countries 1 

Country Blending 
rate 

Major 
feedstocks 

Strategy / Goal / Economic measures 

India E5 Jatropha, 
Sugarcane 

Indian Biofuel National Strategy, 2008 / 20% biodiesel 
and bioethanol by 2017 / 11.2 mil ha of jatropha 
planted and matured by 2012 for the target blend of 
20% / fixed prices for purchase by marketing 
companies. 

 

China E10 Corn, 
Cassava 

Biofuel share 15% of transportation energy by 
2020; incentives, subsidies and tax exemption for 
production  

Malaysia 5% Palm National Biofuel Policy, 2006 / B5;  

Diesel : plans to subsidize prices for blended diesel 

 

Indonesia BDF : 10%  E5 Palm, Jatropha National Energy Program, B20 
and E15 in 2025; Diesel : subsidies (at same level 
as fossil fuel)  

Thailand 

 

5% 

 

Palm, 
Cassava 

 

Biodiesel Development and Promotion Strategy 
Enforce national wide B2 in April, 2008 / B5 in 2011 / 
B10 in 2012; 

Ethanol : price incentives through tax exemptions 

 

Philippines BDF : 1% Coconut Biofuel Strategy 2006 / BDF mixing rate 1%, 2% by 
2009 / Ethanol : 5% by 2009, 10% by 2011; tax 
exemption and priority in financing  

Japan E3, B5 Sugar, Waste 
oil 

Plan to replace 500 ML / year of transport petrol with 
liquid biofuels by 2010; subsidies for production  

Source:  Romero J & Elder M, 2009 2 

2.4.6 Barriers & Opportunities (institutional, regulatory issues, social, 3 
technological, economic/financial, etc.) 4 

Bio-energy continues to play a significant share in global energy consumption. Bio-energy has often 5 
been associated with poor environment and health hazards but these attributes are not inherent to 6 
bio-energy but the consequence of under development, cultural factors and economic settings. 7 
Application of modern biomass systems supported by sustainable international trade could facilitate 8 
changes in biomass based employment in developing countries and contribute to their overall 9 
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development. However, a fair trade concept and complete sustainability are still a big challenge. 1 
There are many issues which need to be resolved before biomass can take to the global markets. 2 
Some of the issues have been listed below. 3 

2.4.6.1 Domestic production vs. import/export 4 

Because biomass use is particularly favoured because of the desired effect of lowering GHG 5 
emissions, resources and chains should be favoured (and perhaps certified) that maximize GHG 6 
mitigation. This implies minimisation of energy inputs, but also optimization of the use of biomass, 7 
e.g., including comparison between indigenous use versus export. While many developing countries 8 
have a low energy consumption compared to developed countries, their energy demand is 9 
increasing rapidly. Hence there is need to assess the need within a country and its export. 10 

2.4.6.2 Solving sustainability issues: International classification and certification of 11 
biomass 12 

Certification of biomass may be one way to prevent negative environmental and social side-effects. 13 
By setting up minimum social and ecological standards, and tracing biomass from production to 14 
end-use, sustainability of biomass production can be ensured. In an exploratory study it has been 15 
shown that such social and environmental standards do not necessarily result in high additional 16 
costs (Smeets et al., 2005). However, when implementing a certification scheme for sustainable bio-17 
energy, several other issues have to be dealt with. Firstly, criteria and indicators need to be 18 
designed/adopted according to the requirements of a region. Also, compliance with the criteria has 19 
to be controllable in practice, without incurring high additional costs. Second is avoidance of 20 
leakage effects (e.g. indirect land use emissions – see Section 2.5). Whether an independent 21 
international certification body for sustainable biomass is feasible should be investigated. Any 22 
certification scheme should on the one hand be thorough, comprehensive and reliable, but on the 23 
other also not become a barrier to markets in itself. 24 

2.4.6.3 Setting up technical biomass standards 25 

By setting up internationally accepted quality standards for specific biomass streams (e.g., Comité 26 
Européen de Normalisation, biofuel standards), biomass end users may have a higher confidence in 27 
using different biomass streams.  28 

2.4.6.4 Lowering of trade barriers 29 

Biofuels could help industrialized countries to promote reduction of carbon emissions but in some 30 
cases – as is the case of ethanol export to the US and the EU – exporting countries face trade 31 
barriers. Most of these barriers are established on the basis of technical reasons, but the aim can also 32 
be understood as a way to protect local producers whose production costs are much higher than 33 
those in developing countries. The solution pointed out by some analysts TSU: give reference here 34 
is to liberalize environmental goods and services (EGS) and to include biofuels as EGS. Building up 35 
structural international statistics (volumes and prices) on bio-energy trade is desirable, but has not 36 
been done so far. 37 

2.4.6.5 Building up long-term sustainable international bio-energy trade 38 

To achieve both growing markets and long-term sustainable biomass trade, a pragmatic approach is 39 
needed. It is desirable to focus first on routes with low barriers. A compromise should be found 40 
between developing certification efforts and ensuring sustainability of bio-energy and developing 41 
the market. While not all biomass types may fulfill the entire set of sustainability criteria initially, 42 
the emphasis should be on the continuous improvement of sustainability. For such an approach, 43 



First Order Draft Contribution to Special Report Renewable Energy Sources (SRREN)
 

    
Do Not Cite or Quote 51 of 136 Chapter 2 
SRREN_Draft1_Ch02.doc  22-Dec-09  
 

public information dissemination and support is crucial (Lewandowski and Faaij, 2006). 1 
Sustainability may best be addressed by a sound certification framework, supported by international 2 
bodies. This is particularly relevant for markets that are highly dependent on consumer opinion, as 3 
is currently the case in Western Europe. It is even more important for the developing countries and 4 
rural regions to be aware of the opportunities and limitations for modern bio-energy in an 5 
international setting and to become involved in debate and collaboration for achieving sustainable 6 
development where it is most needed. The future vision for global bio-energy trade is that it 7 
develops over time into a real “commodity market”. It is clear that on a global scale and over the 8 
longer term, large potential biomass production capacity can be found in developing countries and 9 
regions such as Latin America, Sub-Saharan Africa and Eastern Europe.  10 

2.4.7 Emerging international bio-energy markets: Developments and perspectives 11 

2.4.7.1 Trends and drivers 12 

Trade flows are taking place between neighboring regions or countries, but trade is increasing also 13 
over long distances. Examples are export of ethanol from Brazil to Japan, the EU and the USA, 14 
palm kernel shells from Malaysia to the Netherlands, and wood pellets from Canada to Sweden. 15 
This is happening despite the greater bulk and lower calorific value of most biomass raw material. 16 
These trade flows offer multiple benefits for both exporting and importing countries but driving 17 
forces and rationales behind the development of trade in bio-energy are diverse. They can be 18 
structured as described below. (See also Hamelink et al., 2005a; Hamelink et al., 2005b; Junginger 19 
et al., 2005) In most cases the following factors appear in combination. 20 

1. Raw material/biomass push. These drivers are found in most countries with surplus of biomass 21 
resources. Ethanol export from Brazil and wood pellet export from Canada are examples of 22 
successful push strategies. 23 

2. Market pull. Import to the Netherlands is facilitated by the very suitable structure of the leading 24 
big utilities. This makes efficient transport and handling possible and leads to low fuel costs 25 
compared to those available to users in other countries where the conditions are less favourable. 26 

3. Utilizing the established logistics of existing trade. Most of the bio-energy trade between 27 
countries in Northern Europe is conducted in integration with the trade in forest products. The most 28 
obvious example is bark, sawdust and other residues from imported roundwood. However, other 29 
types of integration have also supported bio-energy trade, such as use of ports and storage facilities, 30 
organizational integration, and other factors that kept transaction costs low even in the initial 31 
phases. Import of residues from food industries to the UK and the Netherlands are other examples 32 
in this field. 33 

4. Effects of incentives and support institutions. The introduction of incentives based on political 34 
decisions has increased the strength of the driving forces and triggered an expansion of bio-energy 35 
trade. However, the pattern has proved to be very different in the various cases, due partly to the 36 
nature of other factors, partly to the fact that the institutions related to the incentives are different. It 37 
seems obvious that institutions fostering general and free markets, e.g., CO2 taxes on fossil fuels are 38 
more successful than specific and time-restricted support measures. 39 

5. Entrepreneurs and innovators. In countries such as Austria and Sweden, individual entrepreneurs 40 
and innovators have had a leading role in the development of bio-energy trade. This has led to a 41 
more diversified pattern compared to that in, e.g., Finland, where bioenergy is handled by mature 42 
industries, especially within the forestry sector. 43 

6. Unexpected opportunities. Storms, forest fires, insect attacks, etc., may lead to short-term 44 
imbalances in the supply. Technical failures and other reasons for shutdown cause disturbance in 45 
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the user and in distribution systems. Such short-term opportunities have often led to new trade 1 
patterns, some of which may remain even when the conditions return to normal. For example, last 2 
year’s TSU: give year hurricanes in the eastern part of the USA led to a short-term trade in wood 3 
chips to Europe. For market parties such as utilities, companies providing transport fuels, and 4 
parties involved in biomass production and supply (such as forestry companies), good 5 
understanding, clear criteria and identification of promising possibilities and areas are of key 6 
interest. Investments in infrastructure and conversion capacity rely on minimization of risks of 7 
supply disruptions (in terms of volume, quality and price).  8 

2.4.7.2 Barriers 9 

On the basis of literature review and interviews, a number of potential barrier categories have been 10 
identified. Junginger et al. (2008) have listed the main barriers as follows  11 

Economic barriers 12 

Competition with fossil fuel on a direct production cost basis.   High prices of  bioenergy products  13 
cause a constraint on the supply side. 14 

Due to the size, often small, of bio-energy markets and the fact that biomass by-products are a 15 
relatively new commodity in many countries, markets can be immature and unstable. This makes it 16 
difficult to sign long term, large-volume contracts, as doing so is seen as too risky. Also, with no 17 
harmonised support policy (e.g., on an EU level), new national incentives (and associated demand 18 
for bio-energy) may distort the market and shift supply to other countries within a short time-frame. 19 

Technical barriers 20 

Different  types of biomass possess different  physical and chemical properties making it difficult 21 
and expensive to transport and often unsuitable for direct use, say for co-firing with coal or natural 22 
gas power plants. Power producers are generally reluctant to experiment with new biomass streams, 23 
e.g., bagasse or rice husk.. While technology is available to deal with the fuels, it may take several 24 
years or even decades before the old capacity is replaced.  25 

Logistical barriers 26 

There is a lack of technically mature pre-treatment technologies for compacting biomass at low cost 27 
to facilitate transportation, although this is fortunately improving. Densification technology has 28 
improved significantly recently, e.g., for pellets, although this technology is only suitable for certain 29 
biomass types. In the case of the import of liquid biofuels (e.g., ethanol, vegetable oils, bio-diesel), 30 
this is not an issue, as the energy density of these biofuels is relatively high. 31 

Various studies have shown that long-distance international transport by ship is feasible in terms of 32 
energy use and transportation costs (see below) but availability of suitable vessels and 33 
meteorological conditions (e.g., winter time in Scandinavia and Russia) need be considered. 34 

Local transportation by truck (in both biomass exporting and importing countries) may be a high 35 
cost factor, which can influence the overall energy balance and total biomass costs. For example, in 36 
Brazil, new sugar cane plantations are being considered in the Centre- West, but the cost of 37 
transport and lack of infrastructure can be a serious constraint. Harbour and terminal suitability to 38 
handle large biomass streams can also hinder the import and export of biomass from and to certain 39 
regions. 40 

International trade barriers 41 

A lack of clear technical specifications for biomass (see above) and specific biomass import 42 
regulations. This can be a major hindrance to trading. For example, in the EU most residues that 43 
contain traces of starches are considered potential animal fodder and are thus subject to EU import 44 
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levies. For example denaturised ethanol of 80 % concentration and above, the import levy is 102 1 
Euro/m3 (i.e., about 4.9 Euro/GJ) TSU: all monetary values provided in this document will need to 2 
be adjusted for inflation/deflation and then converted to USD for the base year 2005. For 3 
conversion tables see http://www.ipcc-wg3.de/internal/srren/fod, representing substantial additional 4 
costs. It is important to bear in mind that some technical trade barriers can be, in fact, imposed to 5 
constrain imports and to protect local producers. 6 

Transport tariffs. In recent years, general transport tariffs have increased quite significantly, e.g., 7 
transport for wood pellets to the Netherlands cost on average 1.75 Euro/GJ (on a total cost of 7-7.5 8 
Euro) in 2004. 9 

Possible contamination of imported biomass with pathogens or pests (e.g., insects, fungi) can be 10 
another important limiting factor in international trade. However, it is important to bear in mind that 11 
these limitations are not exclusive to bio-energy. 12 

Land availability, deforestation and potential conflict with food production 13 

Competition for land: while theoretically large areas of (abandoned/degraded) cropland are 14 
available for biomass cultivation, biomass production costs are generally higher due to lower yields 15 
and accessibility difficulties. Deforested areas may be easier as they may have more productive soil. 16 
Food security, i.e., production and access to food, would probably not be affected by large energy 17 
plantations if proper management and policies are put in place. However, in practice food 18 
availability is not the problem, but the lack of purchasing power of the poorer strata of the 19 
population. 20 

In developed countries, a key issue is competition with fodder production. If there was a large 21 
increase in demand for energy, say of agricultural residues, scarcity of fodder products may occur, 22 
leading to a price increase. 23 

Sustainability issues 24 

Large-scale biomass-dedicated energy plantations also pose various ecological and environmental 25 
issues that cannot be ignored, including long-term monoculture sustainability, potential loss of 26 
biodiversity, soil erosion, freshwater use, nutrient leaching and pollution from chemicals. However, 27 
various studies have also shown that in general these problems are less serious when compared with 28 
similar plantations for food or fodder production. 29 

Also linked to potential large-scale energy plantations are the social implications, e.g., the effect on 30 
the quality of employment (which may increase, or decrease, depending on the level of 31 
mechanization, local conditions, etc.), potential use of child labour, education and access to health 32 
care. However, such implications will reflect prevailing situations and would not necessarily be 33 
better or worse than for any other similar activity. 34 

Methodological barriers – lack of clear international accounting rules 35 

A lack of clear rules and standards for, e.g., allocation of GHG credits and the related issue of 36 
methodologies to be used to evaluate the avoided emissions, considering the fuel life-cycle (see also 37 
Schlamadinger et al., 2005). 38 

Another issue is the indirect import of biomass for energy (processed biomass). Biomass trade can 39 
be considered a direct trade in fuel and indirect flow of raw materials that end up as fuels in energy 40 
production during or after the production process of the main product. For example, in Finland the 41 
biggest international biomass trade volume is indirect trade in round wood and wood chips. Round 42 
wood is used as raw material in timber or pulp production. Wood chips are raw material for pulp 43 
production. One of the waste products of the pulp and paper industry is black liquor, which is used 44 
for energy production. 45 

http://www.ipcc-wg3.de/internal/srren/fod�
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 1 

Legal (national) barriers 2 

Biomass for energy may be limited by international environmental laws. For example, in the 3 
Netherlands, four out of five major biomass power producers consider obtaining emission permits 4 
one of the major obstacles for further deployment of various biomass streams for electricity 5 
production. The main problem is that Dutch emission standards do not conform to EU emission 6 
standards. In several cases in 2003 and 2004, permits given by local authorities have been declared 7 
invalid by Dutch courts. TSU: reference missing 8 

2.5 Environmental and Social Issues 9 

Studies have over the past few years highlighted environmental and socio-economic issues 10 
associated with bioenergy, stressing both possible negative and positive effects. Negative effects 11 
relate to impacts already associated with the conventional agriculture and forestry systems (e.g., 12 
biodiversity losses, groundwater overexploitation and water contamination, eutrophication and soil 13 
degradation) and new types of impact specific for bioenergy including spread of alien invasive 14 
species, soil and vegetation degradation arising from overexploitation of forests and too intensive 15 
crop residue removal – and rising food commodity prices and displacement of farmers lacking legal 16 
land ownership due to increasing land use competition. Positive effects include environmental 17 
benefits that can be derived from integrating different perennial grasses and woody crops into 18 
agricultural landscapes, including enhanced biodiversity, soil carbon increase and improved soil 19 
productivity, reduced shallow land slides and local ‘flash floods’, reduced wind and water erosion 20 
and reduced volume of sediment and nutrients transported into river systems.  Forest residue 21 
harvesting improves forest site conditions for replanting and thinning generally improves the 22 
growth and productivity of the remaining stand.  Removal of biomass from over dense stands can 23 
reduce wildfire risk (JRC 2008, Farrell et al. 2006; Hill et al. 2006; Keeney and Muller 2006; 24 
Tilman et al. 2006; WWI 2006; Bringezu et al. 2007; Crutzen et al. 2007; Martinelli and Filoso 25 
2007; Scharlemann and Laurence 2008; Donner and Kucharik 2008; Searchinger et al. 2008; 26 
Simpson et al. 2008; Gallagher 2008; Keeney 2009. Howarth 2009; The Royal Society 2008; 27 
Doornbosch and Steenblik 2007; von Blottnitz and Curran 2006; Rajagopal and Zilberman 2007; 28 
Rowe et al. 2008; Bird et al., 2010, Lattimore et al. 2009, Dimitriou et al. 2009, Andersson et al. 29 
2002, Berndes et al. 2008).   30 

In many instances, the analysis of the socio-economic and environmental implications of bioenergy 31 
has remained speculative, uncertain, and often controversial. Given the multitude of existing and 32 
rapidly evolving bioenergy sources, complexities of physical, chemical, and biological conversion 33 
processes, and variability in site specific environmental conditions, few universal conclusions can 34 
currently be drawn. Dominant factors determining merits and associated impacts are a function of 35 
the socio-economic and institutional situation where the feedstocks and bioenergy outputs are 36 
produced and utilized; types of lands used and feedstock type; the scale of bioenergy programs and 37 
production practice employed; conversion processes utilized including type of process energy used. 38 
It is also recognized that the rate of implementation matters (The Royal Society 2008; Firbank 39 
2008; Convention on Biodiversity 2008; Gallagher 2008; Howarth et al. 2009; Kartha 2006; Purdon 40 
et al. 2009; Rowe et al. 2008; OECD 2008).  41 

2.5.1.1 Sustainability frameworks, standards and impact assessment tools 42 

Governments are stressing the importance of ensuring sufficient climate change mitigation and 43 
avoiding unacceptable negative effects of bioenergy as they implement regulating instruments. 44 
Examples include the new Directive on Renewable Energy in the EU (Directive 2009/28/EC); UK 45 
Renewable Transport Fuel Obligation; the German Biofuel Sustainability Ordinance; and the 46 
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California Low Carbon Fuel Standard. The development of impact assessment frameworks and 1 
sustainability criteria involves significant challenges in relation to methodology and process 2 
development and harmonization. International organizations and forums supporting the further 3 
development of sustainability criteria and methodological frameworks for assessing GHG 4 
mitigation benefits of bioenergy include IEA Bioenergy; Roundtable on Sustainable Biofuels 5 
(RSB); the G8 +5 Global Bioenergy Partnership (GBEP); International Bioenergy Platform at FAO 6 
(IBEP); OECD Roundtable on Sustainable Development; and also standardization organizations 7 
such as European Committee for Standardization (CEN) and the International Organization for 8 
Standardization (ISO). 9 

Impact assessments (IAs) of bioenergy systems must be evaluated based on comparing with IAs for 10 
the energy systems they replace – usually these are fossil fuel based systems, but could also be 11 
based on other primary energy sources (Table 2.5.1). Methodologies for the assessments of 12 
environmental (Section 2.5.2 and 2.5.3) and socio-economic (Section 2.5.4) effects differ. One 13 
particular challenge for socio-economic IAs is that the socio-economic environment is difficult to 14 
quantify and is in general a very complex composite of numerous – directly or indirectly – 15 
interrelated factors where several are poorly understood. Further, social processes have feedbacks 16 
commonly difficult to clearly recognize and project with acceptable level of confidence. 17 
Environmental IAs may have the benefit of managing quantifiable impact categories to a higher 18 
degree but face challenges of uncertain quantification in many areas. Furthermore, the outcome of 19 
environmental IAs depends on choice of methodological approaches – which are not yet 20 
standardized and uniformly applied throughout the world. 21 

Table 2.5.1: Environmental and socio-economic impacts: example areas of concern with selected 22 
impact categories 23 

Example areas of concern Example impact categories 

Economic and occupational status  Displacement of population or relocation in 
response to employment opportunities; property 
values, distribution patterns of services 

Social pattern or life style  Resettlement; rural depopulation; population 
density changes; food and material goods, housing; 
rural-urban; nomadic-settled 

Social amenities and relationships incl. 
psychological features 

Family life styles; schools; hospitals;  
transportation; participation-alienation; stability-
disruption; freedom of choice; involvement; 
frustrations; commitment; local/national pride-regret 

Physical amenities incl. biodiversity and aesthetic 
features 

Wildlife and national parks; aesthetic values of 
landscape; wilderness; vegetation and soil quality; 
local/regional air quality; water availability and 
quality; cultural buildings; sentimental values 

Global/regional (off site) effects Greenhouse gases; black carbon; albedo; 
acidification; eutrophication; hydrological changes 

Health health changes; medical standard 

Cultural, religion, traditional belief Values and value changes; taboos; heritage; 
religious and traditional rites 

Technology Hazards; emissions; congestion; safety 

Political and legal Authority and structure of decision making; 
administrative management; level and degree of 
involvement; resource allocation; local/minority 
interests; priorities; public policy 
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 1 

2.5.1.1.1 Environmental effects  2 

Section 2.5.2 discusses mainly environmental impacts as reported from Life Cycle Assessments 3 
(LCA). The ISO 14040:2006 and 14044:2006 standards provide the principles, framework, 4 
requirements and guidelines for conducting an LCA study. LCA quantifies environmental effects in 5 
a more general manner than in relation to a specific bioenergy project. Basic methodology for the 6 
assessment of the effects of bioenergy systems compared to their substitutes corresponds to 7 
consequential LCA involving higher uncertainties than the conventional attributional LCA, and also 8 
auxiliary tools such as economic equilibrium or land-use models that might be needed to evaluate 9 
the consequences of bionenergy options. Complementary insights into the climate benefits can be 10 
obtained from energy system models – with or without linked land-use models – where the 11 
mitigation benefit is evaluated within a total energy system perspective considering a range of fossil 12 
as well as competing renewable energy options. In addition to comprehensive LCAs there are 13 
studies with a bifurcated focus on energy balances and GHG emissions balances (see, e.g., Fleming 14 
et al. 2006, Larson 2006, von Blottnitz and Curran 2006, Zah 2007, OECD 2008, Rowe et al. 2008, 15 
Menichetti and Otto 2009). A specific methodology for assessing greenhouse gas balances of 16 
biomass and bioenergy systems has also been developed since the late 90s (Schlamadinger et al. 17 
1997).   18 

LCA results need to be further analyzed in the context of specific locations considering not only 19 
natural conditions but also industrial and institutional capacity. Water use is one such aspect: in 20 
some locations with scarce water availability production processes that consume large volumes of 21 
water can be problematic and in other locations with plenty of water this is less of an issue (Berndes 22 
2002). Another example, effluent production, leads to very different impacts depending on how 23 
these effluents are managed on site. Technical solutions for managing effluents are available but 24 
may not be installed in regions with lax environmental regulations or limited law enforcement 25 
capacity. The major reduction in sugarcane ethanol plants’ effluent discharge into rivers in Brazil is 26 
illustrative of the importance of institutions in determining the actual impacts of bioenergy projects 27 
(Peres et al., 2007). 28 

Most assumptions and data used in LCA studies are so far primarily related to conditions and 29 
practices in Europe or USA, but studies are becoming available for other countries such as Brazil 30 
and China. Most studies have concerned biofuels for transport, especially those that are produced 31 
based on conventional food/feed crops. Prospective bioenergy options (e.g., lignocellulosic ethanol 32 
and options using the biomass gasification route) are less studied and their assessment via the LCA 33 
process involves projections of performance of developing technologies that can be at various 34 
stages of development and have greater uncertainties than commercial ones. Despite that studies 35 
commonly follow ISO standards a wide range of results has often been reported for the same fuel 36 
pathway, sometimes even when holding temporal and spatial considerations constant (Fava 2005). 37 
The ranges in results may, in some cases, be attributed to actual differences in the systems being 38 
modeled but are also due to differences in method interpretation, assumptions and data issues.  39 

Key issues in bioenergy LCAs are system definition including the definition of both spatial and 40 
dynamic system boundary and the selection of allocation methods for energy and material flows 41 
over the system boundary. Disparities in the treatment of co-products have had major impacts on 42 
results of LCA studies and the handling of uncertainties and sensitivities related to the data for 43 
parameter sets used may have significant impact on the results (Kim and Dale 2002, Farrell et al. 44 
2006, Larson 2006, von Blottnitz and Curran 2006, OECD 2008, Rowe et al. 2008, Börjesson 2009, 45 
Wang et al. 2009).  46 
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Many biofuel production processes produce several products and bioenergy systems can be part of 1 
biomass cascading cycles, where the biomass is first used for the production of biomaterials, while 2 
the co-products and biomaterial itself after its useful life are used for energy. This introduces 3 
significant data and methodological challenges, including also consideration of space and time 4 
aspects since the environmental effects can be distributed over several decades and occurs at 5 
different geographical locations (Mann and Spath 1997).  6 

There are in addition gaps in scientific knowledge surrounding key variables, including N2O 7 
emissions related to feedstock production (Ammann et al. 2007, Crutzen et al. 2008), non GHG-8 
mediated climate impacts, and nutrient depletion and soil erosion due to too high rates of 9 
agricultural residue removal (Wilhem et al., 2007).  10 

The influence of land use change (LUC) and associated biospheric carbon stock changes on the 11 
environmental (especially GHG) performance of bioenergy has received considerable attention 12 
recently (Fargione et al. 2008, Gibbs et al. 2008, Searchinger et al. 2008, Wise et al. 2009, Melillo 13 
et al. 2009), although has been subject to analyses for many years (DeLucchi 1991, Reinhardt 1991, 14 
Marland and Schlamadinger 1997, Schlamadinger et al. 2001). Marland’s and Schlamadinger’s 15 
(1997) and Schlamadinger’s et al. (2001) studies clearly show the significance of LUC – and that 16 
the biospheric carbon stocks can both decrease and increase as a result of bioenergy initiatives – but 17 
further methodology development is needed to improve the confidence of quantifications made.  18 

Also, empirical data on carbon flows linked to land use and LUC in different parts of the world is 19 
uncertain, the causal chains proposed to link specific bioenergy projects with specific land use 20 
changes taking place in distant locations – and being driven by a range of additional factors – are 21 
poorly understood. Critical aspects include the land use evolution as influenced by the combined 22 
food, feed, fiber and bioenergy demand, availability of new types of energy crops, new cropping 23 
patterns, and policies influencing the land use directly or indirectly, including possible instruments 24 
such as REDD. Additional uncertain factors influential on the outcomes include assumptions 25 
concerning drivers for technological development and productivity growth in agriculture (Gallagher 26 
2008; Kim et al. 2009; Kløverpris et al. 2008a, b). Land use effects may also impact the earth 27 
system and climate via other processes: the emissions of black carbon aerosols due to the burning of 28 
biomass, and of precursors of tropospheric ozone (nitric oxide from soils and volatile organic 29 
compounds from plants), changes in surface albedo and in the water balance of soils and the 30 
hydrological fluxes. The magnitude and sign of these additional climatic forcings arising from 31 
bioenergy development has been little investigated yet, but it might be significant.  32 

Finally, as noted above, bioenergy systems must be evaluated based on comparing their influence 33 
on impact categories with the influence of the energy systems they replace. The climate change 34 
mitigation benefit is determined by the net change in cumulative radiative forcing resulting from the 35 
replacement of another – commonly fossil – energy system. One difficulty experienced is that it has 36 
proven to be difficult to obtain comparable LCA data for the reference energy system replaced – 37 
ideally these LCA data should come from studies with consistent methodologies, scope, level of 38 
detail, and country representativeness. Reasons include: 39 

 the impacts of bioenergy products are often characteristic of the agriculture sector and, by 40 
extension, are difficult to compare to other elements of the reference energy system i.e. oil 41 
and coal exploration, mining  and refining, storage transportation and spills;  42 

 there is an identified lack of updated LCA studies on fossil fuels assessing recent and 43 
emerging trends in extraction and use of oil, (microbial enhanced oil recovery, deep sea 44 
drilling, use of oil sands etc.) (see Fava 2005, von Blottnitz and Curran 2006 and OECD 45 
2008); and,  46 

 forward-looking analyses needs to consider that also the reference system can be changing 47 
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The reference energy system can also cause indirect emissions linked to LUC or other activities and 1 
these can be difficult to quantify. Examples include (i) surface mining of coal that destroys soils and 2 
eliminates existing vegetation leading to displacement or destruction of habitats and wildlife; (ii) oil 3 
and gas projects causing deforestation for access roads, drilling platforms, and pipelines; (iii) oil 4 
shale production where surface mining, processing and disposal requires extensive areas; (iv) oil 5 
sand production that requires removal of vegetation as well as the topsoil and subsurface layers atop 6 
the oil sands deposit. Indirect LUC can also arise from the easy access to previously remote primary 7 
forest provided by new roads and pipeline routes, causing increased logging, hunting, and 8 
deforestation from human settlement. A portion of military expenditures and associated GHG 9 
emissions are related to geopolitical considerations and energy security. Preliminary estimates for 10 
the case of U.S. military security associated with the acquisition of Middle Eastern petroleum 11 
indicate that this indirect source of emissions might be similar in size as the emissions usually 12 
linked to Middle Eastern petroleum (Liska and Perrin 2009). 13 

2.5.1.1.2 Alternative indicators of net GHG effect of bioenergy 14 

Different limiting resources may define the extent to which land management and biomass fuels can 15 
mitigate GHG emissions, and these require specific indicators (Table 2.5.2). Basic default in 16 
application of these measures is sustainable harvest of primary biomass. However, they do not 17 
explicitly value the temporal dimension of changes in biospheric carbon stocks: also sustainable 18 
biomass production systems can temporarily involve substantial decreases in biospheric carbon 19 
stocks, management of boreal forests being an illustrative example. 20 

Ambitious climate targets such as the 2°C degree stabilization target which requires that global 21 
GHG emissions peak within a few decades, has lead the timing of net GHG emissions to become an 22 
important indicator for evaluation of bioenergy systems. In this context, upfront emissions arising 23 
from the conversion of land to bioenergy production has been subject to specific attention (e.g., 24 
Schlamadinger and Marland 1996, Fargione et al. 2008, Gibbs et al. 2008). A more complete LCA 25 
would deduct the carbon lost into the atmosphere due to land clearing and account for additional 26 
carbon added to a depleted soil over time with the bioenergy system. Near term performance needs 27 
to be balanced against long term performance (Section 2.5.2). Additional indicators such as 28 
cumulative radiative forcing have to a limited extent been used to describe the dynamic climate 29 
impacts of biomass and bioenergy (Kirkinen et al. 2009; O’Hare et al. 2009). 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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 1 

Table 2.5.2. Maximizing GHG emission reductions when biomass, demand for bioenergy, available 2 
land, or available funds for GHG mitigation are the limiting factor (Schlamadinger et al. 2005). 3 

 4 

2.5.1.1.3 Socio-economic impacts 5 

Analyzing the socio-economic impacts of bioenergy development is a daunting task, whether ex 6 
ante or ex post, since they depend on many exogenous factors and are affected by scale. The most 7 
commonly reported criteria are private production costs over the value-chain, assuming a fixed set 8 
of prices for basic commodities (e.g., for fossil fuels and fertilizers). The bioenergy costs are 9 
usually compared to current alternatives already on the market (fossil based), to judge the potential 10 
competitiveness. Possible externalities (environmental or societal) are seldom included in such 11 
cost/benefit analyses, since they are difficult to value (Costanza et al., 1997). However, policy 12 
instruments might already be in place to address these externalities, such as environmental 13 
regulations or emission-trading schemes. Bioenergy systems are most of the time analysed at a 14 
micro-economic level, although interactions with other sectors cannot be ignored because of the 15 
competition for land and other resources. Opportunity costs may be calculated from food 16 
commodity prices and gross margins to take food-bioenergy interactions into account. 17 

Social impact indicators include consequences on local employment, although they are difficult to 18 
assess because of possible compensations between fossil and bioenergy chains. At a macro-19 
economic level, other impacts include the social costs incurred by the society because of fiscal 20 
measures (e.g. tax exemptions) to support bioenergy chains, or additional road traffic resulting from 21 
biomass transportation (Delucchi, 2005). Symmetrically, the negative externalities related to fossil 22 
energy pathways need to be assessed, with the above-mentioned difficulties in such valuation 23 
(Bickel and Friedrich, 2005).  24 
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Socio-economic impact studies are commonly used to evaluate the local, regional and/or national 1 
implications of implementing particular development decisions. Typically, these implications are 2 
measured in terms of economic indices, such as employment and financial gains, but in effect the 3 
analysis relates to a number of aspects, which include social, cultural, and environmental issues. A 4 
complication lies in the fact that these latter elements are not always tractable to quantitative 5 
analysis and, therefore, have been excluded from the majority of impact assessments in the past, 6 
even though at the local level they may be very significant. The varied nature of biomass and the 7 
many possible routes for converting the biomass resource to useful energy make this topic a 8 
complex subject, with many potential outcomes. 9 

2.5.2 Environmental impacts  10 

Production and use of bioenergy influences global warming through (i) emissions from the 11 
bioenergy chain including non-CO2 GHG emissions and fossil CO2 emissions from auxiliary energy 12 
use in the biofuel chain; (ii) GHG emissions related to changes in biospheric carbon stocks often – 13 
but not always – caused by associated LUC; (iii) other non-GHG related climatic forcers including 14 
changes in surface albedo; particulate and black carbon emissions from small-scale bioenergy use 15 
that e.g. reduce the snow cover albedo in the Arctic; and aerosol emissions associated with forests.  16 

2.5.2.1 Climate change effects of modern bioenergy excluding the effects of land use 17 
change 18 

The multitude of existing and rapidly evolving bioenergy sources, complexities of physical, 19 
chemical, and biological conversion processes, feedstock diversity and variability in site specific 20 
environmental conditions – together with inconsistent use of methodology – complicate meta-21 
analysis of large number of studies to produce generally valid quantification of the influence of 22 
bioenergy systems on climate. Review studies (e.g., IEA 2008, Menichetti and Otto 2009, Chum et 23 
al. submitted) reporting widely varying estimates of GHG emissions for biofuels are illustrative of 24 
this. Yet, some studies combining several LCA models and/or Monte Carlo analysis provide 25 
quantification with information about confidence for some bioenergy options (e.g., Soimakallio et 26 
al. 2009a, Hsu et al. submitted, Chum et al. submitted). Also, as showed in Section 2.5 27 
maximization of GHG emission reductions is achieved differently depending on what factor is 28 
limiting for GHG mitigation (Table 2.5.2). 29 

Biomass that substitutes for fossil fuels (especially coal) in heat and electricity generation 30 
(especially when replacing low efficiency fossil generation) in general provides larger and less 31 
costly GHG emissions reduction per unit of biomass than substituting biofuels for gasoline in 32 
transport (Figures 2.5.1 ) The major reasons for this are: (i) the lower conversion efficiency, 33 
compared to the fossil alternative, when biomass is processed into biofuels and used for transport; 34 
and (ii) the higher energy inputs in the production and conversion of biomass into biofuels for 35 
transport, especially when based on conventional arable crops.  36 

Figure 2.5.1 shows net reductions in GHG emissions when biofuels replaces coal for power 37 
generation. Note that the low GHG reduction potential for the case of co-firing is due to that the 38 
share of biomass that can be co-fired currently is limited to typically 10%. On a per ton biomass 39 
basis, biomass co-firing with coal is among the best options for GHG reduction (also economically) 40 
since the biomass is converted at higher efficiency than in smaller dedicated biomass power plants 41 
(“Direct Fire” in Figure 2.5.1). The large size of the coal power plants also makes this option one of 42 
the more likely for combining biomass with CCS. The Landfil Gas option in Figure 2.5.1 is an 43 
example where systems definition is critical for the outcome; it looks much more attractive for the 44 
case where the alternative is that methane leaks into the atmosphere via uncontrolled anaerobic 45 
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decomposition of landfill material, compared to the case where the methane collection technology is 1 
assumed to be installed and the alternative would be that the methane is used as vehicle fuel. 2 

 3 
Figure 2.5.1. Net reductions in GHG emissions when biofuels replaces coal for power generation . 4 
Source: Warner and Heath, submitted TSU: readability needs improvement, align “reductions” in 5 
caption to “improvements” in graph for clarity. 6 

Figure 2.5.2 shows the GHG emissions reduction, as a function of the net energy ratio, when 7 
ethanol from the two most common feedstocks maize and sugarcane replaces gasoline. A general 8 
tendency of increasing GHG reduction with increasing net energy ratio can be seen, but also that 9 
process fuel shifts can radically improve the GHG reduction with small improvements in net energy 10 
ratio. If coal is used in less efficient plants, the mitigation benefits might be completely lost, but if 11 
biomass (e.g., bagasse, straw, or wood chips) is used GHG emissions from the conversion can be 12 
very low. When evaluated using LCA such process fuel shifts can appear very attractive (Wang et 13 
al. 2007), but the marginal benefit of shifting to biomass depends on local economic circumstances 14 
and on how this biomass would otherwise be used. Also, the biofuel production can have relatively 15 
low emission reduction in proportion to the total volume of biomass consumed (feedstock + process 16 
fuel). 17 
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 1 

 2 
Figure 2.5.2. GHG reductions from gasoline emissions for ethanol production as a function of the 3 
net energy ratio (absent land use change) in Brazil,a Canadab and the U.S.c with specified co-4 
product lifecycle assessment treatment and indicating methodological results’ agreement for maize 5 
ethanold and projected values for lignocellulosic ethanol. TSU: (at least for TSU member editing 6 
this chapter:) figure not accessible, items in legend not enough explained. 7 

a Red (■) points illustrate the Brazilian sugarcane ethanol industry average from mutual 8 
benchmarking (44 mills in 2006) and the 2020 projections for two scenarios of integrated 9 
biorefineries (cellulosic ethanol) or additional power production (Macedo et al. 2008). Hydrous 10 
ethanol is the product used in 2020 flex fuel vehicles in Brazil.    11 

bPurple (▼) points show past and projected data for one dry grind Canadian mill (GHGenius 12 
version 3.13). 13 

c Green (●) points at ~43% indicate modern maize ethanol production practices and efficient 14 
conversion that exists in the majority of natural gas mills in the U.S.  Blue (●) points indicate 15 
primary energy (coal and natural gas) efficiency and process improvements with time for maize 16 
ethanol for the various process chains used in North America using GREET version 1.8c. Center 17 
dashed box gray (■), purple (▼), and green (●) points indicate biomass as a source of heat and 18 
power from various studies including projected integrated gasification combined cycle that 19 
coproduce electricity.   20 

dBenchmark (■) point at 34% GHG reduction with net energy ratio of 1.4-1.6 results from three LCA 21 
models for natural gas-fired dry grind maize ethanol produced in the U.S. using the same input 22 
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data from the University of California, Berkeley, US, GREET-BESS Analysis Meta-Model, GBAMM-1 
version 3.  GREET= Argonne National Laboratory’s Greenhouse Gases, Regulated Emissions, 2 
and Energy Use in Transportation model version 1.8b; BESS= University of Nebraska, Lincoln, US, 3 
Biofuel Energy Systems Simulator version 2008.3.1; and ICM/Econergy is a commercial tool.  4 
Asterisk indicates meta-model conditions.  5 

Sources:  Chum et al. Submitted for publication and references therein; Macedo, I. C. and Seabra, 6 
J.E.A., 2008, Wang, M. et al., In press  7 

The climate benefit of a given bioenergy systems can also vary significantly due to varying 8 
feedstock growing conditions and agronomic practices, conversion process configuration, 9 
differences in substitution effects of bioenergy and co-product use. As noted, methodologies for 10 
estimating nitrous oxide emissions from energy crops production are debated but it is clear that 11 
N2O emissions can have an important impact on the overall GHG balance of biofuels, though there 12 
are large uncertainties (Smeets, et al. 2008). The mitigation benefits can be significantly improved 13 
through minimization of nitrous oxide emissions by means of efficient fertilization strategies using 14 
nitrogen fertilizer produced in plants that have nitrous oxide gas cleaning. 15 

2.5.2.2 Climate change effects of modern bioenergy including the effects of land use 16 
change 17 

Conversion of natural ecosystems to biomass production systems (for food, fiber or fuel) and 18 
changes in land use (e.g., from food to fuel production) can lead to positive or negative changes in 19 
the biospheric carbon stocks. Establishment of bioenergy systems involves direct land use change 20 
(dLUC) but can also lead to indirect land use change (iLUC) if displacement of previous land use 21 
leads to LUC elsewhere. Biospheric carbon changes can also occur in the absence of LUC, such as 22 
when forest management is intensified – shorter rotations, forest residue removal, and fertilization – 23 
to increase biomass output, which at the same time can lead to smaller forest carbon stocks. 24 

Conversion of dense forests into bioenergy plantations will likely lead to losses of biospheric 25 
carbon regardless of what type of bioenergy system becomes established. In worst case the CO2 26 
emissions can be much larger than the emissions displaced by bioenergy, one example being the 27 
palm oil plantations established on tropical peatlands (Hooijer et al. 2006) that in natural conditions 28 
have negligible CO2 emissions and small methane emissions (Jauhiainen et al. 2005). Establishment 29 
of plantations requires drainage of the peatland, leading to rapid oxidation of the peat material 30 
causing annual CO2 emissions between 70-100 Mg/ha (Hooijer et al. 2006).  31 

In other situations, net effects of bioenergy-driven dLUC on biospheric carbon stocks varies: (i) if 32 
biofuel crops are grown on previous cropland land which has been taken out of production, soil 33 
carbon losses may be minimal; (ii) cultivating conventional crops such as cereals and oil seed crops 34 
on previous pastures or grasslands can lead to soil carbon losses, possibly mitigated under no-till 35 
management; (iii) similarly planting short or long rotation forestry on grasslands may result in soil 36 
carbon loss or gain, depending on the planting and management techniques used; (iv) if perennial 37 
grasses or short rotation woody crops are established on land with sparse vegetation and/or carbon 38 
depleted soils on degraded and marginal lands net gains of soil and aboveground carbon can be 39 
obtained. In this context, land application of bio-char produced via slow-pyrolysis offers an option 40 
where the carbon is sequestered in a more stable form and also improves the structure and fertility 41 
of soils (Laird et al. 2009). 42 

IPCC provides default values that make it possible to consider effects of dLUC in LCA studies 43 
(IPCC 2006). Table 2.5.3 shows an example of biospheric carbon stock changes for specific cases 44 
of dLUC. However, it is preferable to use site specific data instead of general numbers for 45 
quantifying effects of dLUC in a specific case. 46 
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Table 2.5.3. Carbon stock changes for different land use changes (tC/ha). Based on (Bird et al. 1 
2010)  2 
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  3 

Studies have shown that LUC emissions can substantially change the mitigation benefit of certain 4 
bioenergy projects. Recent studies have primarily concerned biofuels for transport (Fargione et al. 5 
2008, JRC 2008, Gibbs et al. 2008, Searchinger et al. 2008, Wise et al. 2009, Melillo et al. 2009), 6 
but studies taking a broader view on bioenergy confirm the significance of LUC (e.g., Leemans 7 
1996, Marland and Schlamadinger 1997, Pacca and Moreira, 2009). Figure 2.5.3 shows one 8 
example of recent quantifications of the cumulative GHG savings of expanded biofuel use for 9 
transport, including the impact of dLUC and iLUC. In this case, biofuels produced from cultivated 10 
lignocellulosic feedstocks contribute an increasing share of biofuel supply, which leads to improved 11 
cumulative GHG savings over time due to higher GHG savings from gasoline/diesel substitution 12 
and reduced LUC-GHG emissions. Figure 2.5.3 is illustrative of that LUC GHG emissions can 13 
impact net GHG savings especially on the near term while the relative importance LUC GHG 14 
emissions for cumulative net GHG savings decreases over time.  15 

 16 
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 1 

Figure 2.5.3. Cumulated net GHG savings of biofuel scenarios (Pg CO2-eq). Green bars show the 2 
GHG savings from biofuel replacement of gasoline and diesel, orange bars show the GHG 3 
emissions caused by dLUC and iLUC, and blue bars show the net GHG balance. The share of 4 
biofuel use in total transport fuels is 3.5% in 2020 and rising to 6% in 2050. Percentage 2nd gen 5 
TSU: brief definition on biofuel generations should be given somewhere in text of total biofuels are 6 
(2020/2050): TAR-V3: 22/55; TAR-V1: 2/26; WEO-V1: 3/30. Source: Fischer et al. (2009) TSU: 7 
explanation of V1, V3 needed here 8 

As discussed in Section 2.5.1, the quantifications of LUC effects reported so far involve a 9 
significant degree of uncertainty, especially for iLUC. The effects are complex and difficult to 10 
quantify in relation to a specific bioenergy project and the reference energy system substituted may 11 
also cause LUC. Cases much debated recent years include: (i) Brazilian sugarcane ethanol 12 
production (Sparovek et al. 2009; Zuurbier and van de Vooren 2008); (ii) Palm oil production 13 
(WWF 2007); (iii) biodiesel production from rape seed cultivated on the present cropland in 14 
Europe; (iv) the shift from soy to corn cultivation in response to increasing ethanol demand in the 15 
US, (Laurance 2007); (v) wheat based ethanol production in Europe. 16 

Despite the substantial degree of uncertainty it can be concluded that if the expansion of biofuels 17 
production based on conventional food/feed crops results directly or indirectly in the loss of 18 
permanent grasslands and forests it is likely to have negative impacts on GHG emissions and for 19 
many biofuels it would take many years (decades to centuries) of production and use before a 20 
positive mitigation is reached. On the other hand, if biofuel and other relevant policies provide more 21 
stability and certainty in crop markets, promote improved land management, rural development and 22 
higher yields, and prevents far reaching deforestation for agriculture use (food/fiber/fuel), the LUC 23 
impacts could be substantially reduced or even contribute positively to GHG savings as bioenergy 24 
use expands. 25 

2.5.2.3 Climate change effects of traditional bioenergy  26 

The burning of biomass in open fires and stoves – commonly referred to as traditional bioenergy 27 
use – comprise the majority of global bioenergy uses at present. They are characterized by very low 28 
conversion efficiency compared, for instance, with their potential fossil fuel based competitors. 29 
Incomplete combustion of biomass also leads to significant emissions of short-lived GHGs such as 30 
carbon monoxide, methane and black carbon.  31 
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Consolidation of emission factors into broad fuel categories with traditional or improved stoves 1 
oversimplifies the wide range of fuel types, stove designs, cooking practices, and environmental 2 
conditions across the world. The vast majority of emission factor data comes from studies using 3 
controlled testing conditions, most commonly water boiling tests conducted in simulated kitchens. 4 
A handful of studies have been conducted in homes during normal stove use, with the available data 5 
suggesting controlled tests underestimate products of incomplete combustion from traditional stoves 6 
relative to normal stove use. In addition to emission factors, estimation of carbon offsets from 7 
improved fuels and/or stoves requires estimates of fuel consumption and the fraction of non-8 
renewable biomass harvesting (fNRB). Local, field-based assessments provide the most robust 9 
estimation of CO2-equivalent emissions as default emission factors and projections of fuel 10 
consumption based on laboratory testing have proved misleading (Johnson et al., 2008; Roden et al., 11 
2009) and are not able to estimate uncertainty in the overall CO2-eq estimate. Additionally, regional 12 
or national estimates of fNRB lack sufficient resolution to characterize fuelwood consumption for 13 
specific communities.  Improved fuels and/or stoves and shifts from using non-renewable biomass 14 
(e.g., unsustainable forest biomass extraction) to using sustainably produced biomass can reduce the 15 
climate change effects of traditional bioenergy. Acknowledging the above described uncertainties, 16 
some indications of climate change mitigation in this area can be given. A recent study for instance 17 
showed that Patsari improved stoves in rural Mexico saved ~3.8 t CO2-equivalent per year (Johnson 18 
et al., 2009). Studies indicate low costs for reducing GHG emissions in traditional bioenergy. For 19 
instance, a cost comparison using the carbon emission reduction (tC/kWh ot tC/GJ) between 10 20 
bioenergy technologies substituting fossil fuel and traditional biomass alternatives concluded that 21 
out of the ten project case six have negative incremental costs (ICs) (negative ICs indicate that the 22 
suggested alternatives are cheaper than the original technologies) in the range of −37 to −688 $ tC−1 23 
and four have positive ICs in the range of 52–162 $ tC−1 mitigation (Ravindranath et al., 2006) 24 

2.5.3 Environmental impacts not related to climate change 25 

Besides the impact on global warming, production, conversion, and use of biomass when 26 
transformed to various solid, liquid, and gaseous biofuels causes a wide range of both positive and 27 
negative impacts.  28 

Much attention is presently directed to the possible negative consequences of land use change, such 29 
as biodiversity losses, greenhouse gas emissions and degradation of soils and water bodies, 30 
referring to well-documented effects of forest conversion and cropland expansion to uncultivated 31 
areas. However, the production of biomass for energy can generate additional benefits.  32 

For instance, forest residue harvesting also has environmental or silvicultural benefits. It improves 33 
forest site conditions for replanting. Stump harvesting (as practised in Nordic Countries) reduces 34 
risk of devastating root rot attack on subsequent stands. Thinning generally improves the growth 35 
and productivity of the remaining stand. Removal of biomass from over dense stands can reduce 36 
wildfire risk. In agriculture, biomass can be cultivated in so-called multifunctional plantations that – 37 
through well chosen localization, design, management, and system integration – offer extra 38 
environmental services that, in turn, create added value for the systems.  39 

Many such plantations provide water related services, such as vegetation filters for the treatment of 40 
nutrient bearing water such as wastewater from households, collected runoff water from farmlands 41 
and leachate from landfills. Plantations can also be located in the landscape and managed for 42 
capturing the nutrients in passing runoff water. Sewage sludge from treatment plants can also be 43 
used as fertilizer in vegetation filters. Plantations can be located and managed for limiting wind and 44 
water erosion, and will reduce the volume of sediment and nutrients transported into river systems. 45 
They may reduce shallow land slides and local ‘flash floods’.  46 
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Perennial crops can also help to reduce soil erosion, improve nutrient flows through the formation 1 
of an extensive root system that adds to the organic matter content of the soil and facilitates nutrient 2 
retention. Nutrient flow is a key issue for forest and agricultural production systems. When 3 
ploughed under or left on the field/forest, primary residues may recycle valuable nutrients to the soil 4 
and help prevent erosion, thus only a share may be available for extraction. Prevention of soil 5 
organic matter depletion and nutrient depletion are of importance to maintain site productivity for 6 
future crops. 7 

2.5.3.1 Emissions to the air and resulting environmental impacts 8 

Pollutant emissions to the air depend on combustion technology, fuel properties, combustion 9 
process conditions and emission reduction technologies installed. Comparing with fossil energy 10 
systems, SO2 and NOx emissions are in general low compared to coal and oil combustion in 11 
stationary applications. When biofuels replaces gasoline and diesel in the transport sector SO2 12 
emissions are reduced but the effect on NOx emissions depends on substitution pattern and 13 
technology applied. The effects of ethanol and biodiesel replacing petrol depend on engine features. 14 
For instance, biodiesel has higher NOx emissions than petroleum diesel in traditional direct-15 
injection diesel  16 

2.5.3.2 Impacts on water resources and quality 17 

Bioenergy production can have both positive and negative effects on water resources.  The impacts 18 
are also highly dependent on the supply chain element under consideration. Feedstock cultivation 19 
can lead to leaching and emission of nutrients resulting in increased eutrophication of aquatic 20 
ecosystems (Millennium Ecosystem Assessment 2005, SCBD 2006). Pesticide emissions to water 21 
bodies may also negatively impact aquatic life. Perennial herbaceous crops and short rotation 22 
woody crops generally require less agronomic input – resulting in less impacts – and can also 23 
mitigate impacts if integrated in agricultural landscapes as vegetation filters intended to capture 24 
nutrients in passing water (Börjesson and Berndes, 2006).  25 

The subsequent processing of the feedstock into solid/liquid/gaseous biofuels and electricity can 26 
lead to negative impacts due to potential chemical and thermal pollution loading to aquatic systems 27 
from refinery effluents and fate of waste or co-products (Martinelli and Filoso 2008, Simpson et al. 28 
2008). The environmental impacts which result from the biofuel production stage can be reduced if 29 
suitable equipment is installed (Wilkie et al. 2000, BNDES/CGEE 2008) but this may not happen in 30 
regions with lax environmental regulations or limited law enforcement capacity.  31 

Besides pollution impacts bioenergy systems can also impact water resource availability. For 32 
bioenergy systems that use cultivated feedstock most of the water needed is used in the production 33 
of the feedstock (Berndes 2002) where it is lost to the atmosphere in plant evapotranspiration (ET). 34 
The subsequent feedstock processing into fuels and electricity requires much less water (Aden et al. 35 
2002, Berndes 2002, Keeny and Muller 2006, Pate et al. 2007, Phillips et al. 2007), but this water 36 
needs to be extracted from lakes, rivers and other water bodies. Bioenergy processing can reduce its 37 
water demand substantially by means of process changes and recycling (Keeney and Muller 2006, 38 
BNDES/CGEE 2008). 39 

Energy crop irrigation competes for water directly with other irrigation as well as with residential 40 
and industrial uses. But rainfed feedstock production can also compete for water by redirecting 41 
precipitation from runoff and groundwater recharge to energy crop ET and consequently reduce 42 
downstream water availability (Berndes 2008). The net effect of expanding rainfed production 43 
depends on which types of energy crops become dominating and also on which vegetation types 44 
become replaced by the energy crops. Compared to food crops, shrubs and pasture vegetation, 45 
bioenergy plantations can have higher productivity and higher transpiration and rainfall 46 
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interception, particularly for evergreen species. Expanding such fast growing plantations on low-1 
yielding cropland, shrublands or pastures will therefore often lead to increases in ET and reductions 2 
in downstream water availability, especially in drier areas (Jackson et al. 2005, Zomer et al. 2006).  3 
Establishment of energy crops that has lower ET than the previous vegetation may conversely lead 4 
to increased downstream water availability. 5 

Rising water demand for food, growing freshwater scarcities in many world regions, and the risk 6 
that climate change will lead to an increased water stress, have lead to that many analysts see 7 
challenges in meeting future demands for the production of food, feed and bioenergy feedstocks 8 
(Alcamo et al., 2005, Bates et al., 2008, De Fraiture et al., 2008, Lobell et al., 2008, Lundqvist et al. 9 
2007, Molden et al., 2007, Rosegrant et al., 2002, Varis, 2007, Vorosmarty et al., 2005). However, 10 
several regions in the world will not likely be constrained in their bioenergy production by scarce 11 
water availability (Berndes, 2002). 12 

Under strategies that shift demand to alternative – mainly lignocellulosic – feedstock bioenergy 13 
expansion does not necessarily lead to increased water competition. Given that several types of 14 
energy crops are perennial leys and woody crops grown in multi-year rotations, the increasing 15 
bioenergy demand may actually become a driver for land use shifts towards land use systems with 16 
substantially higher water productivity. A prolonged growing season may facilitate a redirection of 17 
unproductive soil evaporation and runoff to plant transpiration, and crops that provide a continuous 18 
cover over the year can also conserve soil by diminishing the erosion from precipitation and runoff 19 
outside the growing season of annual crops. Since a number of crops that are suitable for bioenergy 20 
production can be grown on a wider spectrum of land types, marginal lands, pastures and 21 
grasslands, which are not suitable for conventional food/feed crops, could become available for 22 
feedstock production under sustainable management practices (if downstream water impacts can be 23 
avoided). 24 

2.5.3.3 Biodiversity impacts 25 

Habitat loss is one of the major causes of biodiversity decline globally and is expected to be the 26 
major driver of biodiversity loss and decline over the next 50 years (Convention on Biodiversity, 27 
2008, Sala et al., 2009). While bioenergy can reduce global warming – which is expected to be one 28 
of the major drivers behind habitat loss with resulting biodiversity decline – it can also in itself 29 
impact biodiversity through conversion of natural ecosystems into bioenergy plantations or changed 30 
forest management to increase biomass output for bioenergy. To the extent that bioenergy systems 31 
are based on conventional food and feed crops, biodiversity impacts due to pollution resulting from 32 
pesticide and nutrient loading can be an expected outcome of bioenergy expansion.  33 

However, bioenergy expansion can also lead to positive outcomes for biodiversity. Establishment of 34 
perennial herbaceous plants of short rotation woody crops in agricultural landscapes has been found 35 
to be positive for biodiversity (Semere et al., 2007; The Royal Society 2008).  36 

Besides the general function of contributing to a more varied landscape, bioenergy plantations that 37 
are cultivated as vegetation filters capturing nutrients in passing water can contribute positively to 38 
biodiversity by reducing the nutrient load and eutrophication in water bodies (Borjesson and 39 
Berndes, 2006).  40 

Bioenergy plantations can be located in the agricultural landscape so as to provide ecological 41 
corridors that provide a route through which plants and animals can move between different 42 
spatially separated natural and semi-natural ecosystems. This way they can reduce the barrier effect 43 
of agricultural lands. For example, a larger component of willow in the cultivated landscape 44 
promotes more animal life in the area. This applies to cervids such as elk and roe deer, but also 45 
foxes, hares, and wild fowl like pheasants.  46 
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Properly located biomass plantations can also protect biodiversity by reducing the pressure on 1 
nearby natural forests. A study from Orissa showed that with the introduction of village plantations 2 
biomass consumption increased (as a consequence of increased availability) but at the same time, 3 
the pressure on the surrounding natural forests decreased (Köhling and Ostwald 2001). 4 

When crops are grown on degraded or abandoned land, such as previously deforested areas or 5 
degraded crop- and grasslands, the production of feedstocks for biofuels could potentially have 6 
positive impacts on biodiversity by restoring or conserving soils, habitats and ecosystem functions. 7 
For instance, several experiments with selected trees and intensive management on severely 8 
degraded Indian wastelands (such as alkaline, sodic or salt affected lands) showed increases of soil 9 
carbon, nitrogen and available phosphorous after three to 13 years.  10 

Increasing demand for oilseed has in some OECD member countries begun to put pressure on areas 11 
designated for conservation (Steenblik, 2007). Similarly, the rising demand for palm oil has 12 
contributed to extensive deforestation in parts of South-East Asia (UNEP, 2008). In general, since 13 
biomass feedstocks can be produced most efficiently in tropical regions, there are strong economic 14 
incentives to replace tropical natural ecosystems – many of which host high biodiversity values – 15 
with energy crop plantations (Doornbosch and Steenblik, 2007).  16 

Although biomass potential assessments commonly exclude nature conservation areas from being 17 
available for biomass production, biodiversity impacts still may arise in the real world. In the short 18 
term, impacts from existing agricultural and forest land for bioenergy are dominant. For example, 19 
the use of biomass from forests could reduce the quantity or quality of natural vegetation and 20 
availability of dead wood, and consequently biodiversity.  21 

Biodiversity loss may also occur indirectly, such as when productive land use displaced by energy 22 
crops is re-established by converting natural ecosystems into croplands or pastures elsewhere. 23 

2.5.3.4 Impacts on soil resources 24 

Increased biofuel production, especially based on conventional annual crops, may result in higher 25 
rates of soil erosion, soil carbon oxidation and nutrient leaching owing to the increased need for 26 
tillage (UNEP 2008). For instance, wheat, rapeseed and corn require significant tillage compared to 27 
oil palm and switchgrass (FAO 2008b; United Nations 2007). Excess removal of harvest residues 28 
such as straw may lead to similar types of soil degradation. 29 

However, if energy crop plantations are established on abandoned agricultural or degraded land, 30 
levels of soil erosion could be decreased because of increased soil cover. This would be particularly 31 
true where perennial species are used. For example, Jatropha can stabilize soils and store moisture 32 
while it grows (Dufey 2006). Other potential benefits of planting feedstocks on degraded or 33 
marginal lands include reduced nutrient leaching, increased soil productivity and increased carbon 34 
content (Berndes 2002).  35 

2.5.3.5 Environmental health and safety implications 36 

Dedicated energy crops have not been subject to the same breeding efforts as the major food crops. 37 
Selection of suitable crop species and genotypes for given locations to match specific soil types and 38 
climate is possible, but is at an early stage of understanding for some energy crops, and traditional 39 
plant breeding, selection and hybridization techniques are slow, particularly in woody crops but also 40 
in grasses. New biotechnological routes to produce both non-genetically modified (non-GM) and 41 
GM plants are possible. For example, it has been shown that down-regulation of the genes for lignin 42 
synthesis resulted in taller trees although the structure of the trees was somewhat altered.  43 

GM energy crop species may be more acceptable to the public than GM food crops, but there are 44 
still concerns about the potential environmental impacts of such plants, including gene flow from 45 
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non-native to native plant relatives. As a result, non-GM biotechnologies may remain particularly 1 
attractive. On the other hand, GMO food crops have already been widely accepted in many non-EU 2 
countries. Finally, it is important to note that, especially for restoration of degraded soils, bioenergy 3 
crops must be optimized, not maximized, as low input systems involve limited nutrients and 4 
chemical inputs. 5 

2.5.3.5.1 Novel plants utilized for bioenergy production 6 

Currently, the crops used in fuel ethanol manufacturing are the same as those used as traditional 7 
feed sources (e.g. corn, soy, canola and wheat). However, there is considerable interest today by 8 
seed companies and the ethanol industry in new crops, with characteristics that either enhance fuel 9 
ethanol production (e.g. high-starch corn), or are not traditional food or feed crops (e.g. 10 
switchgrass). These crops, developed for industrial processing, may trigger the need for a pre-11 
market assessment for their acceptability in feed prior to their use in fuel ethanol production, if the 12 
resultant distillers’ grains (DGs) are to be used as livestock feeds, or if the new crop could 13 
inadvertently end up in livestock feeds.  14 

2.5.3.5.2 Genetically modified bioenergy plants  15 

As with any genetically modified or enhanced organism, the energy-designed crop may raise 16 
significant concerns related to cross-pollination, hybridisation, and other potential environmental 17 
impacts such as pest resistance and disruption of ecosystem functions (FAO, 2004). 18 

2.5.3.5.3 Antimicrobial agents 19 

During the fermentation process, antimicrobial agents (drugs or other chemicals) are routinely used 20 
to combat the growth of organic acid-producing bacteria that compete with yeast, competitively 21 
inhibiting ethanol production. Analysis of the fuel ethanol industry in North America shows that the 22 
antimicrobial agents that are currently used or are being considered for use in the production of fuel 23 
ethanol contain the following active ingredients either alone or in combination: ampicillin, 24 
monensin, penicillin, streptomycin, tylosin, and virginiamycin.  25 

Veterinary drugs biological assessment capacity exists within the North American and European 26 
regulatory communities for assessing the potential impact that these antimicrobial agents present to 27 
animal and human health. Information about the antimicrobial agents, potential residual 28 
concentrations and exposure estimates, along with available literature and information provided by 29 
the ethanol industry respecting the breakdown of antimicrobial agents during ethanol production are 30 
routinely provided to government officials to conduct health risk assessment as required. 31 

Results from this analysis within the Canadian context TSU: citation missing indicate that the use of 32 
ampicillin, penicillin, streptomycin, and virginiamycin, at the maximum inclusion rates indicated 33 
during the entire fermentation process should not result in detectable residues and, as such, are 34 
unlikely to pose adverse health risks to humans and food animals, or to contribute to the 35 
development of antimicrobial resistant bacteria.  36 

Monitoring levels should be aligned with ingredient risks, manufacturing complexity, etc. Limits of 37 
detection (LODs) should be around 0.2 mg/kg (parts per million) in Canada and would be specific 38 
to the active ingredient. While validated antimicrobial-specific residue methods are not available, 39 
new detection methods are currently being developed and may be available shortly and we can 40 
build upon them to establish a sense as to where the rest of the global bioenergy community is 41 
moving in this regard. Further verification of the absence of residues will need to be considered 42 
when appropriate methods are available.    43 
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2.5.3.5.4 Alien invasive plant species 1 

Non native species have wreaked havoc on biodiversity throughout the world via a number of 2 
processes that include: Facilitating native extinction; altering the composition of ecological 3 
communities; changing patterns of disturbances; and, altering ecosystem processes (Sala et al. 2009. 4 
see also Sax and Gaines 2008). 5 

Several grasses and woody species which are potential candidates for future biofuel production also 6 
have traits which are commonly found in invasive species. (Howard and Ziller 2008).  7 

These traits include rapid growth, high water-use efficiency and long canopy duration. It is feared 8 
that should such crops be introduced they could become invasive and displace indigenous species 9 
and result in a decrease in biodiversity. For example Jatropha curcas, a potential feedstock for 10 
biofuels, is considered weedy in several countries, including India and many South American states 11 
(Low and Booth, 2007). Similar warnings have also been raised with regard to species of 12 
Miscanthus and switchgrass (Panicum virgatum). Other biofuel crops such as Sorghum halepense 13 
(Johnson grass), Arundo donax (giant reed), Phalaris arundinacea (reed canary grass) are already 14 
known to be invasive in the United States.  15 

Finally, a number of protocols have evolved that will allow for a more system assessment and 16 
evaluation of any inherent risk associated prior to the introduction of a new plant species into a host 17 
country environment.  18 

2.5.4 Socio-economic impacts 19 

2.5.4.1 Introduction 20 

The large-scale development of bioenergy at the global level will be associated with a complex set 21 
of socio-economic issues and trade-offs, ranging from local income and employment generation, 22 
improvements in health conditions, potential changes in agrarian structure, land-tenure, land-use 23 
competition, and strengthening of regional economies, to national issues such as food and energy 24 
security and balance of trade.  The degree to which these impacts turn out mostly positive depend to 25 
the extent to which sustainability criteria are clearly incorporated in project design and 26 
implementation. Participation of local stake-holders, in particular small-farmers and poor 27 
households, is key to assure socio-economic benefits from bioenergy projects. 28 

Up to now, the large perceived socio-economic benefits of bioenergy use–such as regional 29 
employment created and economic gains-can clearly be identified as a significant driving force in 30 
the push for increasing the share of bioenergy in the total energy supply. Other “big issues” such as 31 
mitigating carbon emissions, ensuring wider environmental protection, and providing security of 32 
energy supply are an added bonus for local communities where the primary driving force is much 33 
more likely to be related to employment or job creation.  Overall, these benefits will result in 34 
increased social cohesion and create greater social stability.  For the public, policymakers and 35 
decision-makers, energy and bioenergy are becoming increasingly interesting and important 36 
subjects as a result of rises in the prices and more insecure supplies of fossil fuels.  37 

On the other hand, substantial opposition has been raised against the large-scale deployment of 38 
bioenergy, particularly regarding projects aimed at producing liquid fuels out of first generation 39 
feedstocks, based on serious concerns about their potential negative impact on food security, the 40 
extent to which current strategies and policies will actually benefit poor farmers, the potential 41 
disruption of local production systems and concentration of land and other social effects  42 

The use of sustainability indicators has been proposed as a way to better understand and assess the 43 
implications of bioenergy projects (Bauen et al., 2009a). Below we summarize the indicators 44 
proposed to address the socio-economic impacts of bioenergy.  45 
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2.5.4.2 Socio-economic sustainability criteria for bioenergy systems 1 

Socio-economic impact studies are commonly used to evaluate the local, regional and/or national 2 
implications of implementing particular development decisions. Typically, these implications are 3 
measured in terms of economic indices, such as employment and financial gains, but in effect the 4 
analysis relates to a number of aspects, which include social, cultural, and environmental issues. A 5 
complication lies in the fact that these latter elements are not always tractable to quantitative 6 
analysis and, therefore, have been excluded from the majority of impact assessments in the past, 7 
even though at the local level they may be very significant. The varied nature of biomass and the 8 
many possible routes for converting the biomass resource to useful energy make this topic a 9 
complex subject, with many potential outcomes . 10 

Diverse sustainability criteria and indicators have been proposed as a way to better assess the socio-11 
economic implications of bioenergy projects (Bauen et al. 2009a; WBGU, 2009). These criteria 12 
relate to:  13 

- Human rights, including gender issues;  14 

- Working and wage conditions, including health and safety issues;  15 

- Local food security, and  16 

-Rural and social development, with special regards to poverty reduction.   17 

These criteria also address issues of cost-effectiveness and financial sustainability (Table 2.5.4). 18 

Table 2.5.4. Selected Socio-economic Sustainability Criteria for Bioenergy Systems  19 

Criteria Issues Addressed 

Rural and Social Development  Improved access to basic services and livelihoods; 
Creation or displacement of jobs, Creation of 
infrastructure 

Human Rights and Working 
Conditions 

Freedom of association, Access to Social Security, 
Average Wages, Discrimination.  

Health and Safety Health Improvements or Impacts on Workers and Users; 
Safety Conditions at Work 

Gender Changes in Power or Access to resources or decision 
making 

Land-use competition and food 
security 

Emerging local and macroeconomic competition with 
other land uses; Reduced access to food 

Land tenure Changing patterns of land ownership and access to 
common resources; Impacts on poorest farmers 

 20 

In what follows we review the main socio-economic impacts of bioenergy by main applications, 21 
separating them into three broad categories: Heat production, electricity production and production 22 
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of liquid fuels. As a lot of the impacts are local in nature, we use selected case studies to illustrate 1 
the discussion. 2 

2.5.4.3 Socio economic impacts of small scale systems from heat and electricity 3 
production  4 

2.5.4.3.1 Rural industries 5 

The small and rural industries sector is a very important component of developing countries’ 6 
economies.  Millions of people depend on these industries for the provision of their daily 7 
livelihoods.  A large number of small and rural industries use biomass as main source of fuel to 8 
meet their thermal energy requirements such as water heating, steam generation and residential 9 
heating. There is significant potential to improve energy efficiency in these biomass-consuming 10 
industries as well as replacing the present fossil fuel consumption for thermal applications in many 11 
small and rural scale industries (FAO, 2005c). In addition to saving of fuel the other benefit that 12 
accrued were increase in productivity, better quality of products, saving in labour, water and 13 
improvement in the working condition  14 

2.5.4.3.2 Improved cookstoves 15 

In addition to its environmental impacts, the inefficient use of biomass in traditional devices such as 16 
open fires leads to significant social and economic impacts in terms of:  The drudgery for getting 17 
the fuel, the monetary cost of satisfying cooking needs, gender issues, and significant health 18 
impacts associated to very high levels of indoor air pollution, which affects in particular women and 19 
children during cooking ( Romieu et al. 2009; Masera et al. 1997; Bruce et al. 2006). 20 

Recent research on health problems associated to traditional biomass use for cooking in households 21 
shows that 4 billion people suffer from continuous exposure to some via the process of cooking 22 
food over open wood burning fires most probably, significantly exacerbate ongoing disease 23 
processes (Pimentel et al., 2001). Human health effects from wood-smoke exposure have 24 
contributed towards an increased burden of respiratory symptoms and problems, further, it has been 25 
shown that females in these kinds of environments are particularly affected probably as a result of 26 
higher exposure to wood-smoke-polluted indoor air (Boman et al., 2006; Mishra et al. 2004; Schei 27 
et al.  2004, Thorn et al. 2001). 28 

The pollutants include respirable particles, carbon monoxide, oxides of nitrogen and sulfur, 29 
benzene, formaldehyde, 1,3-butadiene, and polyaromatic compounds, such as benzo(a)pyrene 30 
(Smith 1987). In households with limited ventilation (as is common in many developing countries), 31 
exposures experienced by household members, particularly women and young children who spend a 32 
large proportion of their time indoors, have been measured to be many times higher than World 33 
Health Organization (WHO) guidelines and national standards (Bruce et al. 2006; Smith 1987). The 34 
burden for these deceases has been estimated in 1.6 million excess deaths/year - including 900,000 35 
children under five - and the loss of 38.6 millions DALY/yr  (Smith and Haigler, 2008) TSU: 36 
should be defined. This is similar in magnitude to the burden of disease from malaria and 37 
tuberculosis (Ezzati et al., 2002). 38 

The new generation of improved cookstoves (ICS) and dissemination programs have shown that 39 
properly designed and implemented ICS projects can lead to improved health (Ezzati et al., 2004). 40 
ICS projects compare well with interventions in other major diseases (von Schirnding et al., 2001). 41 
Figure 2.5.4 shows high and low estimates of cost effectiveness, measured in dollars per Disability 42 
Adjusted Life Year (DALY), for treatment options related to eight major risk factors accounting for 43 
40 percent of the global burden of disease (DCPP, 2006). Evidence from selected case studies 44 
around the world document the large socio-economic and health benefits of ICS programs in terms 45 
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of a very significant reducing indoor air pollution, human exposure and reduction in respiratory and 1 
other illnesses  (Armendariz et al. 2008; Romieu et al., 2009,)  2 
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Figure 2.5.4.: Cost effectiveness of interventions in US$ per DALY avoided (DCPP, 2006) and 4 
percentage contributions to the global burden of disease from eight major risk factors and 5 
diseases. Note the left-hand vertical axis uses a logarithmic scale. Adapted from Bailis et al. 2009. 6 
TSU: GBD = global burden of disease; remove linking the GDBs with a like as x-axis is not 7 
continuous 8 

Overall cost-effectiveness of ICS programs has been estimated for a series of case studies in Africa, 9 
Asia and Latin America. In China, the B/C TSU: define! for a switch from household use of coal for 10 
cooking in rural China to use of advanced biomass gasifier stoves that achieve dramatically lower 11 
emissions of health-damaging and methane emissions through better combustion efficiency and a 12 
cleaner fuel source, crop residues, as well as lower CO2 emissions (because a nonrenewable fuel, 13 
coal, is replaced by crop residues, which are by definition renewable) has been estimated of 6 to 1 14 
with a net benefit of US$ 300/stove (Smith and Haigler, 2008) TSU: maske sure that US$ 2005, see 15 
comment on first page.  In Malawi, institutional ICS achieved a B/C of 5.6 to 1, while in Uganda 16 
the value was 20 to 1 when including local and global co-benefits. In Mexico, a comprehensive 17 
study with local measurements of health, social, local and global environmental costs and benefits, 18 
showed a B/C ratio of 13 to 1 from the dissemination of Wood burning ICS (Frapolli et al. 2009).    19 

The savings in cooking time has facilitated use of this time for leisure, economic and social 20 
activities. Adoption of cookstoves has also been shown to foster other improvements in kitchens 21 
and homes leading to improving local living conditions (Masera et al., 2000). The manufacture and 22 
dissemination of ICS represents also an important source of income and employment for thousands 23 
of local small-businesses around the world (Masera et al., 2005). 24 

2.5.4.3.3 Biogas plants  25 

Small-scale biogas plants for household use (either for heat or for electricity generation) have also 26 
shown large social and economic benefits including the reduction in time and energy spent by 27 
women and children in collecting firewood for cooking, better sanitation to rural households, more 28 
employment for skilled people in the construction, maintenance, marketing, and financing of biogas 29 
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plants. The use of biogas means negligible smoke, hence better family health. Moreover, the 1 
residual biological slurry from the biogas plants can be used as superior organic fertilizers to 2 
enhance agricultural yields . In the case of electricity villagers benefit from improved household 3 
lighting and also for street lighting, school, Panchayat Ghar, and shops. Efforts towards operating 4 
these systems sustainably include capacity building and handholding of Village Energy 5 
Committees. 6 

2.5.4.3.4 Small Scale Electrification Using liquid biofuels 7 

Decentralized small-scale biofuel production and application has the potential for being a major 8 
catalyst for rural development and addressing poverty, which in turn would have benefits in terms 9 
of improved livelihoods and quality of lives for the vast majority of the rural households deprived 10 
of energy service. Several success cases have been documented worldwide (Practical Action 11 
Consulting 2009)  12 

2.5.4.3.5 Socio-economic impacts of large-scale bioenergy systems  13 

TSU: entire section missing! 14 

2.5.4.3.6 Bioenergy systems for heat and electricity production 15 

Large scale systems for heat and electricity generation pose several socio-economic questions, and 16 
sustainably implemented can result in very significant benefits in terms of regional economic 17 
development, income generation and improved livelihoods, particularly in poorest regions.   18 

As biomass is land-intensive, issues about land-use competition, in this case regarding the use of 19 
forests for fiber vs. fuel (or fuel for local needs such as cooking vs. industrial needs) may arise with 20 
an increased expansion of forest plantations for bioenergy purposes or with the increased use of 21 
native forests for these purposes.  A common problem with timber plantations has been the 22 
expulsion of indigenous communities (e.g. Indonesia) from their lands. Properly managed, however, 23 
forests may sustain many services including timber, fuel and environmental services, with large 24 
gains for local populations, as is shown in many cases from developing and industrialized countries.  25 

2.5.4.3.7 Bioenergy systems for liquid biofuels  26 

The planned large-scale expansion of feedstocks needed for the production of liquid biofuels has 27 
sparkled a heated controversy around potential associated socio-economic issues such as: impacts 28 
on food security, land tenure, the number and type of jobs to be generated and other issues.  29 

2.5.4.3.7.1 Risks to food security 30 

If the food requirements of the world’s growing Population are to be met, global food production 31 
will need to increase by around 50% by 2030. FAO estimates that the amount of land used for 32 
agriculture will need to be increased by 13 per cent by 2030. It is therefore likely that there will be a 33 
significant increase in competition for the use of agricultural land and, consequently, a trend 34 
towards rising food prices (FAO, 2008b). At the country level, higher commodity prices will have 35 
negative consequences for net food-importing developing countries. Especially for the low-income 36 
food-deficit countries, higher import prices can severely strain their food import bills. 37 

Furthermore, a significant increase in the cultivation of energy crops implies a close coupling of the 38 
markets for energy and food. As a result, food prices will in future be linked to the dynamics of the 39 
energy markets. Political crises that impact on the energy markets would thus affect food prices. For 40 
around one billion people in the world who live in absolute poverty, this situation poses additional 41 
risks to food security and these risks must be taken into account by policy-makers (WBGU, 2009). 42 
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Economic aspects of sustainability are also particularly important for poorer countries. Many 1 
developing countries hope that bioenergy will bring development opportunities – perhaps by 2 
tackling rural poverty directly, by reducing dependence on imports of fossil fuels or by increasing 3 
energy supply security. They also perceive opportunities in relation to the export of modern energy, 4 
which can further a country’s economic development. Another crucial issue is whether an 5 
expansion of the bioenergy sector is economically sustainable in the sense of being able to continue 6 
operations in the long term even without subsidies; if ongoing subsidy of the sector is required, 7 
funds will no longer be available for projects of greater social and economic promise. 8 

2.5.4.3.7.2 Impacts on Rural and Social Development 9 

A major study of FAO on the socio-economic impacts of the expansion of liquid biofuels (FAO, 10 
2008b) indicates that in the short run, higher agricultural commodity prices will have widespread 11 
negative effects on household food security. Particularly at risk are poor urban consumers and poor 12 
net food buyers in rural areas, who tend also to be the majority of the rural poor. There is a strong 13 
need for establishing appropriate safety nets to ensure access to food by the poor and vulnerable.  14 

In the longer run, growing demand for biofuels and the resulting rise in agricultural commodity 15 
prices can present an opportunity for promoting agricultural growth and rural development in 16 
developing countries. 17 

It is key to focusing on agriculture as an engine of growth for poverty alleviation. This requires 18 
strong government commitment to enhancing agricultural productivity, for which public 19 
investments are crucial. Support must focus particularly on enabling poor small producers to expand 20 
their production and gain access to markets. 21 

2.5.4.3.7.3 Impacts on Income-generation 22 

Production of biofuel feedstocks may offer income-generating opportunities for farmers in 23 
developing countries. Experience shows that cash-crop production for markets does not necessarily 24 
come at the expense of food crops and that it may contribute to improving food security. Promoting 25 
smallholder participation in biofuel crop production requires active government policies and 26 
support. Crucial areas are investment in public goods (infrastructure, research extension, etc.), rural 27 
finance, market information, market institutions and legal systems (FAO, 2008b). 28 

2.5.4.3.7.4 Impacts on Land tenure 29 

In many cases, private investors will look to the establishment of biofuel plantations to ensure 30 
security of supply. Contract farming may offer a means of ensuring smallholder participation in 31 
biofuel crop production, but its success will depend on an enabling policy and legal environment. 32 

Development of biofuel feedstock production may present equity- and gender-related risks 33 
concerning issues such as labour conditions on plantations, access to land, constraints faced by 34 
smallholders and the disadvantaged position of women. 35 

Governments need to establish clear criteria for clearly determining the “productive use” of land 36 
and legal definitions of marginal land. Effective application of land-tenure policies that aim to 37 
protect vulnerable communities is no less important (FAO, 2008b). 38 

2.5.5 Synthesis 39 

The effects of bioenergy on social and environmental issues – ranging from health and poverty to 40 
biodiversity and water quality – may be positive or negative depending upon local conditions, how 41 
criteria and the alternative scenario are defined, and how actual projects are designed and 42 
implemented, among other variables.  43 
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Climate change and biomass production can be influenced by interactions and feedbacks among 1 
land use, energy and climate (see Figure 2.5.5). Bioenergy projects need to account for these 2 
interactions to maximize benefits while avoiding or mitigating risks.  Climate benefits may also 3 
require trade-offs that involve diminished benefits in the short term in exchange for larger benefits 4 
in the long term.   5 

Estimates of LUC effects require value judgments on the temporal scale of analysis, on land use 6 
under the assumed “no action” scenario, on expected uses in the longer term, and on allocation of 7 
impacts among different uses over time.  Regardless, a system that ensures consistent and accurate 8 
inventory and reporting on carbon stocks is considered an important first step toward LUC carbon 9 
accounting.    10 

Meanwhile, legitimate concerns exist because conversion of additional land can lead to significant 11 
emissions in the near term that can take decades to recuperate.  It has been impossible to assess 12 
whether new land conversion (and associated anthropogenic fires) will increase or decrease in 13 
response to bioenergy policies, and the outcome hinges greatly on how those policies affect the 14 
underlying drivers of LUC in a given locale. Bioenergy and other policies affecting land-use need to 15 
be considered in unison so that they are mutually reinforcing and create incentives that reduce 16 
pressure on high-value ecosystems.  17 

Environmental concerns over biofuels are substantially addressed by the UNFCC definition of 18 
“renewable biomass,” which requires production to comply with national laws and regulations and 19 
to originate from areas where “sustainable management practices… ensure … that the level of 20 
carbon stocks on these land areas does not systematically decrease over time” TSU: reference 21 
missing! 22 

However, compliance with the “renewable biomass” definition and other guidelines requires 23 
investments to develop sustainable management plans and monitor their implementation. These 24 
investments provide social and environmental dividends, but the additional costs must be 25 
compensated through higher returns or other incentives. Otherwise, “renewable biomass” will not 26 
be able to compete with less sustainable land uses.  27 

Human welfare, bioenergy and the environment have been intimately entwined since the dawn of 28 
society.  Yet, our ability to analyze the environmental and social dimensions of global bioenergy 29 
development is limited due to gaps in data and knowledge related to the complex and diverse 30 
interrelationships among human behavior, land use and climate. There is consensus, however, on 31 
the importance of developing more reliable and detailed data and scientific approaches to facilitate 32 
due diligence when designing policies and projects related to biofuels, as well as on the need to 33 
develop effective incentives for more sustainable land use in all sectors.   34 
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  1 
Figure 2.5.5.: Climate Change-Land Use-Energy Nexus. From Dale et al., submitted 2 

2.6 Prospects for technology improvement, innovation and integration  3 

This section provides an overview of potential performance of biomass-based energy in the future 4 
(within 2030) due to progress on technology.   5 

2.6.1 Feedstock production    6 

2.6.1.1 Yield gains 7 

Increasing land productivity is a crucial prerequisite for realizing large scale future bioenergy 8 
potentials (section 2.2). Much of the increase in agricultural productivity over the past 50 years 9 
came about through plant breeding and improved agricultural management including irrigation, 10 
fertilizer and pesticide use. The adoption of these techniques in the developing world is most 11 
advanced in Asia, where it entailed a strong productivity growth during the past 50 years. 12 
Considerable potential exists for extending the same kind of gains to other regions, particularly 13 
Sub-Saharan Africa, Latin America, Eastern Europe and Central Asia where adoption of these 14 
techniques was slower (Figure 2.6.1). A recent long-term foresight by the FAO expects global 15 
agricultural production to rise by 1.5 percent a year for the next three decades, still significantly 16 
faster than projected population growth (World Bank, 2009). For the major food staple crops, 17 
maximum attainable yields may increase by more than 30% by switching from rain-fed to irrigated 18 
and optimal rainwater use production (Rost et al., 2009), while moving from intermediate to high 19 
input technology may result in 50% increases in tropical regions and 40% in subtropical and 20 
temperate regions. The yield increase when moving from low input to intermediate input levels can 21 
reach 100% for wheat, 50% for rice and 60% for maize (Table 2.6.1), due to better control of pests 22 
and adequate supply of nutrients. However, one should note that important environmental tradeoffs 23 
may be involved under strong agricultural intensification. 24 
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Table 2.6.1: Long-term (15-25 years) prospects for yield improvements relative to current levels 1 
(given in Table 2.3.1).  2 

Feedstock 
type 

Region Yield 
trend 
(%/yr) 

Potential 
yield 
increase 
(2030) 

Improvement routes  
Ref. 

DEDICATED CROPS 

Europe 0.7  
50% 

New energy-orientated varieties Wheat 

Subtropics   
100% 

Higher input rates, irrigation. 

N America 0.7 35% 

Subtropics   
60% 

Maize 

Tropics  50% 

Genotype optimization, GMOs, higher 
plantation density, reduced tillage. 
Higher input rates, irrigation. 

 
1 

USA 0.7 35%  
2,3 

Soybean 

Brazil 1.0  
60% 

Breeding 

 

Oil palm World 1.0 30% Breeding, mechanization  
3 

Sugar cane Brazil 0.8 20% Breeding, GMOs, irrigation inputs  
2,3 

SR Willow Temperate - 50% 

SR Poplar Temperate - 45% 

Breeding 

Miscanthus World - 100% Breeding for minimal input requirements, 
improved management 

Switchgrass Temperate - 100% Genetic manipulation 

 
3 
 
 
 
 
 
 

Planted 
forest 

Europe 1.0 30% Traditional breeding techniques (selection 
for volume and stem straightness); CO2

fertilization  

 
4 

PRIMARY RESIDUES 

Cereal straw World - 15% 

Soybean 
straw 

N America - 50% 

Improved collection equipment; breeding 
for higher residue-to-grain ratios. 

 
 
5,6 

Forest 
residues 

Europe 1.0 25% Ash recycling.  
4,7 

 3 
References: 1: Fischer, 2001a; 2: IEA Bioenergy, 2009; 3: WWI, 2006; 4: Dupouey et al., 2006; 5: Paustian et al., 2006; 4 
6: Perlack et al., 2005; 7: EEA, 2007;  5 

These increases reflect present knowledge and technology (Fischer, 2001b: Duvick and Cassman, 6 
1999), and vary across the regions of the world (Figure 2.6.1), being more limited in developed 7 
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countries where cropping systems are already highly input-intensive. Also, projections do not 1 
always account for the strong environmental limitations that are present in many regions, e.g. 2 
limitations in water availability. Biotechnologies or conventional plant breeding could contribute to 3 
improve biomass production by focusing on traits relevant to energy production. The plant varieties 4 
currently being used for first-generation biofuels worldwide have been genetically selected for 5 
agronomic characteristics relevant to food and/or feed production and they have not been developed 6 
considering their characteristics as potential feedstocks for biofuel production. Varieties could be 7 
selected with increased biomass per hectare, increased yields of oils (biodiesel crops) or 8 
fermentable sugars (bioethanol crops) or with improvements in characteristics relevant for their 9 
conversion to biofuels. As little genetic selection has been carried out in the past for biofuel 10 
characteristics in most of these species, considerable genetic improvement should be possible 11 
(FAO, 2008d). Doubling the current yields of perennial grasses appears achievable through genetic 12 
manipulation (Turhollow 1994, Wright 1994, McLaughlin et al., 2002), possibly within 25 years 13 
timeframe (USDOE, 2002). Aggressive shifts to sustainable farming practices and large 14 
improvements in crop and residue yield could increase residue outputs from arable crops (Paustian 15 
et al., 2006). For example, the combination of no-till practices and continuous production of corn 16 
(rather than rotation of corn and soybean) is the scenario under which farmers in Iowa could collect 17 
the most residues (Sheehan et al. 2002). 18 

19 
Figure 2.6.1 Potential for yield increase for four crops in various regions of the world. Source: 20 
FAO, 2008b. 21 
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2.6.1.2 Aquatic biomass 1 

Algae have re-gained attention as an additional source of feedstock for energy in recent years. The 2 
term algae can refer to both microalgae and macroalgae (or seaweed). There are also cyanobacteria 3 
(so called “blue-green algae”) that dominate the world’s ocean, contributing to the estimated 350-4 
500 billion metric tons of aquatic biomass produced annually (Garrison, 2008). 5 

Of this diverse group of organisms, oleaginous microalgae have garnered the most attention as the 6 
preferred feedstock for a new generation of advanced biofuels. Lipids from microalgae, such as free 7 
fatty acids and triacyglycerides, are readily converted to fungible and energy-dense biofuels via 8 
existing petrorefinery processes (Tran et al., 2010). Certain species, such as Schizochytrium and 9 
Nannochloropsis, reportedly accumulate lipids at greater than 50% of dry cell weight (Chisti, 2007). 10 
Microalgae can be cultivated most cost-effectively in un-lined open ponds on currently 11 
unproductive land, and in offshore reservoirs (Sheehan et al., 1998; van Iersel et al., 2009). The 12 
ability of these microalgal cultivation strategies to utilize marginal lands and wastewater (Woertz et 13 
al., 2009) or brackish water (Vonshak and Richmond, 1985) - otherwise unsuitable for agriculture 14 
and human consumption- remains among the top drivers to develop algal biofuels as a sustainable 15 
energy solution. Despite of the advantages, scaling up microalgae biofuels production is not without 16 
substantial challenges, both from a feedstock logistics viewpoint (Molina Grima et al., 2003), as 17 
well as the cost to produce the biomass itself (Borowitzka, 1999).  18 

Over a million metric tons of macroalgae are cultivated and harvested every year for human dietary 19 
consumption (Zemke-White and Ohno, 1999). Seaweeds as a bioenergy feedstock are of particular 20 
interest for countries with limited land but large coastal reserves. A few investigations into the use 21 
of seaweed for biofuels production have recently been reported (Ross et al., 2008; Aresta et al., 22 
2005), and cultivation optimization strategies are being explored (Kraan and Barrington, 2005). 23 
However, it is unclear how large-scale production of macroalgae for bioenergy will impact marine 24 
eco-systems and competing uses for fisheries and leisure, posing zoning and regulatory hurdles at a 25 
minimum. 26 

Interest in exploiting cyanobacteria for biofuels purposes have also begun. Cyanobacteria have long 27 
been cultivated commercially for nutraceuticals (Colla et al., 2007; Lee, 1997) and are arguably the 28 
most amenable for industrial biotechnology and genetic engineering- both for the production of 29 
biofuels (Hellingwerf and Teixeira de Mattos, 2009; Nobles and Brown, 2008; Lindberg et al., 30 
2009) and enhancing the natural capabilities to produce bioproducts (Burja et al., 2001). It is likely 31 
that biofuels from cyanobacteria, as well as from eukaryotic microalgae face significant scale-up 32 
challenges as well as unclear regulatory status. 33 

Potentials for algae have not been studied as extensively as the land-based biomass resources 34 
indicated in Table 2.2.2, but productivity could reach up to several hundreds of EJ for microalgae 35 
and up to several thousands of EJ for macro-algae (Sheehan et al., 1998; van Iersel et al., 2009). All 36 
types of algae, however, have relatively low dry matter content, so their applicability as a biomass 37 
feedstock is not straightforward. Other potential introduction barriers, such as ecological impacts of 38 
offshore cultivation, have not yet been fully addressed. Therefore, it is still difficult to assess the 39 
sustainability and economic competitiveness of algae options. 40 

2.6.1.3 Vulnerability and adaptation to climate change 41 

Climate change is expected to have significant impacts on biomass production, causing yields to 42 
increase or decrease by up to 20% relative to current levels, depending on world regions (Easterling 43 
et al., 2007). Biomass feedstocks will be affected through either a change of the agro-ecological 44 
zones suitable for them or, for those plantations already established, increased environmental 45 
stresses and higher risks of yield losses. Since most of the candidate feedstocks are perennial 46 
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species with cultivation cycles of 20 or more years, climate impacts should be anticipated in the 1 
design of bioenergy-oriented agro-ecosystems, and are likely to be stronger than for annul crops 2 
(Easterling et al., 2007). However, there is currently limited knowledge on the impacts of climate 3 
change on energy feedstocks. In one example, miscanthus would yield more in Northern Europe in 4 
2080 but less in the South, with the southernmost areas of the continent becoming unsuitable for 5 
that crop due to pronounced water shortage (Hastings et al., 2008). Whatever the latitude, the inter-6 
annual variability of final yields in this study rose to 20% in 2080, posing a risk that will have to be 7 
carefully addressed when designing bioenergy units. Relying on a portfolio of species with various 8 
tolerances to water or other climatic stresses is probably the best option to secure a robust supply of 9 
biomass, also because it broadens the harvest time windows. Mixtures of species or varieties are 10 
also more robust to climate extremes and achieve more stable yields over time under sub-optimal 11 
conditions (Tilman et al., 2006). Genetic improvement is also a prime route, since for instance 12 
miscanthus has a large variability for environmental traits such as water or radiation-use efficiency 13 
(Clifton-Brown and Lewandowski, 2000).             14 

The largest ecophysiological uncertainty in future production changes is the magnitude of the CO2 15 
fertilisation effect on plant growth, which can cause an enhancement of net primary production of 16 
around 20% under doubled free air CO2 concentration. Most current biogeochemical models 17 
assume a strong CO2 fertilisation effect with a levelling off at large atmospheric concentrations. 18 
This causes strong biomass yield increases through enhanced growth and increased water use 19 
efficiency as a consequence of decreased photosynthetic losses under conditions of stomatal closure 20 
due to water stress. Whether these increases can be expected to materialise under realistic 21 
conditions, where down-regulation may be a factor, currently remains unclear (Fischlin et al., 22 
2007). Limitations of CO2 fertilisation due to co-developing nutrient limitations could be overcome 23 
in plantations through fertiliser input. 24 

2.6.1.4 Future outlook and costs 25 

While area expansion for feedstock production is likely to play a significant role in satisfying an 26 
increased demand for biomass over the next decades, the intensification of land use through 27 
improved technologies and management practices will have to complement this option, especially if 28 
production is to be sustained in the long term. Crop yield increases have historically been more 29 
significant in densely populated Asia than in sub-Saharan Africa and Latin America and more so for 30 
rice and wheat than for maize and sugar cane. Actual yields are still below their potential in most 31 
regions (Figure 2.6.1). Evenson and Gollin (2003) documented a significant lag in the adoption of 32 
modern high-yielding crop varieties, particularly in Africa. Just as increased demand for bioenergy 33 
feedstock induces direct and indirect changes in land use, it can also be expected to trigger changes 34 
in yields, both directly in the production of energy crops and indirectly in the production of other 35 
crops – provided appropriate investments are made to improve infrastructure, technology and access 36 
to information, knowledge and markets. A number of analytical studies are beginning to assess the 37 
changes in land use to be expected from increased bioenergy demand, but little empirical evidence 38 
is yet available on which to base predictions on how yields will be affected – either directly or 39 
indirectly – or how quickly. In one example, ethanol experts in Brazil believe that, even without 40 
genetic improvements in sugar cane, yield increases in the range of 20 percent could be achieved 41 
over the next ten years simply through improved management in the production chain (Squizato, 42 
2008).  43 

Projections of future costs for biomass production are scant because of their connections with food 44 
markets (which are highly volatile and uncertain), and the fact that many candidate feedstock types 45 
are still in the research and development phase. Costs figures for growing these species in 46 
commercial farms are little known yet, but will likely reduce over time as farmers ascend the 47 
learning curves, as past experience has shown for instance in Brazil (Wall-Blake et al., 2009). 48 
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Under temperate conditions, the cost of lignocellulosic biomass from perennial grasses or short 1 
rotation coppice is expected to fall under 2.5 US$/GJ by 2020 (WWI, 2006), from a 3-16 US$/GJ 2 
range today (Table 2.3.1). However, another study in Northern Europe reports much higher 3 
projections, in a 3.7-7.5 US$/GJ range (Ericsson et al., 2009). These marginal costs will obviously 4 
depend on the overall demand in biomass, increasing for higher demand levels due to the growing 5 
competition for land with other markets (hence the notion of supply curves, addressed in section 6 
2.7). For perennial species, the transaction costs required to secure a supply of energy feedstock 7 
from farmers may increase the production costs by 15% (Ericsson et al., 2009).    8 

2.6.2 Logistics and supply chains   9 

TSU: if not done in previous sections add definition of 1st/2nd-generation here. 10 

Since biomass is mostly available in low density form, it demands more storage space, transport and 11 
handling than fossile equivalents, with consequent cost implications. It often needs to be processed 12 
to improve handling, as a result of which 20-50% of the delivered cost of biomass fuels is due to 13 
handling and transport (Allen et al., 1998), emphasizing the importance of supply chain logistical 14 
issues.  15 

Use of a single agricultural biomass feedstock for year-round energy generation necessitates 16 
relatively large storage since this is available for a short time following harvest. Diversification to 17 
several different feedstocks will alleviate the seasonality problem but introduces more complex 18 
logistical complications due to the multiple supply chains. Among the characteristics that 19 
complicate the biomass supply chain are (Rentizelas et al., 2008): 20 

 Multiple feedstocks with their own complex supply chains. 21 

 Storage challenges including space constraints, fire hazards, moisture control, and health 22 
risks from fungi and spores. 23 

 Seasonal variation in supply. 24 

It has been pointed out (Rentizelas et al., 2008) that the impact of different storage solutions with 25 
and without out biomass drying still need further investigation. Decision support tools incorporating 26 
GIS data have a role in optimization of biomass management systems (Frombo et al. 2009). Figure 27 
2.6.2.1 illustrates a generic supply chain with numerous interlinkages that could be optimized. 28 
Biomass is often widely dispersed, and therefore in its utilisation, collection, transportation, and 29 
pre-treatment will be important issues (Figure 2.6.2). 30 

 31 
Figure 2.6.2. A generic chain from production to conversion sites. TSU: We hightly encourage the 32 
use of figures. This one we suggest to replace by text. 33 
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Pre-treatments include chipping, pellet making, and charcoal making as discussed in Section 2.3. In 1 
these cases, optimization is a key issue. Optimization could be achieved by studying optimal spatial 2 
distributions through linear optimization models that consider the locations of biomass production, 3 
transportation costs and scale economy of central plants (Nagatomi et al., 2008). 4 

For the selection of pre-treatment technologies and conversion methods, etc., the integration of 5 
business processes from customer-order management to delivery supply chain management has to 6 
be considered. Various supply chain models and solution approaches have been extensively studied 7 
in literature (Vidal and Goetschalckx, 1997). 8 

Planning models reflect production planning, production scheduling, and distribution planning. 9 
Biomass production generally has to address seasonal and scheduling problems as important issues. 10 
In addition, autonomous decentralized supply chains can be studied in models as to how they may 11 
form a complex biomass supply network (Nishii et al., 2005). 12 

Developing countries have some specific issues. Charcoal in Africa is predominantly produced in 13 
inefficient traditional kilns by the informal sector, often illegally. From a developing country 14 
perspective, the application of industrial ecology through the lifecycle management concept to the 15 
charcoal industry has been advocated as one way to identify opportunities for technological 16 
improvement and loss reduction. Current production, packaging and transportation of charcoal is 17 
characterised by low efficiencies and poor handling, leading to losses. To introduce change to this 18 
industry requires that it be recognised and legalised, where it is found to be sustainable and not in 19 
contradiction with environmental protection goals. For example in Kenya the production and 20 
transportation of charcoal is illegal, whilst it is legal to buy, sell and use it. Once legalised it would 21 
be possible to regulate it and introduce standards including fuel quality, packaging standards, 22 
production kiln standards and what tree species could be used to produce charcoal (Kituyi, 2004). In 23 
regions where production is causing environmental degradation, such as in the Eastern DR Congo, 24 
fuel alternatives have to be developed while phasing out charcoal. 25 

2.6.3 Conversion technologies & bioenergy systems    26 

Advanced cultivation techniques could be taken up to increase the production of biomass for energy 27 
purposes all over the world. Various developments in technologies are also being explored to 28 
improve the conversion efficiencies of different feedstock types for various applications.  Table 29 
2.6.2 shows the most relevant bioenergy systems and chains expected to be in commercial operation 30 
at global level by 2030. For each energy end-use the table presents information about the feedstock, 31 
processing technology, end-use sector, the country or region, the expected production cost, and the 32 
market potential. Additional information about relevant technology development needs, and general 33 
comments, are also provided.34 
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 1 

Table 2.6.2.  Table summarizing the state of the art of the main chains for future production of end use biofuels. 2 
End use 
biofuel 

Major end 
use 

Processing Feedstock Site Comments Technical Advances Production 
Cost by 

2030 
(EU$/GJ) 

Present 
deployme
nt +low/ 
+++high 

References 

Ethanol Transport Fermentation Brazil BCCS from sugar fermentation   +++ 

      

Sugar cane 
syrup 

 
  

*UK DFT, 2009 

      
 

  

Efficient use of sugar cane straw as 
an extra source of heat&power 

 
          

 
          

Eff. = 0.38 by 2020 [cqvc.pdf] 
but historical gain is around 
1%/yr; Mill size, advanced 
power generation and optimised 
energy efficiency and distillation 
can reduce costs further in the 
longer term.* 

Widespread use of GMO; evolution 
of biorefinery approach 

7 to 8** 

  

**IEA Bioenergy: 
ExCo,2007 

  Transport   Molasses India       +   

        Colombia           

        Thailand           

  Transport Fermentation Corn grain USA BCCS from sugar fermentation   +++ *UK DFT, 2009 

          

Eff.= 0.67 for wet mill and 0.66 
for dry mill* 

R&D improves yield/reduced the 
time for processing 

    

            Conversion of CO2 to fuel**     

**Grooms, 2005; 
***Rendleman and 
Shapouri, 2007 

            Widespread use of GMO***       
  Transport Fermentation sugar beet EU Eff.= 0.13*   20 to30** + *UK DFT, 2009 

  Transport Fermentation wheat EU Eff= .59*     + 

  Transport Fermentation cassava Thailand     5 to 7** + 

**IEA Bioenergy: 
ExCo,2007 

  Transport Lignocellulo
sic 

USA Enzymes for efficient C5 
conversion** *** **** 

7 to 9 NA 

        Significant amount of investment in 
R&D***** 

    

        Engineering of enzymes using 
advanced biotechnologies****** 

    

    

Hydrolysis/Fer
mentation 

    

Eff. = 0.49 for wood and 0.42 for 
straw; includes integrated 
electricity production of 
unprocessed components* 

lignin dissolution to produce a 
cellulose-rich residue******* 
for 2020 deployable cost estimated 
is 22 US$/GJ with one to two 
cumulative volume doublings 
(20%/doubling)******** 
 

11.4 to 13.5 
11 - 

14******** 

  

*UK DFT, 2008; **Jeffries, 
2006; ***Jeffries et al., 
2007; ****Balat et al., 
2008; *****Sims et al., 
2008; ******Bom and 
Ferrara, 2007; 
*******Tuskan, 2007; 
******Kumar et al., 2008; 
*******NRC, 2009 
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End use 
biofuel 

Major end 
use 

Processing Feedstock Site Comments Technical Advances Production 
Cost by 

2030 
(EU$/GJ) 

Present 
deployme
nt +low/ 
+++high 

References 

Transport Fischer-
Tropsh 

Lignocellulo
sic 

USA BCCS for CO2 from processing 20 to 30* NA *IEA Bioenergy: 
ExCo,2007 

Biomass 
to liquid 

        

via biomass gasification and 
subsequent syngas processing 

 For 2020 deployable 27 US$/GJ 
with one to two cumulative volume 
doublings (20%/doubling)**; For 
2020 deployable Euro 26 US$/GJ 
with CCS and one to two cumulative 
doublings (-20%/doubling)** 
 

 14-17** 
13-16** 

    
**NRC, 2009 

  Transport Fischer-
Tropsh 

Lignocellulo
sic 

EU Diesel without BCCS 12.4 to 
14.5* 

NA *Sims et al., 2008 

          

via biomass gasification and 
subsequent syngas processing 

        
Biodiesel  Transport Tranesterificat

ion 
Rape seed OECD 20 to 30*** +++ *Egsgaard et al., 200? 

          

For the total system it is 
assumed that surpluses of straw 
are used for power production 

new methods using bio-catalysts, 
supercritical alcohol, and 
heterogeneous catalyst**      **Bhojvaidad, 2008 

                ***IEA Bioenergy: 
ExCo,2007 

          

Excess supply of animal feed 
(globally) necessitates other 
uses of glycerine*         

                  

          

Nitrogen leakage and pesticide 
use are higher for annual crops 
than perennial crops*         

Transport Hydrogenation Sunflower    For 2030 with one or two 
cumulative volume doublings (-
20%/doubling) 

 10-13* NA  *Bain, 2007 Renewabl
e diesel 

    Soybeans   

Technology well known. 
Economy is barrier 

        

Methanol Transport Lignocellulo
sic 

USA/EU BCCS for CO2 from processing 6 to 8* NA *IEA Bioenergy: 
ExCo,2007 

    

Gasification/S
ynthesis 

    

Combined fuel and power 
production possible 

        
Butanol Transport Fermentation sugar/starc

h 
    NA *Wu et al., 2007 

              

          

The development of an 
integrated system for biobutanol 
production and removal may 
have a significant impact on 
commercialization of this 
process using the solvent 
producing clostridia* 

recent developments in the genetics 
and downstream processing of 
biobutanol was recently reported ** 
*** 

    

**Ezeji et al., 2007a;*** 
Ezeji et al., 2007b 

            +++ *Econ Pöyry, 2008 Densified 
biomass 

          

Reduce the cost of fuel, by 
improved pre-treatment, better 
characterisation and measurement 
methods.*  
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End use 
biofuel 

Major end 
use 

Processing Feedstock Site Comments Technical Advances Production 
Cost by 

2030 
(EU$/GJ) 

Present 
deployme
nt +low/ 
+++high 

References 

                  

            

Working environment problems, 
caused by dust and micro-
organisms, need further attention. *       

briquettes Electricity Reduce production costs* 5.0** +++ *Econ Pöyry, 2008 

    

Drying/Mecha
nical 
compression 

wood 
residues 

EU/USA/
Canada 

Large and continuously 
increasing co-combustion 
market 

      **Riegelhaupt et al., 2009 

wood 
pellets 

Heat 5.3** +++ *Econ Pöyry, 2008 

    

Drying/Mecha
nical 
compression 

wood 
residues 

EU/USA/
Canada 

Large and continuously 
increasing residential market 

Improved supply of feedstocks * 

    **Riegelhaupt et al., 2009 

Electricity Brazil   3.1* +++ *Riegelhaupt et al., 2009 sugar 
cane 

residue 
pellets  

  

Drying/Mecha
nical 
compression 

sugar cane 
bagasse   

Large potential availability. 
Large commercial use         

  Heat Brazil   3.1 +++   

    

Drying/Mecha
nical 
compression 

sugar cane 
bagasse   

Large potential availability. 
Large commercial use         

  Electricity Brazil   + *Econ Pöyry, 2008 

    

Drying/Mecha
nical 
compression 

sugar cane 
straw 

  

Large potential availability. 
Small commercial use 

      

            

Reduction of chlorine and 
potassium (to reduce corrosion) and 
potassium (to reduce slagging), e.g. 
by washing the biomass prior to 
combustion.*        

  Heat Brazil   + *Econ Pöyry, 2008 

    

Drying/Mecha
nical 
compression 

sugar cane 
straw 

  

Large potential availability. 
Small commercial use 

      

            

Reduction of chlorine and 
potassium (to reduce corrosion) and 
potassium (to reduce slagging), e.g. 
by washing the biomass prior to 
combustion.*        

Electricity Drying straw   straw water content is below 
10%  

4 NA *Econ Pöyry, 2008 straw 
pellets 

          

Long-term storage of willow chips is 
very difficult due moisture content 
(55-58 %).*      Hoogwijk, 2004 

  Heat Drying straw   straw water content is below 
10%  

  NA *Econ Pöyry, 2008 

            

Yield per hectare needs be 
increased to reduce the cost of fuel 
*       

Solid 
biofuel 

  Direct 
combustion 

Forestry/agr
o residues 

World 
wide 
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End use 
biofuel 

Major end 
use 

Processing Feedstock Site Comments Technical Advances Production 
Cost by 

2030 
(EU$/GJ) 

Present 
deployme
nt +low/ 
+++high 

References 

(small 
scale) 

Cooking   +++   

(small 
scale) 

Residentia
l heat 

Improved cookstoves are 
presently available/reduce fuel 
use (up to 60%)/cut 70% indoor 
pollution 

Optimized design of cookstoves and 
new materials, gasifier stoves for 
household use. Combined 
heat/electric. production already in 
demonstration. New stoves with 35-
50% efficiency. Indoor air pollution 
reduced more than 90%.  

2.5 +++   

(small 
scale) 

Small 
industry- 
process 
heat 

Existing industries have low efficiency kilns with high pollution. 
Improved kilns cut consumption in 50-60%. There are very large 
cobenefits of improved technologies in terms of public health and 
environment.  

2.5 +++   

Gasification technology for large 
units** *** 

++ *UK DFT, 2009 (large 
scale) 

Power&he
at 

World 
wide 

Low costs especially possible 
with advanced cofiring schemes 
and BIG/CC technology over 
100-200 MWe.* 

Indirect firing with Stirling engine or 
hot air turbines for medium units** 

Ect3-8 
/kWh.  

  **Riegelhaupt et al., 2009; 
***Electricity from 
Renewable, 2009 

(large 
scale) 

Power 

harvested and 
cut to variable 
sizes; for 
briquettes and 
pellets 
mechanical 
densification 
required 

wood; wood 
residues; 
agro 
residues;      
briquette;      
pellets;      
bagasse;     
straw 

USA Cost of electricity delivered to 
consumer in EU/GWe. Cost off 
biomass EU$ 2/GJ 

Widespread use of technology for 
combustion to electricity in the MW-
range* 

18 ++ *Riegelhaupt et al., 2009 

co-firing electricity combustion briquettes/p
ellets 

EU eff., ~40%     +++   

Charcoal industry pyrolysis wood     +++   

        

World 
wide 

  

Improvement in the conversion 
efficiency through moderately 
capital intensive methods relying in 
well designed brick/steel kilns with 
good heat transfer by forcing the hot 
gases to pass through the 
unconverted wood and avoid over 
burning (FAO, 2009). 

2.1*   *Riegelhaupt et al., 2009 

Biomass 
gases 

                  

(small 
scale) 

  gas engine agro 
residues 

  eff., 20%, Japan     +   

(large 
scale) 

power&he
at 

gasification wood 
residue 

      NA   

    gas turbine agro 
residues 

World 
wide 

          

(large 
scale) 

gasification wood 
residue 

    9* NA 
*Hamelinck, 2004 

  

synthetic 
diesel 

synthesis agro 
residues 

World 
wide 
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End use 
biofuel 

Major end 
use 

Processing Feedstock Site Comments Technical Advances Production 
Cost by 

2030 
(EU$/GJ) 

Present 
deployme
nt +low/ 
+++high 

References 

(large 
scale) 

gasification improved gasifier efficiency*   NA 

  

power fuel 
cells 

  

all solid 
biomass 

World 
wide 

H2 obtained  or methanol 
synthesized from producer gas 
used to power fuel cell        

*Electricity from 
Renewable, 2009 

Biogas                   

digestion manure byproduct: liquid fertilizer payback time , 1-2 years +++   household 
biogas 

cooking/he
at   human 

wastes 

World 
wide           

electricity MSW byproduct: liquid fertilizer Cost figure for 2020 Ect. 
2.6/kWh* 

+++ biogas 
(big scale) 

  

digestion plus 
gas engine/ 
steam turbine agro 

residues 

World 
wide 

eff., 15-20%       

*Bauen et al., 2004 

      industrial 
waste 

            

Hydrogen Transport   USA/EU 5 to 8** NA *Riegelhaupt et al., 2009 

    

Gasification/S
yngas 
processing 

    

Combined fuel and power 
production possible 

research in gasification as basis for 
hydrogen production for fuel cells* 5 to 10***   **Hoogwijk, 2004; ***Bain, 

2007 
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 1 

2.6.3.1 Solid Biomass 2 

Recent developments in the technologies for conversion of solid biomass to fuel ranging from 3 
rudimentary stoves to sophisticated large scale heat applications for production of combined heat 4 
and power.  There has been a worldwide drive in improving the conversion efficiency of charcoal 5 
making. Well designed brick/steel kilns have the advantage of good heat transfer by forcing the hot 6 
gases to pass through the unconverted wood and avoid over burning (FAO, 2009a).   7 

The use of bagasse as a feedstock for electricity production continues to grow in sugar cane mills. 8 
In Brazil, improvements in the technology and material of sugarcane bagasse have allowed an 9 
increase in steam pressure and temperature, as has been done already for the pulp and paper sector 10 
in OECD countries (Faaij, 2006). Advances in combustion technologies requires improvements in 11 
fuel efficiency which can be achieved by maintaining higher temperatures, sufficient air and 12 
optimum residence time for complete combustion. Fuel efficiency has been improved in Indian 13 
sugar mills by the conversion of boilers to fluidized bed furnace firing for use of rice husk and to 14 
traveling grate for bagasse firing (Yokoyama and Matsumura, 2008).  15 

Gasification of solid biomass is a promising technology for production of power and or heat based 16 
in the use of solid biomass, with high efficiency gains expected especially in the case of 17 
polygeneration with Fischer-Tropsch fuels (Williams et al., 2009). 18 

2.6.3.2 Liquid Fuels 19 

Liquid biofuels are obtained either through 1st generation pathways (based on sugar, starch or 20 
vegetable oil feedstocks), or 2nd-generation pathways using lignocellulose. Prospects for these 21 
routes are covered in the following paragraphs.   22 

As opposed with some views that first generation ethanol uses mature technologies with small room 23 
for improvement, future technical progress is expected to occur. Biotechnology can be applied to 24 
improve the conversion of biomass to liquid biofuels. Several strains of micro-organisms have been 25 
selected or genetically modified to increase the efficiency with which they produce enzymes (FAO, 26 
2008d). Many of the current commercially available enzymes are produced using genetically 27 
modified (GM) micro-organisms where the enzymes are produced in closed fermentation tank 28 
installations (e.g. Novozymes, 2008). The final enzyme product does not contain GM micro-29 
organisms (The Royal Society, 2008) suggesting that genetic modification is a far less contentious 30 
issue here than with GM crops. 31 

Even in the simple fermentation process, high performance yeast strains1 have recently been 32 
selected and commercialized for dry grind corn ethanol production utilizing batch fermentation 33 
processes. Some yeast strains ferment faster or are able to convert substrate to ethanol with 34 
increased yields (Knauf and Kraus, 2006). Regarding the starch-based processes, which are a 35 
mature technology, seed companies are working to create corn that will boost ethanol yield. Yield 36 
increases of 3 to 7 percent in batches using the so-called HTF corn (for High Total Fermentables) 37 
compared to unselected varieties, were reported (Haefele, 2002).  38 

A number of process improvements (e.g. germ and fiber separation or improved yeast) are also 39 
available to reduce the cost of wet milling (Rendleman and Shapouri, 2007). In particular, CO2 40 
Recovery - ethanol’s most abundant coproduct is CO2, produced by yeast in about the same 41 
proportion as ethanol itself. Most of the ethanol plants, because of the low commercial value of 42 

                                                 
1 A ‘strain’ is a group of organisms of the same species having distinctive characteristics 
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CO2, simply vent it into the air. One experiment uses CO2 to enhance the recovery of oil from 1 
depleted oilfields. Another idea is to turn the gas into ethanol or other fuel (Lynn Grooms, 2005). 2 

Internationally, there is an increased interest in the commercialization of ligno-cellulose to ethanol 3 
technology (a 2nd-generation pathway). It involves a pre-treatment to hydrolyze fibers, usually with 4 
acid solutions or steam explosion, to release cellulose and hemicellulose compounds. The resulting 5 
sugar stream can then be fermented, using improved methods to allow both hexose and pentose 6 
sugars to be fermented simultaneously into ethanol. Research efforts have improved yields and 7 
reduced the time to complete the process, and a total of 16 plants were under construction in the 8 
USA in 2009 (US Cellulosic, 2009).  Significant investment in RD&D funding by both public and 9 
private sources is occurring, but it should be expanded for commercial deployment of these 10 
technologies within the next decades (Sims et al., 2008). Nevertheless, attempts to economically 11 
transform cellulose in sugars date back at the start of the 20th-century. It is expected that, at least in 12 
the near to medium-term, the biofuel industry will grow only at a steady rate and encompass both 13 
1st- and 2nd-generation technologies that meet agreed environmental, sustainability and economic 14 
policy goals (Sims et al., 2008). 15 

The transition to an integrated 1st- and 2nd-generation biofuel landscape is therefore most likely to 16 
encompass the next one to two decades, as the infrastructure and experiences gained from 17 
deploying and using 1st-generation biofuels is transferred to support and guide 2nd-generation 18 
biofuel development (Sims et al., 2008). 19 

Regarding biodiesel, the difficulty to reduce cost through the first generation process2 suggests as a 20 
possible alternative the thermo-chemical route. The thermo-chemical route is largely based on 21 
existing technologies that have been in operation a number of decades. The key remaining 22 
challenges relate to the gasification of the biomass, producing a clean gas of an acceptable quality 23 
and the high intrinsic cost of the process. Gasification elements of the thermo-chemical platform for 24 
the production of biofuels are close to commercial viability today using various technologies and at 25 
a range of scales (see Table for 2006 TSU: which table is reference here? Do not reference tables 26 
outside this document!), although reliability of the process is still an issue for some designs. 27 
However, assembling the complete technological platform, including development of robust 28 
catalyst for biofuel production and modeling of capital and production costs, will require more 29 
R&D investment. It is also recognized that major technical and economic challenges still need to be 30 
resolved. Another area where some progress may be expected is the possibility of using biomass 31 
residues from vegetable oil feedstocks as a source of energy. The utilisation of straw to produce 32 
process heat and power would make a strong contribution to the total net energy supply from crops 33 
(BABFO, 2000). 34 

There is currently no clear commercial or technical advantage between the biochemical and 35 
thermochemical pathways for liquid biofuels, even after many years of RD&D and the development 36 
of near-commercial demonstrations (Foust et. al., 2009). Both sets of technologies remain unproven 37 
at the fully commercial scale, are under continual development and evaluation, and have significant 38 
technical and environmental barriers yet to be overcome. Even with significant uncertainty about 39 
the commercial take off of any of these technologies (McAloon et al., 2000; Hamelinck et al., 2005, 40 
Kumar et al., 2008) IEA was able to make forecast for the price of 2nd-generation biofuels and such 41 
results are shown in Table (2030) TSU: see comment above for ethanol from lignocelluloses and for 42 
BTL diesel, showing a slight lower cost for the biochemical route by 2030, confirming its the 43 
present (2010) cost advantage (Sims et al., 2008). Alternative technologies for diesel and gasoline 44 

                                                 
2 In the literature  there are still efforts to improve the first generation approach. As an example a paper suggest newer 
methods of transesterification using bio-catalysts, supercritical alcohol, and heterogeneous catalyst are being explored 
(Bhojvaidad, 2008). 
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substitution include biomass pyrolysis oil upgrading in conjunction with hydrodeoxygenation and 1 
catalytic upgrading. Proof of principle exists for this route for corn stover-derived pyrolysis oils.  2 

2.6.3.3 Gaseous Fuels 3 

Anaerobic digestion happens slowly in nature and could be accelerated in several ways, such as 4 
using more efficient micro-organisms in these processes. New technologies like fluorescence in situ 5 
hybridisation (Cirne et al., 2007) allows the development of strategies to stimulate hydrolysis 6 
further and ultimately increasing the methane production rates and yields from reactor-based 7 
digestion of these substrates (FAO, 2008d).  A range of other biotechnologies are also being applied 8 
in this context, such as the use of metagenomics (i.e. isolating, sequencing and characterising DNA 9 
extracted directly from environmental samples) to study the micro-organisms involved in a biogas 10 
producing unit in order to improve its operation (e.g. 11 
http://www.jgi.doe.gov/sequencing/why/99203.html TSU: proper reference needed or remove). 12 
Recently marine algae have also been studied for biogas generation (Vergana-Fernandez, 2008).    13 

 Microbial fuel cells using organic matter as a source of energy are being developed for direct 14 
generation of electricity, through what may be called a microbiologically mediated “incineration” 15 
reaction. This implies that the overall conversion efficiencies that can be reached are potentially 16 
higher for microbial fuel cells compared to other biofuel processes. Microbial fuel cells could be 17 
applied for the treatment of liquid waste streams (Rabaey and Verstraete, 2005).  18 

Synthesis gas is expected to become more widely used in the future. Progresses in scale-up, 19 
exploration of new and advanced applications, and efforts to improve operational reliability, have 20 
identified several hurdles to advance the state-of-the-art of biomass gasifiers. They include among 21 
others handling of mixed feed stocks, minimising tar formation in gasification, tar removal, and 22 
process scale-up (Yokoyama and Matsumura, 2008). To tackle the problem of tar content, 23 
particularly for power generation, multistage gasification systems (BMG) technologies are being 24 
designed and developed to produce Medium Calorific Value (MCV) gas by distinctly separate 25 
drying, devolatalization, gasification and combustion zones. Another promising technology is the 26 
development of two stage combined fluidized bed gasifier with combustion process by circulating 27 
catalytically active fluidized bed of solids (Fargernas et al., 2006).  28 

2.6.3.4 Biomass with CO2 capture and storage (CCS): negative emissions 29 

Biomass-CCS (Obersteiner et al., 2001; Yamashita and Barreto, 2004; Mollersten et al., 2003; 30 
Rhodes and Keith, 2007, Pacca and Moreira, 2009) could substantially change the role of biomass-31 
based mitigation. Biomass-CCS may be capable of cost-effective indirect mitigation—through 32 
emissions offsets—of emission sources that are expensive to mitigate directly (Rhodes and Keith, 33 
2007). More generally, the most expensive emissions to abate directly could be mitigated indirectly 34 
with offsets from biomass-CCS systems deployed wherever (in the world) they are least expensive.  35 

CO2 capture from sugar fermentation to ethanol is possible (Mollersten, et al., 2003) and a pilot 36 
plant is under construction in Decatur, Illinois 37 
(http://www.istc.illinois.edu/about/SeminarPresentations/2009-04-15.pdf TSU: proper reference 38 
needed or remove!). For corn-based ethanol an evaluation of the impact of this technology on 39 
ethanol energy and GHG balance was performed (S&T2 Consultants Inc., 2009) and it is possible to 40 
reduce CO2 emissions from 40,068g CO2/GJ3  to 12,362g CO2/GJ at the expenses of degrading the 41 
energy balance by only 3.5%.  Biomass and coal with CO2 capture TSU: add might allow zero 42 
emissions TSU remove “–“ and add: as Larson et al., 2009 claim that it is possible to install 43 

                                                 
3 This is the expected emission by 2015 with incorporation of several improvements in crop practice and ethanol 
processing according with IEA Task 39, 2008. 

http://www.jgi.doe.gov/sequencing/why/99203.html�
http://www.istc.illinois.edu/about/SeminarPresentations/2009-04-15.pdf�
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facilities  co-producing Fischer-Tropsch Liquid (FTL) fuels and electricity from a co-feed of 1 
biomass and coal, with capture and storage of by-product CO2. Comparing these combined 2 
feedstock plant with one fed only with coal, the cost of production on US$/GJ is still higher but the 3 
difference is not very big when accounting for a CO2 value of US$ 20/t. Essentially the coal-based 4 
FT plant is cost effective for oil price of US$ 59/bb, while the biomass/coal one is cost effective at 5 
US$ 89. Nevertheless, with biomass and coal is possible to obtain zero emissions of CO2 while even 6 
carrying CCs TSU: define in the coal fed plant the amount of GHGs emission is 94 kg CO2/GJ of 7 
liquid fuel produced.  8 

2.6.3.5 Biorefineries  9 

The conversion of biomass to energy carriers and a range of useful products, including food and 10 
feed, can be carried out in multi-product biorefineries. Although the biofuel and associated co-11 
products market are not fully developed, first generation operations that focus on single products 12 
(such as ethanol and biodiesel) are regarded as a starting point in the development of sustainable 13 
biorefineries. It may be argued that advanced biorefineries have a distinct advantage over 14 
conventional refineries (mineral oil) and first generation ‘single product focus’ operations e.g., 15 
recovered vegetable oil (RVO), or rapeseed oil to biodiesel plants, in that a variety of raw materials 16 
may be utilised to produce a range of added-value products. Advanced or second generation 17 
biorefineries are developing on the basis of more sustainably-derived biomass feedstocks, and 18 
cleaner thermochemical and biological conversion technologies to efficiently produce a range of 19 
different energy carriers and marketable co-products (de Jong et al., 2009).  20 

A main driver for the establishment of biorefineries is sustainability. All biorefineries should be 21 
assessed through the entire value chain for environmental, economic, and social sustainability. A 22 
biorefinery is the integrated upstream, midstream and downstream processing of biomass into a 23 
range of products.  24 

A general classification of biorefineries as found in the literature (Denmark; de Jong et al., 2009) is: 25 

 The energy-driven biorefinery, of which the main target is the production of 26 
biofuels/energy. The biorefinery aspect adds value to co-products. 27 

 The product-driven biorefinery, which the main target is the production of 28 
food/feed/chemicals/materials, in general by biorefinery processes. Often side-products are 29 
used for the production of secondary energy carriers (power/heat) both for in-house 30 
applications as well as for distribution into the market. 31 

Task 42 TSU: not defined, not referenced! has further classified the different biorefineries. The 32 
classification approach consists of four main features that identify, classify and describe the 33 
different biorefinery systems: platforms, energy/products, feedstocks, and conversion processes. 34 
Some examples of classifications are:  C6 sugar platform biorefinery for bioethanol and animal feed 35 
from starch crops, and syngas platform biorefinery for FT-diesel and phenols from straw. 36 

An overview of all the biorefinery demonstration plants, pilot plants, and R&D initiatives within the 37 
Task 42 Participating Countries can be found on the Task website (www.iea-bioenergy.task42-38 
biorefineries.com). TSU: please reference, no “ads” for websites They can produce a spectrum of 39 
bio-based products (food, feed, materials, chemicals) and bioenergy (fuels, power and/or heat) 40 
feeding the full bio-based economy. There is general international agreement TSU: too bold 41 
statement; reference? that biomass availability is limited so raw materials should be used as 42 
efficiently as possible, hence the development of multi-purpose biorefineries in a framework of 43 
scarce raw materials and energy.  44 

http://www.iea-bioenergy.task42-biorefineries.com/�
http://www.iea-bioenergy.task42-biorefineries.com/�
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2.7 Cost trends 1 

2.7.1 Determining factors 2 

Determining the costs of production of energy (or materials) from biomass is complex because of 3 
the regional variability of the costs of feedstock production and supply and the wide variety of 4 
biomass – technology combinations that are either deployed or possible. Key factors that affect the 5 
costs of bioenergy production are: 6 

 For crop production: the cost of land and labour, crop yields, prices of various inputs (such 7 
as fertilizer) and the management system (e.g. mechanized versus manual harvesting). 8 

 For the supply of biomass to a conversion facility: spatial distribution of biomass resources, 9 
transport distance, mode of transport and the deployment of pre-treatment technologies 10 
(early) in the chain. Supply chains ranges from use on-site (e.g. fuel wood or use of bagasse 11 
in the sugar industry) up to international supply chains with international shipment of pellets 12 
or liquid fuels such as ethanol.  13 

 For final conversion to energy carriers (or biomaterials): scale of conversion, interest rate, 14 
load factor, production and value of co-products and costs of energy carriers (possibly) 15 
required for the process. Factors vary between technology and location. 16 

Biomass supplies are, as any commodity, subject to pricing mechanisms. Biomass supplies are 17 
strongly affected by fossil fuel prices (see e.g. Schmidhuber, OECD analysis, GTAP analysis TSU: 18 
reference missing) as well as agro-commodity and forest product markets. Although in an ideal 19 
situation demand and supply will balance and production and supply costs provide a good measure 20 
for actual price levels, this is not a given. At present market dynamics determine the costs of the 21 
most important feedstocks for biofuels, such as corn, rapeseed, palm oil and sugar. For the wood 22 
pellets, another important fuel for modern biomass production which is internationally traded, 23 
prices have been strongly influenced by oil prices (since wood pellets are partly used to replace 24 
heating oil) and by supportive measures to stimulate green electricity production, such as feed-in 25 
tariffs of co-firing. (see e.g. Junginger et al., 2008). In addition, prices of solid and liquid biofuels 26 
are determined by national settings and specific policies and the market value of biomass residues is 27 
often determined by price mechanisms of other markets for which there may be alternative 28 
applications (see Junginger et al., 2001). 29 

On a global scale and longer term, the analyses of Hoogwijk et al. (2009) provides a long term 30 
outlook of potential biomass production costs (focused on perennial cropping systems) on the long 31 
term, related to the different SRES scenarios (see Table 2.7.1, and Figure 2.7.1). Based on these 32 
analyses, a sizeable part (100 – 300 EJ) of the technical biomass potentials on long term could lay 33 
in a cost range around 2 Euro/GJ TSU: US$2005 as currency.  34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 
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Table 2.7.1: Estimated geographical potential of energy crops for the year 2050, at abandoned 1 
agricultural land and rest land at various cut off costs (in U$2000) for the two extreme land-use 2 
scenarios A1 and A2. (Hoogwijk et al., 2009) 3 

Region A1 A2 

 > 1 $ GJ-1 > 2 $ GJ–1 > 4 $ GJ-1 > 1  $ GJ-1 > 2  $ GJ–1 > 4  $ GJ-1 

Canada 0 11 14 0 8 9 
USA 0 18 34 0 7 19 
C. America 0 7 13 0 2 3 
S.America 0 12 74 0 5 15 
N.Africa 0 1 2 0 1 1 
W Africa 7 26 28 8 15 15 
E. Africa 8 24 24 4 6 6 
S.Africa 0 13 17 0 0 1 
W.Europe 0 3 12 0 6 12 
E. Europe 0 7 9 0 6 6 
F.USSR 0 79 85 1 42 47 
Middle East 0 0 3 0 0 1 
South Asia 0 12 15 1 8 10 
East Asia 0 16 64 0 0 6 
S. East Asia 0 9 10 0 7 7 
Oceania 1 33 35 2 17 18 
Japan 0 0 0 0 0 0 
Global 16 271 438 15 129 177 

 4 
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 6 
Figure 2.7.1: Cost breakdown for energy crop production costs in the grid cells with the lowest 7 
production costs within each region for the SRES A1 scenario in year 2050.  8 

The costs figures reported here aim to summarize and aggregate the information compiled in 9 
sections 2.3, 2.5, and 2.6. Below, a preliminary compilation of costs data for bioenergy chains for 10 
current and future performance is given (Table 2.7.2, for power and heat and table 2.7.3 for 11 
biofuels) 12 

 13 

 14 

 15 
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Table 2.7.2: Generic overview of performance projections for different options to produce heat and 1 
power from different biomass resource categories on shorter (~5) and longer (>~20) years (e.g. 2 
based on: Hamelinck and Faaij, 2006, Faaij, 2006, Bauen et al., 2009b, IEA Bioenergy, 2007). 3 
TSU: are there more sources that were considered or is data in table set of examples and there 4 
could be many more? 5 

Biomass 
feedstock 
category 

Heat Electricity 

 Short term; 
roughly 
stabilizing 
market 

Longer term Short term; strong 
growth market 
worldwide 

Longer term; growth 
may stabilize due to 
competition of 
alternative options 

Organic wastes 
(i.e. MSW etc.) 

Undesirable for 
domestic 
purposes 
(emissions); 
industrial use 
attractive; in 
general 
competitive. 

Especially 
attractive in 
industrial setting 
and CHP. 
(advanced 
combustion and 
gasification for fuel 
gas) 

<3 – 5 U$ct for state-
of-the art waste 
incineration and co-
combustion. 
Economics strongly 
affected by tipping 
fees and emission 
standards. 

Similar range; 
improvements in 
efficiency and 
environmental 
performance, in 
particular through 
IG/CC technology at 
large scale. 

Residues:  
- Forestry 
- Agriculture 

Major market 
in developing 
countries (<1-5 
U$/kWhth); 
stabilizing 
market in 
industrialized 
countries. 

Especially 
attractive in 
industrial setting 
and CHP. 
Advanced heating 
systems (domestic) 
possible but not on 
global scale 

4-12 U$ct/kWh 
(see below; major 
variable is supply 
costs of biomass); 
lower costs also in 
CHP operation and 
industrial setting 
depending on heat 
demand. 

2-8 U$ct/kWh (see 
below; major variable 
is supply costs of 
biomass) 

Energy crops: 
(perennials) 

N.A. Unlikely market due 
to high costs 
feedstock for lower 
value energy 
carrier; possible 
niches for pellet or 
charcoal production 
in specific contexts 

6-15 U$ct/kWh 
High costs for small 
scale power 
generation with high 
quality feedstock 
(wood) lower costs for 
large scale (i.e. >100 
MWth) state-of-the art 
combustion (wood, 
grasses) and co-
combustion. 

3-9 U$ct/kWh 
Low costs especially 
possible with 
advanced co-firing 
schemes and BIG/CC 
technology over 100-
200 MWe. 
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Table 2.7.3: Global overview of current and projected performance data for the main conversion routes of biomass to fuels (e.g. 1 
based on: Hamelinck and Faaij, 2006, Faaij, 2006, Bauen et al., 2009, IEA Bioenergy, 2007. 2 
  

Energy efficiency (HHV) + energy inputs 
Investment costs (Euro/kWth 
input capacity) 

Estimated 
production costs 
(Euro/GJ fuel) 

Concept Short term Long term Short term Long term 

O&M 
(% of 
inv.) 

Shorter 
term 

Longe
r term 

Hydrogen: via biomass gasification and subsequent 
syngas processing. Combined fuel and power 
production possible; for production of liquid hydrogen 
additional electricity use should be taken into account. 

60%  (fuel only) 
(+ 0.19 GJe/GJ H2 for 

liquid hydrogen) 

55% (fuel) 
6% (power) 

(+ 0.19 GJe/GJ H2 for liquid 
hydrogen) 

480 
(+ 48 for 
liquefying) 

360 (+ 33 for 
liquefying) 

4 9-12 4-8 

Methanol: via biomass gasification and subsequent 
syngas processing. Combined fuel and power 
production possible 

55% (fuel only)  
48% (fuel) 

12% (power) 

690 530 4 10-15 6-8 

Fischer-Tropsch liquids: via biomass gasification 
and subsequent syngas processing. Combined fuel 
and power production possible 

 
45% (fuel only) 

 
45% (fuel) 

10% (power 

720 540 4 12-17 7-9 

Ethanol from wood: production takes place via 
hydrolysis techniques and subsequent fermentation 
and includes integrated electricity production of 
unprocessed components. 

 
46% (fuel) 

4% (power) 

 
53% (fuel) 

8% (power) 

350 180 6 12-17 5-7 

Ethanol from beet sugar: production via 
fermentation; some additional energy inputs are 
needed for distillation.  

43% (fuel only) 
0.065 GJe + 0.24 

GJth/GJ EtOH 

 
43% (fuel only) 

0.035 GJe + 0.18 GJth/GJ 
EtOH 

290 170 5 25-35 20-30 

Ethanol from sugar cane: production via cane 
crushing and fermentation and power generation from 
the bagasse. Mill size, advanced power generation 
and optimised energy efficiency and distillation can 
reduce costs further on longer term. 

85 litre EtOH per 
tonne of wet cane, 
generally energy 
neutral with respect to 
power and heat 

95 litre EtOH per tonne of wet 
cane. Electricity surpluses 
depend on plant lay-out and 
power generation technology. 

100 ( range 
depending on 
scale and 
technology 
applied) 

230 (higher 
costs due to 
more 
advanced 
equipment) 

2 8-12 7-8 

Biodiesel RME: takes places via extraction (pressing) 
and subsequent esterification. Methanol is an energy 
input. For the total system it is assumed that 
surpluses of straw are used for power production.  

88%; 0.01 GJe + 0.04 GJ MeOH per GJ output 
Efficiency power generation on shorter term: 45%, on 

longer term: 55% 

150 
(+ 450 for 
power 
generation 
from straw) 

110 
(+ 250 for 
power 
generation 
from straw) 

5 
4 

25-40 20-30 

- Assumed biomass price of clean wood: 2 Euro/GJ. RME cost figures varied from 20 Euro/GJ (short term) to 12 Euro/GJ (longer term), for sugar beet a range of 12 to 8 3 
Euro/GJ is assumed. All figures exclude distribution of the fuels to fueling stations. 4 

- For equipment costs, an interest rate of 10%, economic lifetime of 15 years is assumed. Capacities of conversion unit are normalized on 400 MWth input on shorter term and 5 
1000 MWth input on longer term6 
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2.7.2 Technological learning in bioenergy systems 1 

Cost trends and technological learning in bioenergy systems have long been less well described 2 
compared to e.g. solar and wind energy. Recent literature however gives more detailed insights in 3 
the experience curves and progress ratio’s of various bioenergy systems. Table 2.7.4 and Figure 4 
2.7.2 gives an overview of a number of analyses that have quantified learning and experience 5 
curves for e.g. sugarcane based ethanol production (Van den Wall Bake et al.; 2009), corn based 6 
ethanol production (Hettinga et al., 2009), wood fuel chips and CHP in Scandinavia (Junginger et 7 
al., 2005 and a number of other sources. 8 

Table 2.7.4. Overview of experience curves for biomass energy technologies / energy carriers 9 
Learning system  PR (%) Time frameRegion n R2 Data 

qual. 
Feedstock production       
Sugarcane (tonnes sugarcane) Van 
den Wall Bake et al.; 2009 

68±3 1975-2003 Brazil 2.9 0.81 II 

Corn (tonnes corn)  
Hettinga et al., 2009 

55±0.0
2 

1975-2005 USA 1.6 0.87 II 

Logistic chains        
Forest wood chips (Sweden) 
Junginger et al., 2005 

85-88 1975-2003 Sweden / 
Finland 

9 0.87-0.93 II 

Investment & O&M costs        
CHP plants (€/kWe)  
Junginger et al., 2005 

75-91 1983-2002 Sweden 2.3 0.17-0.18 II 

Biogas plants (€/m3 biogas/day ) 
Junginger et al., 2006a 

88 1984-1998  6 0.69 II 

Ethanol production from sugarcane 
Van den Wall Bake et al.; 2009 

81±2 1975-2003 Brazil 4.6 0.80 II 

Ethanol production from corn (only 
O&M costs) Hettinga et al., 2009 

87±1 1983-2005 USA 6.4 0.88 II 

Final energy carriers       
Ethanol from sugarcane  
Goldemberg et al., 2004 

93 / 71 1980-1985 Brazil ~6.1 n.a. 
 

II 

Ethanol from sugarcane  
Van den Wall Bake et al.; 2009 

80±2 1975-2003 Brazil 4.6 0.84 II 

Ethanol from corn  
Hettinga et al., 2009 

82±1 1983-2005 USA 6.4 0.96 II 

Electricity from biomass CHP 
Junginger et al., 2006a 

91-92 1990-2002 Sweden ~9 0.85-0.88 II 

Electricity from biomass IEA, 2000 85 Unknown EU (?) n.a. n.a. n.a. 
Biogas  
Junginger et al., 2006a 

85- 100 1984-2001 Denmark ~10 0.97 II 

n Number of doublings of cumulative production on x-axis. 10 
I cost/price data provided (and/or confirmed) by the producers covered 11 
II  cost/ price data collected from various sources (books, journals, press releases, interviews) 12 
III  cost/price data (or progress ratio) being assumed by authors, i.e. not based on empirical data 13 
 14 
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 1 
Figure 2.7.2: Experience curves for sugarcane production costs and ethanol production costs in 2 
Brazil between 1975-2005, and extrapolation to 2020 (Wall-Bake et al., 2009).  3 

As discussed above, biomass energy systems are differing strongly in terms of feedstock, 4 
conversion technology and scale and final energy carrier. Yet, there are a number of general factors 5 
that drive cost reductions that can be identified: 6 

 For the production of sugar crops (sugarcane) and starch crops (corn) (as feedstock for 7 
ethanol production), increasing yields have been the main driving force behind cost 8 
reductions.  9 

 Specifically for sugarcane, also increasing strength of different varieties of sugarcane 10 
(developed through R&D efforts by research institutes), prolongation of the ratoon systems, 11 
increasingly efficient manual harvesting and the use of larger trucks for transportation 12 
reduced feedstock costs (Wall Bake et al. 2009). For the production of corn, highest cost 13 
decline occurred in costs for capital, land and fertilizer. Main drivers behind cost reductions 14 
are higher corn yields by introducing better corn hybrids and the upscaling of farms 15 
(Hettinga et al., 2009). While it is difficult to quantify the effects of each of these factors, it 16 
seems clear that both R&D efforts (realizing better plant varieties) and learning-by-doing 17 
(e.g. more efficient harvesting) played important roles.  18 

 Industrial production costs for ethanol production from both sugarcane and corn mainly 19 
decreased because of increasing scales of the ethanol plants. Cost breakdowns of the 20 
sugarcane production process showed reductions of around 60 percent within all sub 21 
processes. Ethanol production costs (excluding feedstock costs) declined by a factor of three 22 
between 1975 and 2005 (in real terms, i.e. corrected for inflation). Investment and operation 23 
and maintenance costs declined mainly due to economies of scale. Other fixed costs, such as 24 
administrative costs and taxes did not fall dramatically, but cost reduction can be ascribed to 25 
application of automated administration systems. Declined costs can mainly be ascribed to 26 
increased scales and load factors.  27 
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 For ethanol from corn, ethanol processing costs (without costs for corn and capital) declined 1 
by 45% from 240US$2005/m

3 in the early 1980’s to 130$2005/m
3 in 2005. Costs for energy, 2 

labour and enzymes contributed in particular to the overall decline in costs. Key drivers 3 
behind these reductions are higher ethanol yields, the introduction of specific and automated 4 
technologies that require less energy and labour and lastly the upscaling of average dry grind 5 
plants (Hettinga et al., 2009).  6 

2.7.3 Future scenarios for cost reduction potentials 7 

Only for the production of ethanol from sugarcane and corn, future production cost scenarios based 8 
on direct experience curve analysis were found in the literature:  9 

 For ethanol from sugarcane (Wall Bake et al., 2009), total production costs at present are 10 
approximately 340 US$/m3 ethanol (16 US$/GJ). Based on the experience curves for 11 
feedstock and industrial costs, total ethanol production costs in 2020 are estimated between 12 
US$ 200-260/m3 (9.4-3 12.2 US$/GJ). 13 

 For ethanol from corn (Hettinga et al., 2009), production costs of corn are estimated to 14 
amount to 75US$2005 per tonne by 2020 and ethanol processing costs could reach 60 - 77 15 
US$/m3 in 2020. Overall ethanol production costs could decline from currently 310 US$/m3 16 
to 248 US$/m3 in 2020. This estimate excludes the effect of probably higher corn prices in 17 
the future. 18 

In the REFUEL project that focused on deployment of biofuels in Europe, (Wit et al., 2009, Londo 19 
et al., 2009) specific attention was paid to forecasts for learning for 2nd-generation biofuels. The 20 
analyses showed two key things: 21 

 2nd-generation biofuels do have considerable learning potential with respect to crop 22 
production, supply systems and the conversion technology. For conversion in particular, 23 
economies of scale are a very important element of the future cost reduction potential. 24 
Clearly, specific capital costs can be reduced (partly due to improved conversion efficiency). 25 
Biomass resources may become somewhat more expensive due to a reduced share of 26 
(cheaper) residues over time. Note that the results shown indicate that 2nd-generation 27 
biofuel production cost can compete with gasoline and diesel from oil of around 60-70 28 
U$/barrel. 29 

 The penetration of 2nd-generation biofuel options depends considerably on the rate of 30 
learning. Although this is a straightforward finding at first, it is more complex in policy 31 
terms, because learning is observed with increased market penetration (which allows for 32 
producing with larger production facilities).  33 

In the IEA Energy Technology Perspectives report and IEA-WEO 2009 TSU: reference properly, 34 
especially between 2020 and 2030 sees a rapid increase in production of 2nd-generation biofuels, 35 
accounting for all incremental biomass increase after 2020. The analysis on biofuels projects an 36 
almost complete phase out of cereal and corn based ethanol production and oilseed based biodiesel 37 
after 2030. The projected potential cost reductions for production of 2nd-generation biofuels is 38 
given in figure 2.7.3. 39 
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  1 
Figure 2.7.3. Cost projections for lignocellulosic ethanol and BTL diesel. Source: IEA-ETP, 2008 2 
and see also IEA (2008) for data figures. 3 

2.7.4 Closing remarks on cost trends 4 

Despite the complexities of determining the economic performance of bioenergy systems and 5 
regional specificities there are several key conclusions that can be drawn from available experiences 6 
and literature: 7 

 There are several important bioenergy systems today, most notably sugar cane based ethanol 8 
production and heat and power generation from residual and waste biomass that can be 9 
deployed competitively. 10 

 There is clear evidence that further improvements in power generation technologies, supply 11 
systems of biomass and production of perennial cropping systems can bring the costs power 12 
(and heat) generation from biomass down to attractive cost levels in many regions, 13 
especially when competing with natural gas. In case carbon taxes of some 20-30 U$/ton 14 
would be deployed (or when CCS would be deployed), biomass can also be competitive 15 
with coal based power generation. Nevertheless, the competitive production of bio-16 
electricity depends also on the performance of alternatives such as wind and solar energy, 17 
CCS and nuclear energy.  18 

 There is clear evidence that technological learning and related cost reductions do occur with 19 
comparable progress ratio’s as for other renewable energy technologies. This is true for 20 
cropping systems (following progress in agricultural management when annual crops are 21 
concerned), supply systems and logistics (as clearly observed in Scandinavia, as well as 22 
international logistics) and in conversion (ethanol production, power generation, biogas and 23 
biodiesel).  24 

 With respect to second generation biofuels, recent analyses have indicated that the 25 
improvement potential is large enough to make them compete with oil prices of 60-70 26 
US$/barrel. Currently available scenario analyses indicate that if R&D and market support 27 
on shorter term is strong, technological progress could allow for this around 2020 28 
(depending on oil price developments as well as carbon pricing). Scenarios also indicate that 29 
this would mean a major shift in the deployment of biomass for energy, since competitive 30 
production would decouple deployment from policy targets (mandates) and demand from 31 
biomass would move away from food crops to biomass residues, forest biomass and 32 
perennial cropping systems. The implications of such a (rapid) shift are so far poorly 33 
studied.  34 
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 Data availability is poor with respect to production of biomaterials; cost estimations of for 1 
example production of chemicals from biomass are very rare in peer reviewed literature and 2 
future projections and learning rates even more so. This is also the case for bio-CCS 3 
concepts, which are not deployed at present and cost trends are not available in literature. 4 
Nevertheless, recent scenario analyses indicate that advanced biomaterials (and cascaded 5 
use of biomass) as well as bio-CCS may become very attractive mitigation options on 6 
medium term. It is therefore important to gain experience and more detailed analyses on 7 
those options. 8 

2.8 Potential Deployment 9 

In total, bioenergy has a significant potential for both near and longer term greenhouse gas emission 10 
reductions.  11 

Biomass is the most important renewable energy source, providing about 10% (46 EJ) of the annual 12 
global primary energy demand. A major part of this biomass use (37 EJ) is non-commercial and 13 
relates to charcoal, wood and manure used for cooking and space heating, generally by the poorer 14 
part of the population in developing countries. Modern bioenergy use (for industry, power 15 
generation, or transport fuels) is making already a significant contribution of 9 EJ and this share is 16 
growing. Today, biomass (mainly wood) contributes some 10% to the world primary energy mix, 17 
and is still by far the most widely used renewable energy source (Figure 2.8.1). While bioenergy 18 
represents a mere 3% of primary energy in industrialised countries, it accounts for 22% of the 19 
energy mix in developing countries, where it contributes largely to domestic heating and cooking, 20 
mostly in simple inefficient stoves. 21 

Wood biomass
87%

9%

4%

Bioenergy
77%

Hydro
15%

Otherrenewables
8%

Agricultural 
crops& by‐products

Municipal & 
industrialwaste

 22 
Figure 2.8.1. Share of bioenergy in the world primary energy mix. Source: based on IEA (2008) 23 
and IPCC (2007). 24 

The expected deployment of biomass for energy on medium to longer term differs considerably 25 
between various studies. A key message from the review of currently available insights on large 26 
scale biomass deployment is that it’s role is largely conditional: deployment will strongly depend on 27 
sustainable development of the resource base and governance of land-use, development of 28 
infrastructure and on cost reduction of key technologies, e.g. efficient and complete use of primary 29 
biomass energy from most promising first generation and new generation biofuels. 30 

 31 

 32 

 33 
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2.8.1 Summary of IPCC AR 4 results on the potential role of biomass 1 

2.8.1.1 Demand for biomass 2 

Demand projections for primary biomass for production of transportation fuel were largely based on 3 
IEA-WEO (2006) global projections, with a relatively wide range of about 14 to 40 EJ of primary 4 
biomass, or 8-25 EJ of fuel. However, higher estimates were also included, ranging between 45-85 5 
EJ demand for primary biomass in 2030 (or roughly 30-50 EJ of fuel). 6 

Demand for biomass for heat and power was stated to be strongly influenced by (availability and 7 
introduction of) competing technologies such as CCS, nuclear power, wind energy, solar heating, 8 
etc). The projected demand in 2030 for biomass would be around 28-43 EJ according to the data 9 
used in AR4. These estimates focus on electricity generation. Heat is not explicitly modeled or 10 
estimated in the WEO, therefore underestimating total demand for biomass. 11 

Also potential future demand for biomass in industry (especially new uses as biochemicals, but also 12 
expansion of charcoal use for steel production) and the built environment (heating as well as 13 
increased use of biomass as building material) was highlighted as important, but no quantitative 14 
projections were included in potential demand for biomass on medium and longer term. 15 

2.8.1.2 Biomass supplies 16 

The largest contribution could come from energy crops on arable land, assuming that efficiency 17 
improvements in agriculture are fast enough to outpace food demand so as to avoid increased 18 
pressure on forests and nature areas. A range of 20-400 EJ is presented for 2050. Degraded lands 19 
for biomass production (e.g. in reforestation schemes: 8-110 EJ) can contribute significantly. 20 
Although such low yielding biomass production generally result in more expensive biomass 21 
supplies, competition with food production is almost absent and various co-benefits, such as 22 
regeneration of soils (and carbon storage), improved water retention, protection from (further) 23 
erosion may also off-set part of the establishment costs. An example of such biomass production 24 
schemes at the moment is establishment of Jathropa crops (oilseeds) on marginal lands. 25 

The energy potentials in residues from forestry (12-74 EJ/yr) and agriculture (15-70 EJ/yr) as well 26 
as waste (13 EJ/yr). Those biomass resource categories are largely available before 2030, but also 27 
partly uncertain. The uncertainty comes from possible competing uses (e.g. increased use of 28 
biomaterials such as fibreboard production from forest residues and use of agro-residues for fodder 29 
and fertilizer) and differing assumptions on sustainability criteria deployed with respect to forest 30 
management and intensity of agriculture. The current energy potential of waste is approximately 8 31 
EJ/yr, which could increase to 13 EJ in 2030. The biogas fuel potentials from waste, landfill gas and 32 
digester gas, are much smaller. 33 

2.8.2 SRREN Chapter 10 review 34 

The results of the review of studies with respect to bioenergy deployment under different scenarios 35 
as presented in chapter 10 of the SRREN are summarized in figures 2.8.2 and 2.8.3. 36 

For medium term (2030), estimates for primary biomass use range (rounded) between 7 to 180 EJ 37 
for the full range of results obtained. The 25-75% quantiles deliver a range of 30-117EJ. This is 38 
combined with a total final energy delivered of 0-61 EJ. For 2050, these ranges amount for primary 39 
biomass supplies 10-305 EJ for the full range and 22-184 EJ for the 25-75% quantiles and 0 – 76 EJ 40 
(22-57 EJ for the 25-75% quantiles) for final energy delivered. 41 



First Order Draft Contribution to Special Report Renewable Energy Sources (SRREN)
 

    
Do Not Cite or Quote 104 of 136 Chapter 2 
SRREN_Draft1_Ch02.doc  22-Dec-09  

2020 2020 2020 2030 2030 2030 2050 2050 2050

0
5

0
10

0
1

50
2

00
2

50
3

00
3

5
0

TPES Biomass

E
J

600-1000 ppm (Refs)
440-600 ppm (Cat III + IV)
300-440 ppm (Cat I + II)

 1 
Figure 2.8.2. The primary biomass utilization according to the scenario review of Chapter 10, 2 
divided into projections for reference scenarios, scenarios that target 440-600 ppm and scenarios 3 
that target 330-440 ppm. The colored bars represent the 25-75% quantiles of the obtained results. 4 
The dotted bars represent the full range of estimates. 5 
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  6 
Figure 2.8.3. The final energy delivered via biomass utilization according to the scenario review of 7 
Chapter 10, divided into projections for reference scenarios, scenarios that target 440-600 ppm 8 
and scenarios that target 330-440 ppm. The colored bars represent the 25-75% quantiles of the 9 
obtained results. The dotted bars represent the full range of estimates. 10 

In the reference scenario of the WEO (IEA 2009), biomass is expected to contribute 1604 Mtoe 11 
TSU: SI units, please (66 EJ) in 2030 (compared to 1176 Mtoe (48 EJ) in 2007), this includes 12 
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traditional biomass use. Biofuels contribute 5% of world road transport energy demand (2.7 1 
Mb/day), an almost four-fold increase compared to current production. One fifth of this increase is 2 
expected to come from second generation technologies.  3 

Biomass for power increases from 259 TWh in 2007 (about 1 EJe) to 839 TWh (about 3 EJe) in 4 
2030, mostly from CHP, as well as co-firing.  5 

In the 450 ppm scenario, the contribution of biomass is projected to be 1952 Mtoe (81 EJ), a 22% 6 
difference compared to the reference scenario. In addition it should be noted that in this scenario a 7 
decreased contribution of traditional biomass is assumed and the relative increase of modern 8 
bioenergy is larger than the 22% compared to modern biomass use in the reference scenario. 9 

Use of biomass in CHP and electricity only increases to 172 Mtoe (67% higher than the ref 10 
scenario). Biofuel production increases to 278 Mtoe (more than double that in the ref scenario). 11 
Especially between 2020 and 2030 sees a rapid increase in production of 2nd-generation biofuels, 12 
accounting for all incremental biomass increase after 2020.  13 

The latter is also confirmed by the results of the IEA-ETP study of 2008 (IEA-ETP, 2008).  The 14 
analysis on biofuels projects a rapid penetration of 2nd-generation biofuels after 2010 and an almost 15 
complete phase out of cereal and corn based ethanol production and oilseed based biodiesel after 16 
2030. This was a sharp contrast to the World Energy Outlook studies of 2006 and 2007 (IEA-WEO 17 
2006, IEA-WEO 2007) where 2nd-generation biofuels were excluded from the scenario analysis 18 
and thus biofuels at large played a marginal role in the projections for 2030. This is clear example 19 
of the importance of high quality data on performance prospects (and thus learning potential and 20 
rates) of energy technologies and in general for such strategic studies. 21 

2.8.3 Synthesis of findings from this chapter and chapter 10 22 

Although there is an impressive literature base on the global potentials of bioenergy and the impacts 23 
the development of those potentials may have on the environment, there are very few analyses 24 
available that provide a coherent and integrated picture taking all key relevant relations (see section 25 
2.2 of this chapter) into account. Over the past few years, many analyses have focused on the 26 
possible conflicts and limitations for the deployment of first generation biofuels (see e.g. FAO’s 27 
State of Food & Agriculture, 2008 for an overview).  28 

However, the use of biomass for heat and power, biomaterials and second generation biofuels, 29 
taking into account different potential biomass resources as residues and organics wastes and 30 
perennial crops cultivated on arable, pasture and marginal and degraded lands, provide a different 31 
outlook. Furthermore, the ecological and socio-economic impacts further deployment of bioenergy 32 
can have is also fully conditional. The way bioenergy is developed, under what conditions and what 33 
options will have a profound influence on whether those impacts will largely be positive or negative 34 
(see for example van Dam et al., 2008 and van Dam et al., 2009, where this is demonstrated for 35 
future land-use and bioenergy scenarios for Argentina). 36 

It is therefore impossible to deliver conclusive information on the deployment of biomass for 37 
energy and climate change mitigation on shorter and longer term. Based on the current state-of-the-38 
art analyses that take key sustainability criteria into account, the upper bound of the biomass 39 
resource potential halfway this century can amount over 400 EJ. This could be roughly in line with 40 
the conditions sketched in the IPCC SRES A1 and B1 storylines, assuming sustainability and policy 41 
frameworks to secure good governance of land-use and improvements in agricultural and livestock 42 
management are secured (see also van Vuuren et al., 2009). These findings are summarized in 43 
Figure 2.8.4 based on an extensive assessment of recent literature and additional modelling 44 
exercises with the IMAGE-TIMER modelling framework that include future water limitations, 45 
biodiversity protection, soil degradation and competition with food (Dornburg et al., 2008).  46 
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Table 2.8.1 provides an overview (derived from an assessment reported in Dornburg et al., 2008) of 1 
key factors and their impact on biomass resource potentials as they have been discussed and 2 
identified in this chapter. It is also briefly described under what conditions (policies, technology 3 
choices, etc.) the mentioned potentials may be developed over time. 4 

Table 2.8.1. Key factors influencing bioenergy potentials, their respective weight and key 5 
recommendations on how potentials could be developed and uncertainties reduced. 6 
Issue/effect Import

ance 
Recommended activities to reduce uncertainties  

Supply potential of biomass 
Improvement 
agricultural 
management 

*** Insight in development pathways in how efficiency of agriculture and livestock can be 
increased in a sustainable manner and for different settings and feasible rates of 
improvement need to be integrated in modelling frameworks.  

Choice of 
crops 

*** Importance of lignocellulosic biomass production systems for different settings. Under 
certain conditions, sugar cane and palm oil could still be feasible options on longer term as 
well. Much more market experience with such production systems needed in different 
settings, including degraded and marginal lands, intercropping schemes (e.g. agro-forestry) 
and management of grasslands. The latter is an important land-use category on which 
current understanding and data needs improvement. 

Food demand  *** Increases in food demand beyond the base scenarios (e.g. up to 9 billion people in 2050) 
that were the focus in this study will strongly affect possibilities for bio-energy.  

Use of 
degraded land 

*** Represents a significant share of possible biomass resource supplies. Experiences with 
recultivation and knowledge on these lands (that represent a wide diversity of settings) are 
limited so far. More research is required to assess the cause of marginality and degradation 
and the perspectives for taking the land into cultivation.  

Competition 
for water 

***  Energy crop production potentials may be constrained by water availability in different 
regions, which is significant already in some regions and will increase in the future. 
Constraints in water supplies and sustainable management need ultimately to be studied at 
water basins scale. 

Use of 
agricultural 
/forestry by-
products 

** Their net availability can be improved by better infrastructure and logistics. Key areas for 
research and sustainable management are maintaining sound organic matter levels in soils 
and nutrient balances.  

Protected area 
expansion  

** Increased ambition levels for nature reserves on global scale can have a significant impact 
on net land availability for biomass production. Land exclusion assumptions in the 
available studies, however, seem to overlap with the potential future land claims for nature 
and further modelling work and improved databases are desired. Furthermore, more 
insights are desired in how land use planning including new bio-energy crops can 
maximize biodiversity benefits. Evaluating biodiversity impacts on regional level is still a 
field under scientific development and more fundamental work is needed in this arena. 

Water use 
efficiency 

** An important factor in the equation is improvement of water use efficiency in both current 
agriculture (and of biomass production itself. This suggests that for various areas water 
management is prime design parameter for sustainable biomass production and land-use 
management.  

Climate 
change 

** The impact of climate change on agricultural production and productivity of lands could be 
significant, but exact effects are also uncertain.  
 
Although agriculture may face serious barriers due to climate change, this may also 
enhance the need for alternative adaptation measures to avoid soil losses and maintain 
vegetation covers. Biomass production (again especially via perennial systems) may than 
play a role as adaptation measure.  

Alternative 
protein chains 

**  Possible but very uncertain reversal of current diet trends, i.e. introduction of more novel 
plant protein products (as alternative for meat) could on the longer term strongly reduce 
land and water demand for food.  

Demand for 
biomaterials 

* Demand for biomass to produce biomaterials (both conventional as building material as 
new ones as bulk bio-based chemicals and plastics) can be a significant factor, but is 
limited due to market size (compared to demand for energy carriers). Furthermore, 
biomaterials will also end up as (organic) waste material later in their lifecycle, indirectly 
adding to increased availability of organic wastes. In many cases this ‘cascaded use’ of 
biomass increases the net mitigation effect of biomass use. For some biomaterial markets 
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specific cropping and plantation systems may be required due to demands of the biomass 
composition. Biomaterials are so far poorly integrated as a factor in energy models and as 
mitigation option. This can be improved in further work to understand the interactions 
between different flows and markets better (also in macro-economic terms).  

GHG 
balances of 
biomass 
chains 

* The net GHG performance of biomass production systems is not identified as a limiting 
factor for the potential provided perennial cropping systems are considered. Also, striving 
for biomass production that is similar or better than previous land use (e.g. grasslands that 
remain grasslands or trees that replace annual crops) generally improves the overall carbon 
balance. This can also be true for replanting of degraded lands. The key factor in the net 
carbon balance is leakage. Avoiding leakage is directly related to increased efficiency in 
agriculture and livestock and net carbon impacts of biomass production should include this 
dimension. Such dynamics should ideally also be incorporated in future modelling 
exercises.  

Importance of the issues on the range of estimated biomass potentials: ***- large, ** - medium, * – small 1 
 2 
 3 
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and forestry; (ii) surplus forest material (net annual increment minus current harvest); (iii) energy crops, excluding areas with 
moderately degraded soils and/or moderate water scarcity; (iv) additional energy crops grown in areas with moderately degraded 
soils and/or moderate water scarcity and (v) additional potential when agricultural productivity increases faster than historic 
trends thereby producing more food from the same land area.
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Figure 2.8.4. Technical biomass supply potentials, sustainable biomass potential, expected 5 
demand for biomass (primary energy) based on global energy models and expected total world 6 
primary energy demand in 2050. Sustainable biomass potentials consist of: (i) Residues: 7 
Agricultural and forestry residues; (ii) Forestry: surplus forest material (net annual increment minus 8 
current harvest); (iii) Exclusion of areas: potential from energy crops, leaving out areas with 9 
moderately degraded soils and/or moderate water scarcity; (iv) No exclusion: additional potential 10 
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from energy crops in areas with moderately degraded soils and/or moderate water scarcity; (v) 1 
Learning in agricultural technology: additional potential when agricultural productivity increases 2 
faster than historic trend. Adapted from Dornburg et al. (2008) based on several review studies. 3 

The following ranges are found for the different main biomass resource categories: 4 

 Residues from forestry and agriculture and organic waste, which in total represent between 5 
40 - 170 EJ/yr, with a mean estimate of around 100 EJ/yr. This part of the potential biomass 6 
supplies is relatively certain, although competing applications may push the net availability 7 
for energy applications to the lower end of the range. 8 

 Surplus forestry, i.e. apart from forestry residues an additional amount about 60-100 EJ/yr of 9 
surplus forest growth is likely to be available. 10 

 Biomass produced via cropping systems: 11 

o A lower estimate for energy crop production on possible surplus good quality 12 
agricultural and pasture lands, including far reaching corrections for water scarcity, 13 
land degradation and new land claims for nature reserves represents an estimated 120 14 
EJ/yr (“with exclusion of areas” in figure 2.8.4) 15 

o The potential contribution of water scarce, marginal and degraded lands for energy 16 
crop production, could amount up to an additional 70 EJ/yr. This would comprise a 17 
large area where water scarcity provides limitations and soil degradation is more 18 
severe and excludes current nature protection areas from biomass production (“no 19 
exclusion” in figure 2.8.4). 20 

o Learning in agricultural technology assumes that improvements in agricultural and 21 
livestock management or more optimistic than in the baseline projection (i.e. 22 
comparable to conditions sketched in the SRES A1 and B1 scenarios) would add 23 
some 140 EJ/yr to the above mentioned potentials of energy cropping. 24 

The three categories added together lead to a biomass supply potential of up to about 500 EJ. 25 

Energy demand models calculating the amount of biomass used if energy demands are supplied 26 
cost-efficiently at different carbon tax regimes, estimate that in 2050 about 50-250 EJ/yr of biomass 27 
are used. This is roughly in line with the projections given in chapter 10 and figure 2.8.4. At the 28 
same time, scenario analyses predict a global primary energy use of about 600 – 1040 EJ/yr in 29 
2050. Thus, up to 2050, biomass has the potential to meet a substantial share of the worlds energy 30 
demand; the average of the range given in figure 2.8.4 results in a contribution bioenergy of some 31 
30% to total primary energy demand. 32 

However, if the sketched conditions are not met, the biomass resource base may be largely 33 
constrained to a share of the biomass residues and organic wastes, some cultivation of bioenergy 34 
crops on marginal and degraded lands and some regions where biomass is evidently a cheaper 35 
energy supply option compared to the main reference options (which is the case for sugar cane 36 
based ethanol production). Biomass supplies may than remain limited to an estimated 100 EJ in 37 
2050. Also this is discussed in van Vuuren et al., 2009 and confirmed by the scenario review in 38 
chapter 10 of the SRREN. 39 

A more problematic situation arises when the development of biomass resources (both residues and 40 
cultivated biomass) may fail to keep up with demand. Although the higher end of biomass supply 41 
estimates (2050) further than the maximum projected biomass demand, the net availability of 42 
biomass can also be considerably lower than the 2050 estimates. If biomass supplies fall short, this 43 
is likely to lead to significant price increases of raw material, thereby directly affecting the 44 
economic feasibility of various biomass applications. Generally, biomass feedstock costs can cover 45 
30-50% of the production costs of secondary energy carriers, so increasing feedstock prices will 46 
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quickly slow down growth of biomass demand (but simultaneously stimulate investments in 1 
biomass production). To date, very limited research on such interactions, especially on global scale, 2 
is available. 3 

2.8.4 Limitations in available literature and analyses 4 

The demand for bioenergy will, as argued earlier, depend on the relative competitive position of 5 
bioenergy options in the energy system compared to main alternatives. Available analyses indicate 6 
that on the longer term, biomass will especially be attractive for production of transport fuels and 7 
feedstock for industry and that the use of biomass for electricity may become relatively less 8 
attractive in the longer run. 9 

Innovations in biofuel production and biorefining technologies however, combined with high oil 10 
prices as projected in IEA’s World Energy Outlook and in addition CO2 pricing, are likely to result 11 
in competitive biofuel production in many parts on the globe on medium term and may lead to an 12 
acceleration of biomass use and production compared to available projections. This mechanism is 13 
basically projected in the 2020-2030 timeframe of the 450 ppm scenario in the 2009 World Energy 14 
Outlook (IEA-WEO, 2009). In such a scenario, the sustainable development of the biomass 15 
resource base may become the limiting factor, especially after 2030.  16 

Also poorly investigated so far is the possible role of biomass with Carbon Capture & Storage, an 17 
option that may become very important under stringent mitigation scenarios (i.e. aiming for a 350 18 
ppm scenario in 2050) where negative emissions are required to meet set targets. When such 19 
pathways are strived for, the use of biomass becomes absolutely essential to achieve the set targets 20 
and demand may further increase. 21 

It is also still poorly understood what the impact of electric vehicles and drive chains in transport 22 
may be on the potential demand for biofuels. So far, the impact of electric vehicles on reducing 23 
baseline demand for liquid transport fuels seems very limited. This is to a large extent explained by 24 
the impossibility to implement electric drives for aviation and marine transport (where energy 25 
demand grows strongly), as well as for truck transport (which is roughly responsible for half the 26 
demand for road transport fuels).  27 

The data on potential biomass demand in future energy scenarios reviewed hint that biomass 28 
demand may in fact be lower than the biomass supplies that could be generated in baseline 29 
scenarios used. At ambitious levels of climate change abatement, the key demand factor is likely to 30 
be the use of biomass for transport fuels due to the very few alternatives available for oil and 31 
reducing CO2 emissions in the transport sector. Nevertheless, long term energy demand projections 32 
are also characterized by considerable variability (especially caused by GDP and population growth 33 
and the rate of deployment of energy efficiency measures at large). Demand for example transport 34 
fuels could therefore also be significantly higher than projected in this report and this could be 35 
further enhanced when policies target increased energy security and rural development as other 36 
priorities that are likely to favour biomass and biofuels.  37 

It is recommended to incorporate (dynamic) biomass supply projections and a more diverse 38 
portfolio of conversion options (e.g. including hydrogen production from biomass and combined 39 
with CCS) in current models to obtain more coherent analyses and scenarios.  40 

The costs of biomass supplies in turn are influenced by the degree of land-use competition, 41 
availability of (different) land (classes) and optimisation (learning) in cropping and supply systems. 42 
The latter is still relatively poorly studied and incorporated in scenarios and (energy and economic) 43 
models, which can be improved. Nevertheless, the variability of biomass production costs seems far 44 
less than that of oil or natural gas, so uncertainties in this respect are relatively limited. 45 

To date, limited modelling efforts are available to fully interlink macro-economic/market models 46 
with biomass potential studies, especially when lignocellulosic biomass is concerned. To date, price 47 
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dynamics and, longer term, responses of agriculture (in terms of increased land use and/or increased 1 
efficiency) are also addressed to a limited extent. Although the long term impacts on actual physical 2 
biomass resource potentials may be limited, understanding the economic responses to increased 3 
demand for food and bio-energy and how these affect the relative competitiveness of bio-energy 4 
compared to other energy supply options is extremely important for defining balanced policy 5 
strategies. Linked to this, the understanding of socio-economic implications (such as impacts on 6 
rural income, rural employment) of bioenergy production should be understood better. 7 

Given the relatively small number of comprehensive scenario studies available to date, it is fair to 8 
characterize the role of biomass role in long-term stabilization (beyond 2030) as very significant but 9 
with relatively large uncertainties. Further research is required to better characterize the potential; 10 
for regional conditions and over time. A number of key factors have been identified in this last 11 
section. Given that there is a lack of studies on how biomass resources may be distributed over 12 
various demand sectors, no detailed allocation of the different biomass supplies for various 13 
applications is suggested here. Furthermore, the net avoidance costs per tonne of CO2 of biomass 14 
usage depends on a large variety of factors, including the biomass resource and supply (logistics) 15 
costs, conversion costs (which in turn depends on availability of improved or advanced 16 
technologies) and fossil fuel prices, most notably of oil. 17 

2.8.5 Key messages and policy 18 

Table 2.8.2 describes key preconditions and impacts for two possible extreme biomass scenarios.   19 

Table 2.8.2. Two opposing storylines and impacts for bioenergy on long term. 20 

Storyline Key preconditions Key impacts 
- High biomass scenario 

Largely follows A1/B1 
SRES scenario 
conditions,  

Assumes: 
- well working 

sustainability frameworks 
and strong policies 

- well developed bioenergy 
markets 

- progressive technology 
development 
(biorefineries, new 
generation biofuels, 

- successful deployment of 
degraded lands. 

- Energy price (notably oil) 
development is moderated due 
to strong increase supply of 
biomass and biofuels. 

- Some 300 EJ of bioenergy 
delivered before 2050; 35% 
residues and wastes, 25% from 
marginal/degraded lands (500 
Mha), 40% from arable and 
pasture lands 300 Mha). 

- Conflicts between food and fuel 
largely avoided due to strong 
land-use planning and aligning 
of bioenergy production 
capacity with efficiency 
increases in agriculture and 
livestock management. 

- Positive impacts with respect to 
soil quality and soil carbon, 
negative biodiversity impacts 
minimised due to diverse and 
mixed cropping systems. 

Low biomass scenario 
Largely follows A2 
SRES scenario 
conditions, assuming 
limited policies, slow 
technological progress in 
both the energy sector 
and agriculture, profound 
differences in 
development remain 

- High fossil fuel prices 
expected due to high 
demand and limited 
innovation, which pushes 
demand for biofuels for 
energy security 
perspective 

- Increased biomass 
demand directly affects 

- Increased biomass demand 
partly covered by residues and 
wastes, partly by annual crops. 

- Total contribution of bioenergy 
about 100 EJ before 2050. 

- Additional crop demand leads 
to significant iLUC effects and 
impacts on biodiversity. 

- Overall increased food prices 
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between OECD and 
DC’s.  

food markets linked to high oil prices. 
- Limited net GHG benefits. 
- Socio-economic benefits sub-

optimal. 

2.8.6 Key messages and policy recommendations from the Cchapter 2: 1 

 The biomass resource potential, also when key sustainability concerns are incorporated, is 2 
significant (up to 30% of the world’s primary energy demand in 2050) but also conditional. 3 
The larger part of the potential biomass resource base is interlinked with improvements in 4 
agricultural management, investment in infrastructure, good governance of land use and 5 
introduction of strong sustainability frameworks.  6 

 If the right policy frameworks are not introduced, further expansion of biomass use can lead 7 
to significant conflicts in different regions with respect to food supplies, water resources and 8 
biodiversity. However, such conflicts can also be avoided and synergies with better 9 
management of natural resources (e.g. soil carbon enhancement and restoration, water 10 
retention functions) and contributing to rural development are possible. Logically, such 11 
synergies should explicitly be targeted in new policy frameworks. 12 

 Bioenergy at large has a significant GHG mitigation potential, provided resources are 13 
developed sustainably and provided the right bioenergy systems are applied. Perennial 14 
cropping systems and biomass residues and wastes are in particular able to deliver good 15 
GHG performance in the range of 80-90% GHG reduction compared to the fossil energy 16 
baseline. 17 

 Optimal use and performance of biomass production and use is regionally specific. Policies 18 
therefore need to take regionally specific conditions into account and need to incorporate the 19 
agricultural and livestock sector as part of good governance of land-use and rural 20 
development interlinked with developing bioenergy. 21 

 The recently and rapidly changed policy context in many countries, in particular the 22 
development of sustainability criteria and frameworks and the support for advanced 23 
biorefinery and second generation biofuel options does drive bioenergy to more sustainable 24 
directions.  25 

 Technology for lignocellulose based biofuels and other advanced bioelectricity options, 26 
CCS, advanced biorefinery concepts, can offer fully competitive deployment of bioenergy 27 
on medium term (beyond 2020). Several short term options can deliver and provide 28 
important synergy with longer term options, such as co-firing, CHP and heat production and 29 
sugar cane based ethanol production. Development of working bioenergy markets and 30 
facilitation of international bioenergy trade is another important facilitating factor to achieve 31 
such synergies. 32 

 Biomass potentials are influenced by and interact with climate change impacts but the 33 
detailed impacts are still poorly understood; there will be strong regional differences in this 34 
respect. Bioenergy and new (perennial) cropping systems also offer opportunities to 35 
combine adaptation measures (e.g. soil protection, water retention and modernization of 36 
agriculture) with production of biomass resources. 37 
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