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Biofuels and Land Use Change 
 

John Reilly, Angelo Gurgel, Sergey Paltsev.1 
 

 
Abstract: Biofuels may make a substantial contribution to meeting the world’s energy 
needs. That contribution may come sooner and be greater if there is a strong climate 
policy to reduce greenhouse gases and biofuels can be produced in a way that minimizes 
greenhouse gas emissions. We investigate the land use implications of biofuels under 
different policy conditions using a computable general equilibrium model of the world 
economy that has been adapted to explicitly consider land use change. We find that to 
meet a substantial portion of the worlds liquid fuel needs a global area approximately 
equal to that of today’s cropland would be needed. As much as two-thirds of the land 
could come from intensification of existing land, especially pastureland. Conversion of 
forests and the loss of natural ecosystems and carbon dioxide emissions associated with 
land use change present a substantial risk. We also find that comparative advantage in 
biofuels likely rests in the tropics despite belief in the US that biofuels could be a 
domestic source of energy, freeing us from imports. An attempt to meet US fuel needs 
through a domestic biofuels program would likely mean the US would become a major 
food importer and would contribute to higher land and food prices in the US. 

 
 

Energy from biofuels has a mixed record. On one hand, it is often seen as a 
renewable source of clean energy, a substitute for fossil fuels people fear are growing 
scarcer, offering energy security for countries without other domestic resources, and a 
source of income for farmers. On the other hand, current production methods often 
involve the use of fossil fuels so that the CO2 benefits are minimal; they rely on crops 
such as maize, rapeseed, or oil palms where the potential to supply significant energy is 
limited; and through competition for these crops, land, and water, they significantly affect 
food prices and create additional pressure for deforestation. The US and Europe have 
proposed major initiatives to expand biofuel use in the past couple of years. But even 
before these programs were fully realized, expansion of the industry has revealed what 
analysts have long understood—there would be environmental consequences even for an 
industry that is supplying no more than a few percent of, for example, US gasoline use 
(e.g. Searchinger et al., 2008). The US industry has been seen as responsible for recent 
rises in world maize prices, with consequences for poorer consumers worldwide 
(Mitchell, 2008). European blending requirements and the demand for biodiesel, if met 
through expanding oil palm plantations would lead to deforestation in Indonesia (e.g., 
Fargione et al., 2008). The promise of improving farm income has been realized as 
commodity prices have risen sharply but that success also spells the limits of the 
technology in terms of providing a substantial domestic supply of energy.  

                                                 
1 Reilly (jreilly@mit.edu) is a Senior Lecturer in Management in the Sloan School at MIT and Associate 
Director of Research of MIT’s Joint Program on the Science and Policy of Global Change. Gurgel 
(gurgel@mit.edu) is a Professor in the College of Economics, Business and Accounting of Ribeirão Preto – 
FEA-RP, University of São Paulo and a visitor in the Joint Program.  Paltsev (paltsev@mit.edu) is a 
Principal Research Scientist in the Joint Program.  
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Advocates for the development of cellulosic conversion methods believe such a 

second generation technology avoids many of these consequences. It is able to use crops 
such as switchgrass or waste such as corn stover so the technology does not directly 
compete for food. Perennial grasses would have less environmental impacts than row 
crop agriculture, and per hectare energy yield could be several times that of maize 
because the entire plant can be converted to fuel (Heaton et al., 2008). In this article we 
try to address the following questions: Does the cellulosic technology offer a biofuels 
option that avoids some of the negative consequences we have seen with current 
technologies? What is the potential size of a cellulosic biofuels industry? What are the 
limitations in terms of land availability and the impacts on natural environments? If this 
technology matures, where and when will biomass production occur? How would 
development affect land cover, food and land prices, and energy markets? Would 
greenhouse gas (GHG) mitigation policies create greater demand for biofuels? 

 
 The article is organized in the following way. In the next section we provide cost 
estimates for the second generation biofuels. Section 3 provides some scenarios of 
bioenergy use depending on the level of climate stabilization. Section 4 discusses land 
use implications and in Section 5 agricultural and land prices are considered. Section 6 
offers conclusions. 
 
 
2. Cost Estimates 
Current biomass production processes in the USA (e.g., ethanol from corn) often use 
fossil energy thus releasing nearly as much CO2 as is offset when the ethanol is used to 
replace gasoline. Potential production from these sources is too limited ever to play a role 
much beyond that of producing enough ethanol to serve as an oxygenating additive to 
gasoline in the USA. Even though the U.S. Energy Independence and Security Act 
(EISA) of 2007 requires fuel producers to use at least 36 billion gallons of biofuel by 
2022, including 16 billion gallons of cellulosic biofuels, the United States Energy 
Information Administration projects that available quantities of cellulosic biofuels will be 
insufficient to meet EISA targets. The European Union has set a goal of replacing 5.75% 
of all transport fossil fuels (petrol and diesel) with biofuels by 2010 and by 2020 this 
target is set to 10%. In 2008 the EU has announced that it is rethinking its biofuels 
program due to environmental and social concerns such as rising food prices and 
deforestation. 
 

Our focus is thus to discuss advanced technologies that can make use of a broader 
biomass feedstock, thereby achieving levels of production that can make a more 
substantial contribution to energy needs. We considered early estimates of global 
resource potential and economics (Edmonds and Reilly, 1985) and recent reviews of 
potential (Moreira, 2004) and the economics of liquid fuels (Hamelinck et al., 2005) and 
bio-electricity (International Energy Agency, 1997). Regarding cost, Hamelinck et al. 
(2005) estimate costs of lignocellusic conversion of ethanol of 9 to 13 €/Gigajoule (GJ) 
compared with 8 to 12 and eventually 5 to 7 €/GJ for methanol production from biomass. 
They compare these to before tax costs of gasoline production of 4 to 6 €/GJ. The IMF 
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(2007) reports that the current cost of ethanol from cellulosic waste is $0.71 per liter, 
which is 2.1 times higher than the cost of gasoline production. IEA (2006) estimates that 
lignocellulosic production costs for ethanol could fall to $0.40 per liter of gasoline 
equivalent and for biodiesel to $0.70-0.80 per liter using the Fischer-Tropsch synthesis.  

 
 Energy yield from different biomass sources can vary substantially. Vegetable oil 
crops have relatively low energy yields (40-80 gigajoules (GJ) per hectare (ha) per year) 
compared with crops grown for cellulose or starch/sugar (200-300 GJ/ha/yr). According 
to IPCC (2001), high yielding short rotation forest crops or C4 plants (e.g., sugar cane or 
sorghum) can give stored energy equivalent of over 400 GJ/ha/yr. 
 
 Woody crops are another alternative. The IPCC (2001) reports a commercial plot 
in Sweden with a yield of 4.2 oven-dry tonnes(odt) per ha per year, and anticipates that 
with better technologies, management and experience the yield from woody crops can be 
up to 10 odt/ha/year. Using the number for a higher heating value (20 GJ/odt) that Smeets 
and Faaij (2007) used in their study of bioenergy potential from forestry, we can estimate 
a potential of 84-200 GJ/ha/yr yield for woody biomass.  
 
 Hybrid poplar, willow, and bamboo are some of the quick-growing trees and 
grasses that may serve as the fuel source for a biomass power plant, because of the high 
amount of lignins, a glue-like binder, present in their structures, which are largely 
composed of cellulose. Such so-called “lignocellulose” biomass sources can potentially 
be converted into ethanol via fermentation or into a liquid fuel via a high-temperature 
process. 
 
 Table 1 provides a summary of recent estimates of energy output per unit of land, 
energy content of dry biomass and conversion efficiency of dry biomass into liquid fuels. 
Current energy output per unit of land varies from 6.5 odt/ha for corn to 30 odt/ha for 
sugar cane. The highest estimates of future energy output per hectare of land are just over 
60 odt/ha for sugar cane. Expected efficiency of converting biomass into liquid fuels also 
varies with most estimates around 30-45%. In the following sections we provide some 
results from the MIT analysis using the Emissions Prediction and Policy Analysis 
(EPPA) model (Paltsev et al., 2005). Table 1 reports assumptions used in the model for 
2020, 2050, and 2100 for a second-generation biomass. The EPPA model is less 
optimistic than the maximum potential numbers as it represents an average for land of 
different quality as it varies among regions. 
 

Land that is needed to grow energy crops competes with land used for food and 
wood production unless surplus land is available. For example, Smeets and Faaij (2007) 
estimate a global theoretical potential of biomass from forestry in 2050 as 112 EJ/year. 
They reduce this number to 71 EJ/year after considering demand for wood production for 
uses other than bioenergy. The number is decreased further to 15 EJ/year when economic 
considerations, such as profitability, are included into their analysis. 
 

In the study of biodiesel use in Europe, Frondel and Peters (2007) found that to 
meet the EU target for biofuels of 5.75% by 2010, 11.2 Mha are required in 2010, which 
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is 13.6% of total arable land in the EU-25. These analyses, while providing useful 
benchmarks, typically take market conditions as given, whereas prices and markets will 
change in the future and will depend on, for example, the existence of greenhouse gas 
mitigation policies that could create additional incentives for biofuels production. 

 
 
Table 1. Estimates of the potential for energy from biomass 

Biomass source Odt/ha GJ/odt
Dry biomass energy 

yield (GJ/ha) 
Conversion 
efficiency 

Liquid biomass energy 
yield (GJ/ha) 

Grain corn(a) 6.5 21 136.5 16% 21.8 
Grain corn (future) 6.5(a) 21 136.5 45%(b) 61.4 
Sugar cane(c) 30 21.5 650 40% 260.0 
Sugar cane (future) 63 21.5 1350(c) 45%(d) 607.5 
Eucalyptus(c) 23 20 450 43%(f) 193.5 
Eucalyptus (future) 50 20 1000(c) 68%(g) 680.0 
Poplar 20(h) 20 400 51%(e) 204.0 
Switch-grass fuel 
pellets(a) 10 18.5 185 88% 162.8 
Switch-grass    430(c) 51%(e) 219.3 
EPPA Model estimates 
(2020) (i) 6 – 16 20 120 – 320 40% 48 – 128 
EPPA Model estimates 
(2050) (i) 11 – 18 20 210 – 360 40% 84 – 144 
EPPA Model estimates 
(2100) (i) 18 – 30 20 358 – 600  40% 144 – 240 
(a) Samson et al. (2000). 
(b) Novem/ADL (1999), cited by Fulton and Howes (2004). 
(c) Moreira (2006). 
(d) Assumption based on Moreira (2006) considering all solid biomass primary energy will be converted in 
final energy through cogeneration plants and 40% of the sugar cane residues is left in the field to protect 
soil. 
(e) Assumption based on Novem/ADL (1999), cited by Fulton and Howes (2004) for ethanol production 
from poplar through enzymatic hydrolysis. 
(f) Assumption based on Novem/ADL (1999), cited by Fulton and Howes (2004) for diesel production from 
gasification / Fischer-Tropsch. 
(g) Assumption based on Novem/ADL (1999), cited by Fulton and Howes (2004) for diesel production from 
hydrothermal upgrading (HTU) biocrude. 
(h) Luger (2007). 
(i) Values are region-specific. 

 
Table 2 provides a rough estimate of a global potential for energy from biomass 

based on the total land area. IPCC (2001) used an average energy yield of 300 GJ/ha/year 
for its projection of a technical energy potential from biomass by 2050. The area not 
suitable for cultivation is about half of the total Earth land area of 15.12 Gigahectares 
(Gha) and it includes tropical savannas, deserts and semideserts, tundra, and wetlands. 
Using the numbers for converting area in hectares into energy yield, we estimate the 
global potential of around 2100 EJ/year from biomass. One can increase or decrease this 
estimate by including or excluding different land types from the calculation. Assuming a 
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conversion efficiency of 40 percent from biomass to the final liquid energy product, we 
estimate a potential of 840 EJ/year of liquid energy product from biomass. 

 
Table 3 presents a similar 

calculation for the U.S., where a 
potential for dry bioenergy is about 
200 EJ/year, and potential for a 
liquid fuel from biomass is about 80 
EJ/year. These are maximum 
potential estimates that assume all 
land that is currently used for food, 
livestock, and wood production 
would be used for biomass 
production. A recent study by the 
U.S. Government (CCSP, 2007) 
projects an increase in the global 
energy use from about 400 EJ/year 
in 2000 to 700-1000 EJ/year in 
2050, and to 1275-1500 EJ/year in 
2100. The corresponding numbers 
for the U.S. are about 100 EJ/year in 
2000, 120-170 EJ/year in 2050, and 

110-220 EJ/year in 2100. These numbers suggest that energy from biomass alone would 
not be able to satisfy global needs even if all land is converted to biomass production, 
unless a major breakthrough in technology occurs. 

Table 2. World land area and a potential for 
energy from biomass 

  Area, Gha 

Max dry 
bioenergy, 
EJ 

Max liquid 
bioenergy, 
EJ 

Tropical Forests 1.76 528 211
Temperate Forests 1.04 312 125
Boreal forests 1.37 411 164
Tropical Savannas 2.25 0 0
Temperate grassland 1.25 375 150
Deserts and 
Semideserts 4.55 0 0
Tundra 0.95 0 0
Wetlands 0.35 0 0
Croplands 1.60 480 192
Total 15.12 2106 842
Source: area (IPCC, 2000); assumptions about area to 
energy conversion – 15 odt/ha/year and 20 GJ/odt (IPCC, 
2001); conversion efficiency from biomass to liquid – 
40%. 

 
 Concerns about national 
energy security and mitigation of 
CO2 have generated much interest 
in biofuels, although a recent cost-
benefit study (Hill et al., 2006) has 
found that even if all of the U.S. 
production of corn and soybean is 
dedicated to biofuels, this supply 
would meet only 12% and 6% of 
the U. S. demand for gasoline and 
diesel, respectively. Other work 
has shown that the climate benefit 
of this fuel, using current 
production techniques, is limited 
because of the fossil fuel used in 
the production of the crop and 
processing of biomass (Brinkman 
et al., 2006).  

Table 3. U.S. land area and a potential for 
energy from biomass 

  
Area, 
Gha 

Area, 
billion 
acres 

Max dry 
bioenergy, 
EJ 

Max liq. 
Bioenergy, 
EJ 

Cropland 0.177 0.442 53.0 21.2
Grassland 0.235 0.587 70.4 28.2
Forest 0.260 0.651 78.1 31.2
Parks, etc 0.119 0.297 0 0
Urban 0.024 0.060 0 0
Deserts, 
Wetland, etc 0.091 0.228 0 0
Total 0.906 2.265 201.6 80.6
Source: area (USDA, 2005); assumptions about area to energy 
conversion – 15 odt/ha/year and 20 GJ/odt (IPCC, 2001); 
assumption for conversion efficiency from biomass to liquid 
energy product – 40%. 
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Advanced synfuel hydrocarbons or cellulosic ethanol produced from biomass could 
provide much greater supplies of fuel and environmental benefits than current 
technologies. 
 

In this article we therefore consider a second generation biofuel based on an 
estimated cost structure of production, assuming some further advance and demonstration 
of the technology. We do not specify in detail the technological process but it is expected 
to be a “cellulosic” or “lingocellulosic” conversion because the cellulosic resources, such 
as grasses and fast-growing trees, are widespread and abundant. Some analysts also 
consider that genetically modified microorganisms could be an efficient way to produce 
biofuels. While it is an important topic for the future research, here we do not attempt to 
include in our analysis considerations on possible consumer reaction against genetically 
modified products and that highly regulated frameworks for production and international 
trade of genetically modified products may affect the expansion of the biofuels industry. 
 
 
3. Scenarios  
To illustrate the potential role of biomass as an energy supply, we draw on recent 
applications of the Emissions Prediction and Policy Analysis (EPPA) model (Paltsev et 
al., 2005) developed by Massachusetts Institute of Technology’s Joint Program on the 
Science and Policy of Global Change. The first of these applications involves scenarios 
of atmospheric stabilization of greenhouse gases (GHG’s). The second study involves 
investigation of USA GHG mitigation policies that have been proposed in recent 
Congressional legislation and some additional assumptions about developed countries 
doing their share in reducing GHG’s from present levels to 50% below 1990 levels by 
2050 (Paltsev et al., 2007). These applications allow us to focus both on the global 
bioenergy potential and on some specific issues with regard to USA bioenergy. 
 
Reference Scenario: No Climate Policy 
To make a proper comparison, we start with a scenario of “what would have happened 
otherwise,” i.e., we need to establish a reference scenario, where no climate policy is     
introduced. This would enable us to make a proper comparison in terms of economic 
costs and performance of biomass industry when some climate policy is in place. 
Obviously, the world is already committed to climate-related actions such as the 
European Union Emissions Trading Scheme and the Kyoto Protocol but they are only 
fully specified for the next decade or so. In the future, it is expected that climate policy 
will have broader coverage in terms of participating countries and the degree of 
emissions reduction.  

 
Figure 1 shows the composition of global primary energy in the reference  

scenario developed for the recent U.S. Climate Change Science Program study (CCSP, 
2007). The reference scenario exhibits strong growth in the production of cellulosic 
biofuels beginning after the year 2020 based on relative economics. 
 

Deployment is driven primarily by a world oil price that in the year 2100 is over 
4.5 times the price in the year 2000, but down somewhat from the high oil prices of 2008. 
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Dwindling supplies of high grade crude oil drive up the oil price to make cellulosic 
ethanol competitive. By 2040, the total global biofuels production (in terms of liquid fuel 
output) reaches about 30 EJ/year, which is a drastic increase compared with 2005 output 
of 0.8 EJ/year. By 2100 bioenergy production reaches about 180 EJ/year, which is about 
the same amount of energy as derived from the global oil consumption in 2000. Even 
with these huge increases in bioenergy production, it still counts only to about 5% in 
2040 and about 15% in 2100 of the global primary energy use. 

 
      Figure 1. Global primary energy consumption, Reference Scenario 
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Climate Policy: Atmospheric Stabilization of Greenhouse Gases 
To illustrate how bioenergy technologies perform when climate-related constraints are 
introduced, we use four stabilization scenarios employed in the CCSP study (CCSP, 
2007). The stabilization levels are defined in terms of the total long-term effect on the 
Earth’s heat balance of the combined effect of GHGs. The constraints were formulated as 
radiative forcing levels that allowed some additional increase in other greenhouse gases, 
and were set at no more than 3.4 Watts per square meter (W/m2) for Level 1, 4.7 W/m2 
for Level 2, 5.8 W/m2 for Level 3, and 6.7 W/m2 for Level 4. These levels were defined 
as increases above the preindustrial level, so they include the roughly 2.2 W/m2 increase 
that had occurred through the year 2000. The levels were chosen so that the associated 
CO2 concentrations would be roughly 450, 550, 650, and 750 parts per million by volume 
(ppmv), stabilization levels widely discussed in policy circles. To meet these targets, an 
idealized cap-and-trade system was implemented beginning in 2015 in which the whole 
world participated. 
 
 The numbers for biomass represent only the production of biomass energy from 
the advanced technologies represented in EPPA and do not include, for example, the 
own-use of wood wastes for energy in the forest products industry or non-commercial 
biomass used in developing countries. In addition, existing use of corn and sugar ethanol, 
about 16.0 billion gallons in 2007 (1.5 EJ - less than ½ of 1%), is not explicitly modeled. 
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These sources are implicit in the underlying input-output data to the extent the forest 
product industry uses its own waste for energy, it purchases less commercial energy or 
where agricultural/processing industries show sales to refinery or service station sectors 
where ethanol is blended with gasoline. Similarly, to the extent that traditional biomass 
energy is a substantial source of energy in developing countries it implies less purchase 
of commercial energy.  
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Figure 3. Global primary energy, Level 1 Scenario 
 the 

primary 

change is quite similar across the different scen

he Potential Role of Bioenergy in US GHG Policy 
ongress has grown substantially and 

in 2008 there were several proposals for cap and trade systems in USA. Some of these 
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Figure 2 pres
ced” biomass production for 

the world across the scenarios. In 
the stabilization scenarios, global 
biomass production reaches 250 
EJ/year, in comparison to 180 
EJ/year in the reference scenario. 
Tighter emissions constraints lead 
to an earlier increase in the 
bioenergy production but the 
maximum potential of bioenergy is 
not very different by 2100 in the 
stabilization scenarios due to a 
limiting factor of land availability.  

 
 

 Figure 3 shows
composition of global 
energy for the Level 1 scenario. 
This level of stabilization requires 
a rapid and fairly complete shift 
away from fossil fuels with 
biomass energy playing a major 
role. The CO2 prices required to 
meet this constraint significantly 
increases the full cost of delivered 
energy which results in a large 
reduction in energy use. Not 
shown are similar figures for 
Levels 2-4.  The overall pattern of 
arios with the successively less 

constrained scenarios allowing a slower transition to non-fossil alternatives and less 
reduction in demand.  
 
T
Interest in GHG mitigation legislation in the U.S. C
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bills envisioned emissions in the USA as low as 80% below present levels by 2050. Such 
a steep reduction cannot avoid making significant cuts from CO2 emissions from 
transportation which currently accounts for about 33% of USA CO2 emissions related to 
fossil fuel combustion (EIA, 2006). While improved efficiency of the vehicle fleet might 
contribute to reductions, it is hard to imagine sufficient improvements in that regard. Of 
the contending alternative fuels—hydrogen, electric vehicles, biofuels—the biofuel 
option appears closest to being technologically ready for commercialization. 
 
Figure 4. Biofuel use. US: top panel; World: bottom panel 
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Paltsev et al. (2007) 

considered a number of reduction 
scenarios that bracketed leading 

 
 

ance 

 

e 
s 

 

s 

n 

the target with a CO2-e price path that rises at the rate 
Other developed countries are assumed to pursue a po to 

es 

e 

Senate proposals. Here we focus 
on the role of bioenergy under 
two of the mitigation scenarios 
they analyzed. For the two 
scenarios, the initial allowance 
level was set in 2012 to the
estimated USA GHG emissions
in 2008 and the annual allow
allocation followed a linear path  
through 2050 to (1) 50% below
2008; and (2) 80% below 2008. 
Over the 2012 to 2050 period th
cumulative allowance allocation
under these scenarios are 203 and
167 billion metric tons (bmt), of 
carbon dioxide equivalent (CO2-
e) emissions. The GHG scenario
are designated with the shorthand 
labels 203 bmt, and 167 bmt. The 
banking of GHG allowances i
the US is simulated by meeting 

of interest, assumed to be 4%. 
licy whereby their emissions fall 

50% below 1990 levels by 2050, and a policy whereby all other regions return to the 
projected 2015 level of emissions in 2025, holding at that level until 2035 when the 
emissions cap drops to their year 2000 level of GHG emissions. The economy-wide 
trading among greenhouse gases at their Global Warming Potential (GWP) value is 
simulated. All prices are thus CO2-equivalent prices (CO2-e). The carbon dioxide pric
required to meet these policy targets in the initial projection year (2015) are $41, and 
$53/t CO2-e for the 203 and 167 bmt cases, respectively. While the unrestricted biofuels 
trade scenario suggests that foreign dependence would be shifted from oil to biofuels, th
restricted trade scenario allows consideration of what would happen if the US indeed 
depended on domestic resources.  
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Figure 4 presents the core cases and the scenarios with restricted trade in biofuels 

(denoted by the extension NobioTR).The USA biofuel use is substantial in all cases, 
rising t

re then simulated with 
unrestricted trade in biofuels and with the requirement that the US (and all other regions) 
biofuel

 order to estimate regional biofuel production, the above discussed 203bmt scenario is 
al cumulative GHG emissions to about 1,490 billion metric 

Table 4 presents 
the bioenergy production 
in selec

most imp ant r ions plyin omass. In both regions lan
achieving these production levels. The greater land productivit

o 30 and to 35 EJ in 2050 unrestricted biofuel trade cases. The restricted trade 
cases drop biofuel use by about 5 EJ from the comparable trade cases because reliance on 
domestic sources drives up the biofuel price. World biofuel use is also substantial in both 
cases, reaching 100 to 120 EJ, because the rest of the world is pursuing a strong GHG 
policy as well. Under the scenarios biofuels account for nearly 55% of all liquid fuels and 
thus have substantially displaced petroleum products in the US. 

 
To focus on biofuels, each of these two scenarios a

 demand is met domestically. Absent the trade restriction, significant amounts of 
biofuel are used in the USA but nearly all of it is imported. There are currently tariffs on 
biofuel import into the USA, and one of the reasons biomass is of interest in the USA is 
because it is viewed a domestic energy source that would reduce foreign dependence.  
 
Regional Biofuel Production 
In
extended to 2100 to limit glob
tons (bmt) from 2012 to 2050 and 2,834 bmt from 2012 to 2100. Those numbers are 
equivalent to 60% of the emissions in the reference scenario in the period from 2012 to 
2050, and 40% over the full period. The cumulative level of GHG emissions is 
approximately consistent with a 550 ppmv CO2 stabilization goal, discussed in Section 3. 
The policy is implemented as a cap and trade policy in each region, which limits the 
amount of fossil fuel that can be used, and thus provides economic incentive for biofuel 
and other low carbon energy sources. 
 

ted world regions, 
with other regions 
aggregated based on a 
version of the EPPA 
model that applies an 
elasticity of land supply 
and which is referred to 
as Observed Land Supply 
Response (OLSR) version 
of the model (Gurgel et 
al., 2007). Latin America 
and Africa are the two 
d availability is crucial to 
y in biomass crops allows 

Latin America to supply between 45% and 60% of world production for most of the 
model horizon. The US is the third largest world producer, supplying between 33 and 36 

ort eg sup g bi

Table 4. Regional biomass production (EJ/year) 

  USA Mexico 

Australia 
and New 
Zealand 

Latin 
America Africa 

Other 
regions Global 

2010 0 0 0 0 0 0 0 
2020 0 0 0 0 2 0 2 
2030 1 0 1 4 19 0 25 
2040 4 2 2 26 30 5 69 
2050 13 4 4 54 41 6 122 
2060 17 4 6 71 48 6 152 
2070 20 5 8 87 58 7 185 
2080 24 6 11 107 71 10 229 
2090 28 7 13 127 85 13 273 

2100 33 8 16 147 98 18 320 
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EJ of biomass in 2100 in the policy case. Mexico, Australia and New Zealand, and the 
aggregate of the rest of the world, which includes several countries in tropical areas of 
South Asia, are also able to produce large amounts of biomass in the policy scenario. The 
contribution to biomass production from others is very small (~1% of world production). 
This reflects the existence of large areas of natural forest and pasture in those countries 
and regions, and the fact that biomass is more productive in tropical areas. 

 
China and India are, not surprisingly, exceptions to this overall pattern. Key 

aspects f the model that drive this result are growth of food demand and modeling of 
trade in

ge where biomass is 
produced, and as shown previously, such policies can then have implications for trade in 
other a

 important component of world 
energy consumption, but even in the policy case with unrestricted trade, biofuels account 
for abo

. Land Use Implications 
s mentioned in the previous section, the large amount of biomass energy has significant 

 use. Figure 5 presents a share of land devoted to biomass 

gure 6 shows a competition among land uses. Gurgel et al. (2007) discuss two 
ossibilities for land supply representation in the EPPA model. One approach allows 

unrestr

 o
 biofuels and agicultural goods. Both India and China have increasing demand for 

food. The combination of strong growth of domestic food demand favors dedication of 
land to agricultural production to supply domestic food needs, and if necessary the 
importation of biofuels to meet a carbon dioxide reduction target. 

 
Clearly, policies that block or distort trade will chan

gricultural products. In the case of unrestricted trade in bioenergy, the main 
producers would be Latin America, Africa, Australia, New Zealand, and Mexico. The 
amount of bioenergy exports is around 80 EJ/year by 2050 and around 200 EJ/year by 
2100. In the case of restricted trade in bioenergy, almost all regions of the world would 
produce bioenergy, with main producers being Latin America, USA, Africa, and Europe. 
The level of global bioenergy production is lower by 30-40 EJ/year in 2050 and by 70-
110 EJ/year in 2100 in comparison to unrestricted trade. 

 
The energy from biomass is projected to be an

ut 30% of the global energy consumption. The larger share of biomass in the 
policy case is due to the replacement of the oil production, since bio-fuels are low carbon 
alternative in transportation. 
 
 
4
A
implications for global land
production in a policy scenario in 2050 and 2100, where the darkest shading denotes 
regions with 80-100% shares. Most of these regions are located in Latin America, Africa, 
Australia, New Zealand and USA. An important factor driving the regional results is that 
unrestricted trade of biofuels, a homogeneous good, is allowed, which tends to lead to 
specialization of production in Latin America and Africa where the land input is least 
costly.  
 

Fi
p

icted conversion of natural forest and grass land (as long as conversion costs are 
covered by returns), which is labeled as the Pure Conversion Cost Response (PCCR) 
model. Another approach is to parameterize the model to represent observed land supply 
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response. This version of the EPPA model is labeled as the Observed Land Supply 
Response (OLSR) model. We focus here on the results from the OLSR version as it is 
based more closely observed response, limiting the amount of deforestation. 
 
Figure 5. Share of land devoted to biomass production in a policy case  
P
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In total the land area in five land types is 9.8 Gha, but the use of this land changes 

onsiderably from 2000 to 2100. The area covered by biomass in 2050 ranges from 0.42 
to 0.47

lobal land use in the OLSR Model 

 
Biofuels production at this level thus has major consequences for land use on a 

global scale. Natural forests are affected in all scenarios and under both model 
assumptions, but, as expected, much more conversion occurs under the PCCR model. In 

c
 Gha in the reference scenario, and from 1.46 Gha to 1.67 Gha under the policy 

case. In 2100 biomass production covers between 1.44 and 1.74 Gha in the reference, and 
from 2.24 to 2.52 Gha in the policy case. This compares with 1.6 Gha currently in 
cropland. 
 
Figure 6. G
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this cas

rices and Land Rents 
The im acts on global agricultural and industrialized food prices are shown in Figure 7. 
To sim y the presentation and to show the average effect on world prices we compute 

F (2004). The simulated 

Figu

 

e, natural forests are reduced from its original 3.7 Gha to 2.2 Gha in the reference 
scenario, and to only 2.0 Gha in the policy case, a 40% reduction in natural forest area. In 
contrast, the OLSR model shows much less reduction in natural forest area with a bigger 
reduction in pasture land. Thus, this version of the model makes room for biofuels 
production by intensifying production on existing agricultural land, especially pasture 
land. In both model versions natural forest and pasture land are the land types most 
reduced to make room for biofuels, with land in crops, managed forest, and natural 
grassland showing smaller net changes. 

 
 

5. Long-term Effects on Agricultural P
p
plif

global price indices using the Walsh index, as described in IM
price levels reflect the combination of increasing demand for food, fiber, and forestry 
products as GDP and population grow with our assumption of the increasing productivity 
of land. In the reference scenario we observe price increases in forestry and livestock 
products, while crop prices are little changed through the century. Forestry and livestock 
price increases likely reflect the competition for this land from biofuels that develops 
over the century and more rapid growth in demand for these products than for crops. 
With the climate scenario we see an increase in crops and food prices of about 5% and 
for livestock of 15 to 20%. This corresponds to the time when biofuels production 
expands in the climate policy scenario, and thus is likely attributable to the biofuels 
competition for land. The OLSR version of the model shows price increases of 2 to 3 
percentage points more than the PCCR model, as a consequence of lower flexibility in 
the land transformation from natural areas to agricultural use. The relative changes in 
prices of crops, livestock, and forestry reflect the share of land in the production of each 
and the fact that livestock are affected both by the increase in the pasture land rent and by 
the increase in crop prices. 
 
re 7 World agricultural and food price indexes 
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The impact of the biofuels industry on food and commodity prices is projected to 
be rela

6. Conclusions 
tion “cellulosic” technology would increase the potential for biofuels in 

While competition for land (which would lead to an increase in agriculture, land 

Carbon policy increases demand for carbon-free fuels making bioenergy 
mpet

tively small compared to recent price increases in corn that have at least been 
casually attributed to expansion of ethanol production in the US. There are several 
important aspects of this comparison. One is that the EPPA model projection is for all 
crops and the potential impact on single crop can be greater. The modeling also reflects 
longer run elasticities that give time for the sector to adjust, and over the longer term 
agriculture has proven very responsive to increasing demand. In fact, the current run-up 
in corn prices has led to a rapid response by farmers in planting more corn, and with more 
supply the price may retreat. We also expect less direct effect on crop prices because 
corn-based ethanol directly affects the corn market whereas cellulosic crops would only 
indirectly affect crops through the land rent effect. In this regard, the EPPA model 
simulations suggest that it is possible to integrate a substantial ethanol industry into the 
agricultural system over time without having dramatic effects on food and crop prices. 

 
 

A second genera
terms of energy output per unit of land area. To realize its full potential the technology 
still needs further improvements. In terms of cost, we have based our estimates on costs 
of conversion that would require sustained gasoline prices of more than $4.00 per gallon 
of gasoline (retail) to make the fuel competitive. This takes into account the lower energy 
content of ethanol, retail-wholesale price spreads, and assuming that over the longer run 
biofuels would be subject to fuel taxes in the US that support the highway trust fund. Of 
course, estimates about the future costs vary: the IEA has by 2030 a cost for cellulosic 
ethanol close to that from sugar cane which is currently competitive. Similarly, there are 
a range of estimates of potential land productivity in terms of energy output. We included 
a 1% per year improvement in productivity in our estimates, reflecting potential 
improvements in biomass crops through selection, conventional crop breeding, or 
biotechnology.  
 
 
and food prices) still exists, we find it to have less impact on prices than the current 
“first-generation” technology, especially if there is time for the agriculture system to 
adjust to increased demand. While climate policy could spur bioenergy production, rising 
oil prices could be enough eventually to bring along second generation technology even 
if production costs do not fall. Analyses presented in this article project that the second-
generation biomass may produce around 30-40 EJ/year by 2050 and around 180-260 
EJ/year by 2100. As a comparison, the 2005 global bioenergy production was less that 1 
EJ and the 2005 global oil consumption was 190 EJ. However, because energy use is 
growing, these large increases in bioenergy production still account only for 15% of 
global primary energy use in 2100. 
 
 
co itive earlier, but the entry depends on the relative price of fossil fuels and biofuels. 
A climate policy targeting 550 ppmv stabilization of CO2 concentrations could lead to 
bioenergy production of 90-130 EJ/year by 2050 and 250-370 EJ/year by 2100. This 
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amounts to about 30% of global energy use derived from bioenergy, with the percentage 
as high as it is in part because such a policy, by raising energy prices, not only 
encourages alternatives but also reduces energy use.  
 
 The global area required to grow biomass crops by the end of the century in the 
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