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October 15-16, 2008 St. Louis, Mo.

Executive Summary
Biofuels have gained considerable attention as a strategy for reducing dependence on foreign oil,
enhancing energy security, supporting rural economic development, and mitigating greenhouse
gas emissions associated with fossil fuels. The emerging bioeconomy offers the potential for
creating jobs, new sources of income, and investment opportunities that can revitalize rural
America while reducing the need for migration of the labor force to urban areas. The reliance on
corn-based ethanol, however, has created considerable controversy about its impact on food
prices and its environmental benefits. Specifically, scientists have questioned its potential to
reduce greenhouse gas (GHG) emissions when forests in other countries are converted to
agricultural land, releasing carbon stocks as the world replaces the food diverted to U.S. biofuels.
Concerns have also been raised about the water requirements for growing biofuel crops
and for biorefineries as well as about the impacts of expanding fertilizer-intensive corn
production on nitrate run-off, soil erosion, and water quality in the Mississippi River. These
concerns have stimulated interest in next-generation cellulosic biofuels, using crop residues and
perennial grasses that have the potential to mitigate the competition for land between food and
fuel and achieve larger reductions in GHG emissions than corn-based ethanol. The use of
cellulosic feedstocks is not devoid of concerns either. The collection of corn stover for biofuel
production has implications for soil quality and soil erosion, and monocultures of perennial
grasses can impact wildlife habitats and biodiversity.
In October 2008, researchers and policy makers participated in the third in a fiveconference series, Transition to a Bioeconomy. This conference focused on environmental and
rural development impacts of biofuels. The conference was held on October 15 and 16, 2008, in
St. Louis, Missouri. Conference participants examined the GHG emissions, water quality, and
domestic and global land use implications of biofuels. Other sessions focused on the impacts of
the bioeconomy on jobs and rural economic development and the role of public policies and
green technologies in helping to meet our energy and economic development needs sustainably.
Session topics included: The Bioeconomy and the Environment; Rural Development in the
Bioeconomy; Resource Impacts of the Bioeconomy; Lifecycle Carbon Footprint of Biofuels;
Green Technologies for Rural Regions; and, Local Opportunities and Challenges: The Next
Decade.

iv

Environmental and Rural Development Impacts

In the opening session, Bill Hohenstein, USDA Global Change Program Office,
discussed the direct and indirect GHG emissions associated with biofuels, and technological and
policy strategies for reducing those emissions. Considerable variation in the lifecycle GHG
emissions associated with ethanol occurs due to the fuel used for biofuel production and the
feedstock used. Emissions reduction, relative to gasoline, range from 20% with corn ethanol
produced using coal, to 90% with cellulosic ethanol. Emissions due to indirect land use changes
could be substantial if biofuel production in the United States leads to an expansion of crop
production through deforestation in other countries. This could be countered through yieldincreasing innovation, policies to restrict deforestation, and rehabilitation of degraded lands.
John Reilly, of Massachusetts Institute of Technology, continued the discussion on the
effects of land use on climate change, focusing on the role that cellulosic ethanol may play in
reducing emissions and the threat to food security. Reilly also emphasized the need for
intensification of agriculture, increasing yields from each acre in order to meet growing demand
for both food and energy. Based on his analysis, he concluded that supplying domestic fuel
needs with biofuels would likely lead the United States to become a significant net food
importer, and that either climate policy or high oil prices would be needed to make cellulosic
biofuels competitive.
Robert Larson, of the U.S. Environmental Protection Agency, described the EPA's efforts
at implementing the Renewable Fuels Standard (RFS). The RFS requires that by 2022, 60% of
the 36 billion gallons in renewable fuels must come from “advanced biofuels,” such as cellulosic
ethanol, which should reduce GHG emissions by at least 50%. He discussed the boundaries
being used to estimate direct and indirect GHG emissions associated with biofuels from
alternative feedstocks, and described the use of several economic models to establish consistent
parameters for these estimations.
Jimmy Daukas, of American Farmland Trust, discussed using water quality trading to
create incentives for adopting improved land management practices. He emphasized how such
incentives may also address other environmental problems, such as GHG mitigation, through
practices that store carbon in the soil. Daukas noted the agricultural sector should view these
incentive-based solutions to environmental problems as an economic opportunity and get
involved in their development as a way to pre-empt increased public pressure for regulation.
The second session examined the impact of the bioeconomy on jobs and the rural
economy and strategies to enhance those benefits. The bioeconomy, as explained by Andrew
Isserman of the University of Illinois, goes far beyond traditional agriculture, and includes the
biotechnology and biosciences industries. According to Isserman's data, jobs in the bioeconomy
have grown at a rate of 5.7% since 2001, compared with 3.1% overall, and received an average
salary of $71,000 in 2006 compared to $42,000 in the private sector overall. However, only 23%
of these jobs are in rural areas. Moreover, biosciences jobs in food and agriculture, the “Green
Bioeconomy,” have decreased by 25,000 since 1998; other sectors of the bioeconomy have
added more than 500,000 jobs during this time. For rural areas to capitalize on the opportunities
offered in this new bioeconomy, governments and citizens in rural regions will have to work to
entice businesses to their areas.
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Thomas Dorr, Under Secretary for Rural Development, USDA, and Mark Drabenstott, of
the RUPRI Center for Regional Competitiveness, University of Missouri, highlighted the need
for the government to provide incentives for businesses to set up shop in rural areas, and for
education that would ensure these businesses have a pool of talented potential employees from
which to draw. Drabenstott reiterated Isserman’s point that rural communities can succeed in the
new bioeconomy if they think beyond traditional agriculture and seek new partnerships to
increase employment through different kinds of job creation. Wind energy and “Farmaceuticals”
are two innovative examples of industries in the bioeconomy with potential for new investments,
rural wealth, and job creation through regional partnerships.
Sara Wyant, of Agri-Pulse Communications, gave the rural perspective in her speech at
lunch on “Public Perceptions of the Bioeconomy.” Too often, agricultural activities are seen as
causing negative impacts on ecosystems, with some suggesting a decrease in area devoted to
farmland in favor of purposes such as recreational preserves. But as Jimmy Daukas and others
pointed out, sound agricultural practices can produce food and provide environmental benefits.
The next session of the conference continued this message in looking at the resource impacts of
the bioeconomy.
The third session of the day focused on the bioeconomy’s impacts on the use of land and
other resources vital for the agricultural sector. Noel Gollehon of USDA's Natural Resources
Conservation Service estimated that 15% of current ethanol capacity is in counties where more
than 50% of the corn is irrigated, while another 11% is in counties where more than 85% of the
corn is irrigated. While it is unclear how much of the corn for ethanol is produced using
irrigation, constraints on ground water availability in many locations will limit the extent to
which irrigated crop production can be used to expand biofuel production.
Madhu Khanna, Energy Biosciences Institute (EBI) at the University of Illinois,
examined the economic potential and land use implications of cellulosic biofuels from perennial
grasses, switchgrass and miscanthus; and crop residues, corn stover. While these are currently
estimated to be more expensive than corn ethanol, their economic viability differs across
feedstocks and across locations depending on yields per acre and the opportunity cost of land.
Khanna showed that existing biofuel targets are likely to lead to a trade-off between reduced
GHG emissions and increased nitrogen use due to expansion of corn production. Steve Del
Grosso of Colorado State University continued that discussion by noting that these
environmental impacts depend on the type of land use prior to conversion to biofuel crop
production. For example, conversion of Conservation Reserve Program (CRP) land to corn for
ethanol production could result in little net GHG savings compared to gasoline, greatly increase
nitrate leaching, and constrain other benefits of CRP land such as wildlife habitat.
The conference offered two sessions of selected papers, which are included in their
entirety in these proceedings. One session focused on the effects of biofuel production and
policies on land use and lifecycle GHG emissions. James Kaufman, University of MissouriColumbia, showed that significant benefits may be possible from corn yield increases and
reductions in energy use for corn and ethanol production with biotechnology. However, the
realization of these benefits will depend on government policies and market structure. The next
three papers examined the GHG effects of biofuels. According to Wyatt Thompson, also of the
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University of Missouri-Columbia, the indirect land use expansion effects in Brazil of biofuel
production in the United States may be tempered by the likely reallocation of existing cropland
in Brazil among crops and by the change in ethanol consumption in Brazil; factors that were
underestimated in the widely cited paper by Searchinger et al (2008). Deepak Rajagopal, EBI,
University of California, Berkeley, discussed methodologies for estimating the GHG emissions
associated with biofuels while accounting for direct and indirect land use changes. Using
historical estimates of the acreage elasticity with respect to agricultural production, he concluded
that Searchinger et al (2008) are likely to have overestimated the indirect land use effects caused
by US biofuel production. Christine Lasco, EBI, University of Illinois, showed that existing
biofuel policies in the United States that provide a tax credit and import tariff for ethanol, result
in negligible GHG savings and high economy-wide costs, because they cause substitution
towards the relatively carbon-intensive and costly domestic corn ethanol and away from
imported sugarcane ethanol. Subbu Kumarappan, Michigan State University, offered possible
strategies for integrating biofuels within a GHG trading program by using life cycle analysis to
estimate emissions credits and by granting GHG property and trading rights to biofuel producers.
His estimates indicate considerable revenue generating potential of these carbon credits for
biofuel producers.
Other presentations centered on more localized impacts of biofuels: on water quality, jobs
and community development. Scott Malcolm, USDA Economic Research Service, illustrated the
trade-offs associated with the use of crop residues from corn for biofuel production. While these
residues can help meet the mandate for cellulosic biofuels, their removal will require more
fertilizer to maintain soil health and productivity with negative implications for water quality and
the carbon footprint of biofuels. The use of perennial grasses instead of corn for biofuels has the
potential to reduce soil erosion and phosphorus run-off as discussed by Silvia Secchi, Southern
Illinois University. However, considerably high prices would be needed to induce a substantial
switch to switchgrass production in the Midwest. Unlike the Midwest, Michael Popp, University
of Arkansas, showed that considerable acreage could be devoted to switchgrass and sorghum in
Arkansas due to their relatively lower cost of production in that state relative to the Midwest.
Larry Leistritz and Nancy Hodur of North Dakota State University, estimate the economic
impacts of cellulosic ethanol with those associated with corn ethanol production. They find that
the former will have economic impacts that are three times larger and employment effects that
are two times larger than those of corn ethanol. Jurgen Scheffran, EBI, University of Illinois,
showed that the optimal location of cellulosic biorefineries in Illinois is likely to be close to
feedstock production sources and their economically viable size is expected to be larger than that
of corn ethanol plants due to their high capital costs.
The second day of the conference focused on emerging biofuels technologies that may
help development in rural regions. Steve Moose, EBI, University of Illinois, discussed the
potential for biotechnology to produce sustainable, carbon-positive systems for agricultural
biomass. He described a new hybrid feedstock, sugarcorn that can provide sugar yields similar
to U.S. sugar beets and be grown without supplemental nitrogen. Doug Lamond, Sanimax
Energy, described innovations occurring in his company as it makes a transition from rendering
to producing biodiesel and biogas.
David Laird, of USDA's National Soil Tilth Laboratory, raised concerns about the
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negative impacts of removing crop residues from the field for soil quality, future crop yields, and
water quality. A potential solution would be to return the residues from the pyrolysis process,
called “char,” to the soil to maintain soil structure and possibly reduce the need for chemical
fertilizers. This session illustrated the technological challenges to be overcome to provide usable
renewable energy in a sustainable manner.
The Honorable Ed Schafer, U.S. Secretary of Agriculture, addressed the group,
discussing efforts of the federal government to aid in the transition to a bioeconomy.
The final session of the conference centered on local opportunities and challenges. The
2007 RFS has stimulated substantial research and investment in cellulosic ethanol development,
but more is still needed to ensure that emerging technologies become practical applications.
Cole Gustafson, North Dakota State University, echoed contentions made earlier in the
conference that the more local the ownership of ethanol refineries, the more local jobs are
created. He described the challenges facing the biofuel industry in the United States due to lack
of capital, concerns regarding future prospects of the industry, and general uncertainty in U.S.
financial markets. At the same time, foreign competitors in Brazil and Mexico are positioning
themselves to meet U.S. mandates for advanced biofuels.
Joe Black, of Southern Financial Partners, discussed the overall mission of his company
to invest directly in rural communities and the use of biofuel enterprises as one tool in long-term
economic development in southern Arkansas. Harry Baumes, of the USDA Office of Energy
Policy and New Uses, closed the conference by discussing what is known and what needs to be
known about biofuels. He re-emphasized the need for investment in research and development
to provide the infrastructure and technologies needed to ensure a successful and sustainable
transition to a bioeconomy.
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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
Dry biomass energy
Conversion
Liquid biomass energy
Biomass source
Odt/ha GJ/odt
yield (GJ/ha)
efficiency
yield (GJ/ha)
Grain corn(a)
6.5
21
136.5
16%
21.8
(a)
(b)
Grain corn (future)
6.5
21
136.5
45%
61.4
Sugar cane(c)
30
21.5
650
40%
260.0
Sugar cane (future)
63
21.5
1350(c)
45%(d)
607.5
(c)
Eucalyptus
23
20
450
43%(f)
193.5
(c)
(g)
Eucalyptus (future)
50
20
1000
68%
680.0
Poplar
20(h)
20
400
51%(e)
204.0
Switch-grass fuel
10
18.5
185
88%
162.8
pellets(a)
Switch-grass
430(c)
51%(e)
219.3
EPPA Model estimates
6 – 16
20
120 – 320
40%
48 – 128
(2020) (i)
EPPA Model estimates
11 – 18 20
210 – 360
40%
84 – 144
(2050) (i)
EPPA Model estimates
18 – 30 20
358 – 600
40%
144 – 240
(2100) (i)
(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
Max dry Max liquid
bioenergy, bioenergy,
200 EJ/year, and potential for a
Area, Gha EJ
EJ
liquid fuel from biomass is about 80
Tropical Forests
1.76
528
211 EJ/year.
These are maximum
Temperate Forests
1.04
312
125
potential estimates that assume all
Boreal forests
1.37
411
164
land that is currently used for food,
Tropical Savannas
2.25
0
0
livestock, and wood production
Temperate grassland
1.25
375
150
would be used for biomass
Deserts and
4.55
0
0 production. A recent study by the
Semideserts
Tundra
0.95
0
0 U.S. Government (CCSP, 2007)
Wetlands
0.35
0
0 projects an increase in the global
Croplands
1.60
480
192 energy use from about 400 EJ/year
Total
15.12
2106
842 in 2000 to 700-1000 EJ/year in
2050, and to 1275-1500 EJ/year in
Source: area (IPCC, 2000); assumptions about area to
energy conversion – 15 odt/ha/year and 20 GJ/odt (IPCC,
2100. The corresponding numbers
2001); conversion efficiency from biomass to liquid –
for the U.S. are about 100 EJ/year in
40%.
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

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

Area,
billion
acres

Max dry Max liq.
bioenergy, Bioenergy,
EJ
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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Concerns about national
energy security and mitigation of
CO2 have generated much interest
in biofuels, although a recent costbenefit 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).
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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.
Figure 2. Global biomass production, CCSP Scenarios
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Figure
2
presents
“advanced” 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. Global primary energy, Level 1 Scenario
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Levels 2-4. The overall pattern of
change is quite similar across the different scenarios with the successively less
constrained scenarios allowing a slower transition to non-fossil alternatives and less
reduction in demand.
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The Potential Role of Bioenergy in US GHG Policy
Interest in GHG mitigation legislation in the U.S. Congress has grown substantially and
in 2008 there were several proposals for cap and trade systems in USA. Some of these
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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
US Liquid Biofuels Use

Paltsev et al. (2007)
considered
a number of reduction
203 bmt
35.0
scenarios that bracketed leading
203 bmt NobioTR
30.0
Senate proposals. Here we focus
167 bmt
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on the role of bioenergy under
167 bmt NobioTR
20.0
two of the mitigation scenarios
15.0
they analyzed. For the two
10.0
scenarios, the initial allowance
5.0
level was set in 2012 to the
0.0
estimated USA GHG emissions
2015 2020 2025 2030 2035 2040 2045 2050
Year
in 2008 and the annual allowance
allocation followed a linear path
World Liquid Biofuels Use
through 2050 to (1) 50% below
2008; and (2) 80% below 2008.
140.0
Over the 2012 to 2050 period the
203 bmt
120.0
203 bmt NobioTR
cumulative allowance allocations
100.0
167 bmt
under these scenarios are 203 and
80.0
167 bmt NobioTR
167 billion metric tons (bmt), of
60.0
carbon dioxide equivalent (CO240.0
e)
emissions. The GHG scenarios
20.0
are designated with the shorthand
0.0
labels 203 bmt, and 167 bmt. The
2015 2020 2025 2030 2035 2040 2045 2050
Year
banking of GHG allowances in
the US is simulated by meeting
the target with a CO2-e price path that rises at the rate of interest, assumed to be 4%.
Other developed countries are assumed to pursue a policy whereby their emissions fall to
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 prices
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, the
restricted trade scenario allows consideration of what would happen if the US indeed
depended on domestic resources.
Use (EJ)

Use (EJ)

40.0
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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 to 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 are then simulated with
unrestricted trade in biofuels and with the requirement that the US (and all other regions)
biofuel 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 order to estimate regional biofuel production, the above discussed 203bmt scenario is
extended to 2100 to limit global cumulative GHG emissions to about 1,490 billion metric
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.
Table 4 presents
the
bioenergy
production
Australia
and New
Latin
Other
in selected world regions,
USA
Mexico
America
Africa
regions
Global
Zealand
with
other
regions
2010
0
0
0
0
0
0
0
aggregated based on a
2020
0
0
0
0
2
0
2
version of the EPPA
2030
1
0
1
4
19
0
25
model that applies an
2040
4
2
2
26
30
5
69
elasticity of land supply
2050
13
4
4
54
41
6
122
and which is referred to
2060
17
4
6
71
48
6
152
as Observed Land Supply
2070
20
5
8
87
58
7
185
Response (OLSR) version
2080
24
6
11
107
71
10
229
of the model (Gurgel et
2090
28
7
13
127
85
13
273
al., 2007). Latin America
2100
33
8
16
147
98
18
320
and Africa are the two
most important regions supplying biomass. In both regions land availability is crucial to
achieving these production levels. The greater land productivity 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
Table 4. Regional biomass production (EJ/year)
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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 of the model that drive this result are growth of food demand and modeling of
trade in 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 change where biomass is
produced, and as shown previously, such policies can then have implications for trade in
other agricultural 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 70110 EJ/year in 2100 in comparison to unrestricted trade.
The energy from biomass is projected to be an important component of world
energy consumption, but even in the policy case with unrestricted trade, biofuels account
for about 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. Land Use Implications
As mentioned in the previous section, the large amount of biomass energy has significant
implications for global land use. Figure 5 presents a share of land devoted to biomass
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.
Figure 6 shows a competition among land uses. Gurgel et al. (2007) discuss two
possibilities for land supply representation in the EPPA model. One approach allows
unrestricted 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
Panel a: 2050
Panel b: 2100

In total the land area in five land types is 9.8 Gha, but the use of this land changes
considerably from 2000 to 2100. The area covered by biomass in 2050 ranges from 0.42
to 0.47 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. Global land use in the OLSR Model
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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
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this case, 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 Prices and Land Rents
The impacts on global agricultural and industrialized food prices are shown in Figure 7.
To simplify the presentation and to show the average effect on world prices we compute
global price indices using the Walsh index, as described in IMF (2004). The simulated
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.
Figure 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 relatively 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.

6. Conclusions
A second generation “cellulosic” technology would increase the potential for biofuels in
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.
While competition for land (which would lead to an increase in agriculture, land
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 secondgeneration 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.
Carbon policy increases demand for carbon-free fuels making bioenergy
competitive 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
reference scenario is about 1.5 to 1.7 Gha, similar to the amount of land area used for
crops today. Under the policy scenario, the land required for biomass production reaches
2.2 to 2.5 Gha in 2100. Global prices for food, agriculture and forestry products increase
relative to the reference case as a result of more rapid expansion of biofuels when there is
a strong climate policy but these price increases are relatively modest. Thus, it appears to
be possible to introduce a large cellulosic biofuels industry without dramatically
upsetting agricultural markets if there is time for the agricultural system to respond to this
increased demand. However, the expansion of the industry could result in substantial
deforestation and unintended release of carbon emissions.
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Meeting Biofuels Targets: Implications for Land Use, Greenhouse Gas
Emissions and Nitrogen Use in Illinois
Madhu Khanna, Hayri Önal, Xiaoguang Chen and Haixiao Huang 1

Abstract: This article develops a dynamic micro-economic land use model to identify the costeffective allocation of cropland for traditional row crops and perennial grasses and the mix of
cellulosic feedstocks needed to meet pre-determined biofuel targets over the 2007-2022 period.
Yields of perennial grasses are obtained from a biophysical model and together with county level
data on costs of production for Illinois are used to examine the implications of these targets for
crop and biofuel costs, greenhouse gas emissions, and nitrogen use. The economic viability of
cellulosic feedstocks is found to depend on their yields per acre and the opportunity cost of land.
The mix of viable cellulosic feedstocks varies spatially and temporally with corn stover and
miscanthus co-existing in the state; corn stover is viable mainly in central and northern Illinois
while miscanthus acres are primarily located in southern Illinois. Biofuel targets lead to a
significant shift in acreage from soybeans and pasture to corn and a change in crop rotation and
tillage practices. The biofuel targets assumed here lead to a reduction in greenhouse gas
emissions but an increase in nitrogen use.

Biofuels are increasingly being viewed as the center piece in any strategy for energy
independence, stable energy prices, and greenhouse gas (GHG) mitigation in the U.S. A key
challenge to the expansion of biofuel production is the allocation of limited agricultural land
between crops and biomass to meet the needs for food, feed and fuel and its potential to raise the
prices of food/feed crops. The share of corn being used for ethanol production has increased
from 10% to 28% between 2004/2005 and 2007/2008 , and despite an unprecedented increase by
15% in the acreage under corn in 2007 relative to 2005, corn prices reached record high levels in
2007 that were twice as high as those in 2005.
Energy policy in the U.S. initially sought to promote production and use of firstgeneration biofuels, corn ethanol, through mandates and tax credits; this has changed due to
concerns about the implications of expanding demands for corn ethanol for food prices as well as
the greater potential of cellulosic biofuels to mitigate climate change. The recently enacted
Energy Independence and Security Act of 2007 places greater emphasis on the next generation of
biofuels and mandates that 21 of the 36 billion gallons of ethanol be advanced biofuels that
reduce GHG emissions by at least 50% relative to baseline levels.
Unlike the current generation of biofuels based on a single feedstock, that is corn,
cellulosic biofuels can be produced from several different feedstocks including crop residues,
woody biomass, and perennial grasses. Crop residues, being by-products of crop production do
not create a food-fuel competition for land. However, currently available corn stover would meet
only about a third of the advanced biofuels mandate for 2022 in the U.S. necessitating reliance
1

M. Khanna and H. Önal are Professors in the Department of Agricultural and Consumer Economics; X. Chen is a
Graduate Research Assistant in the Department of Agricultural and Consumer Economics; and H. Huang is a
Research Associate in Energy Biosciences Institute, respectively, at the University of Illinois at Urbana-Champaign.
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on other sources, such as perennial grasses (Perlack et al., 2005). The latter also offer the
potential for various environmental benefits compared to row crops they may displace and to
corn-based ethanol.
Two perennial grasses, switchgrass (Panicum virgatum) and miscanthus (Miscanthus x
giganteus), have been identified in particular as among the best choices as dedicated energy
crops in the U.S. (Heaton et al., 2004; Lewandowski et al., 2003). These grasses have higher
yields than others, provide high nutrient use efficiency, and require growing conditions and
equipment similar to those for corn, making them compatible with conventional crop cultivation.
They can provide a larger volume of biofuels per acre and lower life cycle GHG emissions per
gallon of fuel than corn ethanol and thus alleviate the competition for land. Moreover, unlike
corn, switchgrass and miscanthus can be grown on marginal lands and have the potential to
reduce soil erosion and chemical run-off due to low chemical input needs and root structure 2.
This article develops a dynamic micro-economic land use allocation model that
determines the profit maximizing land use choices to meet a targeted level of corn ethanol and
cellulosic ethanol (from corn stover, miscanthus and switchgrass) over the 2007-2022 horizon
while taking into account the spatial heterogeneity in yields, costs of production, and land
availability within a region. Spatially heterogeneous yields of switchgrass and miscanthus are
obtained from a biophysical crop growth model and used to examine the heterogeneity in the
viability of biofuels from alternative feedstocks across geographical locations and the mix of
feedstocks that is likely to be economically viable. A second purpose of this article is to examine
the impact of these biofuel targets for the price of food crops that will be displaced from
cropland and for the cost of producing biofuels to meet given mandates. The diversion of corn
needed to meet the target for corn ethanol is expected to raise the prices of both corn and other
competing commodities, and thus the cost of production of corn ethanol. Rising corn prices
would also raise the opportunity costs of land to be converted to energy crops and thus the costs
of producing cellulosic biofuels.
This article also investigates the effects of biofuel targets on nitrogen use and lifecycle
GHG emissions. Biofuels from different feedstocks differ in their nitrogen requirements, energybalance, and life-cycle emissions. While corn-ethanol reduces GHG emissions relative to
gasoline, the production of corn is nitrogen and carbon intensive compared to perennial grasses.
Reliance on current-generation biofuels, therefore, poses a trade-off between reducing GHG
emissions and potentially increasing nitrate run-off and causing water quality problems.
The model is operationalized using county-specific data for Illinois to examine the
economic and environmental implications of biofuels targets over the period 2007-2022. Illinois
produces 17% of corn and 19% of the ethanol in the U.S. and has the climatic and soil conditions
conducive to the production of herbaceous perennials that can be used as feedstocks for
cellulosic biofuels. Estimates of nitrogen use and life-cycle GHG emissions associated with
biofuels from different feedstocks are based on county-specific production practices in Illinois.

2

There have been some concerns that miscanthus, as an introduced species, might be an invasive plant. However,
most varieties used for biofuel production (like Miscanthus x Giganteus) are sterile hybrids and do not produce seed.
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The next section describes the related literature. The economic model is described in
Section 3 followed by a description of the dedicated energy crops being considered here and the
data and assumptions underlying the numerical simulation. Results of the numerical simulation
are presented in Section 5 followed by conclusions in Section 6.

2. Related Literature
The dynamics of agricultural land use changes have been examined by several studies. Foremost
among these are the studies based on the Forest and Agricultural Sector Optimization Model
(FASOM) which is a multi-period, price endogenous, spatial market equilibrium model of land
allocation between agricultural crops and forests. The model is run on a decadal time step.
Biophysical relationships that quantify the growth of timber and the sequestration of carbon in
forests and land are included. Alig et al. (1997) apply this model to investigate the allocation of
land among 39 crop and livestock activities and forests across five regions in the U.S. to achieve
given carbon sequestration targets, while Alig et al. (2000) examine the land use implications of
producing hardwood short rotation woody crops on cropland for the US pulp and paper sector
and its impact on the agricultural and forest sectors in the U.S.
McCarl et al. (2000) apply FASOM to examine the competitiveness of electric power
generation using bioenergy from milling residues, whole trees, logging residues, switch grass,
and short-rotation woody crops instead of coal while disaggregating the U.S. into eleven
homogenous regions. McCarl and Schneider (2001) expand this model into the ASMGHG model
to investigate competitiveness of various carbon mitigation strategies that include soil
sequestration, biofuel crops, and afforestation at alternative carbon prices across 63 regions in
the U.S. They find that at low carbon prices, soil carbon sequestration through a change in
cropping practices is competitive while at high carbon prices, abatements are achieved mainly
through use of biomass for power generation and conversion of land to forests.
Another dynamic agricultural sector model used to analyze allocation of cropland in the
U.S. is POLYSYS (Ugarte et al., 2003). The model includes various traditional and energy crops
and investigates land use impacts of exogenously set bioenergy prices. It is more regionally
disaggregated than FASOM with 305 agricultural statistical districts as defined by the USDA
and provides annual estimates of changes in economic outcomes. Walsh et al. (2003) apply
POLYSYS to examine the potential for using CRP land to produce bioenergy crops at various
bioenergy prices and find that switchgrass is more competitive than woody bioenergy crops and
that annual farm income and crop prices would increase due to bioenergy crop production.
A few studies examine the environmental effects of the ethanol mandate. English et al.
(2008) apply POLYSYS to show that the corn ethanol mandate will lead to major increases in
corn production in the Corn Belt, shifting soybeans and wheat production to the southeast and
shifting cotton westward over the period 2007-2016 (assuming that cellulosic biofuels are not
feasible over this period). Fertilizer use and soil erosion will increase significantly while soil
carbon sequestration will decline. Malcolm (2008) uses Regional Environment and Agriculture
Programming Model (REAP), a partial-equilibrium model of the U.S. agricultural sector
consisting of 50 regions to quantify the extent to which substitution of crop-residue based
cellulosic ethanol for corn ethanol reduces soil erosion and nutrient deposition.
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The dynamic land use allocation model developed here differs from the models used in
studies mentioned above in that spatial and temporal heterogeneity in returns to land are
incorporated at county level rather than much broader regions considered in these studies, and
the optimal mix of competing cellulosic feedstocks—corn stover, miscanthus and switchgrass—
is examined to meet the ethanol mandates. Due to the perennial nature of miscanthus and
switchgrass, we use a multi-period dynamic rolling horizon model. The model generates a time
path of the costs of meeting the biofuel mandate and examines its sensitivity to assumptions
about the costs of producing cellulosic feedstocks. A biophysical model of energy crop yields
and life cycle analysis of carbon emissions is integrated with the land use model to examine the
environmental implications of land use changes to meet the specified targets.

3. The Model
A dynamic spatial optimization model is developed to analyze market prices, socially optimal
land use strategies, and production and consumption of various row crops and perennial crops
while meeting specific targets for ethanol production in Illinois over the 16-year planning
horizon of 2007-2022. The annual crops considered here are corn, soybean, wheat, and sorghum,
while the perennial crops considered are alfalfa, switchgrass and miscanthus. Since Illinois is a
major producer of corn and soybeans, a significant change in the crop pattern in this region is
likely to alter the market prices of these two commodities. Therefore, when determining the
optimum resource allocation the model incorporates market equilibrium prices for corn and
soybeans as endogenous variables. This is done by using a conventional approach where the sum
of consumers’ and producers’ surplus is maximized subject to demand-supply balances, resource
availability constraints, and technical constraints underlying production possibilities in Illinois
(see, McCarl and Spreen, 1980; Takayama and Judge, 1971) for a rigorous presentation of this
methodology and a review of studies that used this approach). Consumers’ behavior is
represented by constant elasticity demand curves for soybeans and for traditional (non-ethanol)
uses of corn, both specified regionally, while the prices of wheat, sorghum and alfalfa are fixed
at their base year levels. The parameters of the regional constant elasticity demand curves for
corn and soybeans are computed based on national demand elasticity estimates of these
commodities and their the base year consumption levels (quantities sold at the farmgate) using
the method in Kutcher (1972). When computing the producers’ surplus, returns from commodity
sales and the costs associated with production of row crops and perennial crops, costs of land
conversion between perennial and row crops, and the processing costs of both corn ethanol and
cellulosic ethanol are incorporated in the objective function of the model. In addition, returns
from the sales of co-products of biofuel production (such as Distiller’s Dried Grains with
Solubles (DDGS) and electricity, a byproduct of cellulosic biofuel production) are included in
the producers’ surplus, with the price of DDGS linked to the price of corn. The production costs
of row crops vary with alternative management practices (rotations and tillage choices) while the
costs and the yields of perennials vary with the age of the perennials.
The model determines optimal allocation of agricultural land simultaneously in all of the
102 counties in Illinois that are heterogeneous in their crop productivity and related costs,
including the costs of producing biofuels (due to differences in feedstock costs), across various
crops, rotations and management practices while satisfying the county-level land availability
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constraints, policy constraints (ethanol targets), and various technical constraints underlying the
row crop rotation choices and dynamics of perennial crop production. The annual targets for corn
ethanol and cellulosic ethanol for Illinois are assumed to be proportional to those set by the
renewable fuels mandate, based on the current share of Illinois in national ethanol production.
The perennial nature of switchgrass and miscanthus requires consideration of year-toyear changes in crop yields and costs, thus multi-year production plans. For this we use a 10-year
planning horizon assuming that farmers make long-term production plans based on anticipated
prices in each year, the dynamics of crop yields and costs, and the demands for corn and biomass
that are consistent with the ethanol targets. Due to the steady increase in ethanol production
targets the demand for agricultural land would also increase and some marginal lands currently
not being utilized may be converted to crop land, the extent of conversion would depend on the
variations in crop prices over time. Therefore, in our analysis we treat the agricultural land
supply as ‘semi-endogenous’ using a ‘rolling horizon’ approach. Specifically, we solve a 10-year
market equilibrium model for each year of the 2007-2022 period assuming a fixed land supply in
each run (differing by county), but the county land availability is varied between successive runs
based on estimated land supply elasticities and an expected crop price index. Out of the resulting
multi-year solution we take the first-year values of the crop production, consumption, and price
variables and assume that they are ‘realized’ while the rest corresponding to a long-term optimal
plan may be altered in subsequent runs. We use the endogenous first-year prices for all crops to
determine the overall price index and incorporate this information to adjust the land availability
in the subsequent runs. In this iterative procedure we first solve the model using the base-year
(2007) land availability and ethanol targets for 2007-2022. Then, using the 2007 prices
determined endogenously and observed prices prior to 2007 we compute the expected crop price
index for 2008, update the land availability accordingly, and solve the model again considering
the ethanol targets for the next 16 years (i.e. 2008-2023). This is repeated for each year of the
planning horizon with the ethanol targets beyond 2022 being set at their levels in 2022.
Another salient feature of the model used here is the limited flexibility for changes in
optimal crop patterns. To prevent unrealistic changes in land use, we incorporate a combination
of historical and hypothetical acreage patterns into the land allocation for each row crop.
Observed historical acreages can be used under ‘normal’ conditions to guide the potential
planting behavior for row crops as in McCarl (1982) and Önal and McCarl (1991). Since we are
considering further increases in the production of corn and planting new bioenergy crops in order
to meet mandatory cellulosic ethanol targets, unprecedented land use patterns are likely to occur
in the near future. To ensure that the model can generate results which are consistent with
farmers’ planting history and potential future trends, we incorporate both historical and
hypothetical acreage pattern (crop mixes, each mix being a vector of crop acreages) in the model.
The hypothetical crop mixes included in the model are generated a priori based on estimated
acreage supply elasticities (both own price and cross price elasticities) and considering a set of
price vectors in which crop prices (for corn, soybeans, and wheat only) are varied systematically.
In addition, we impose a constraint that governs the dynamics of land conversion between
perennials and row crops. These constraints are partly imposed by the allowable crop rotation
possibilities and partly by limits imposed on the extent to which land can be converted from
conventional to conservation tillage and from row crops to perennial grasses.
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4. Data
We estimate rotation and tillage specific costs of production in 2007 prices for four row crops—
corn, soybeans, wheat and sorghum—and three perennial grasses—alfalfa, switchgrass and
miscanthus. The three perennial grasses have lifetimes of 5, 10 and 20 years, respectively.
Application rates for nitrogen, potassium, phosphorus and seed for the four row crops and for
alfalfa vary with yields per acre (University of Illinois Extension, 2002), as do the costs of drying
and storage of crops (FBFM, 2003). Costs of producing row crops and alfalfa are obtained from
the Farm Business and Farm Management data (FBFM, 2007). County-specific, five year (20022006) historical average yield per acre for each row crop is obtained from National Agricultural
Statistics Service (USDA/NASS, 2008a) and used to construct these costs for each of the 102
counties in Illinois. Observed yields per acre are assumed to be those under a corn-soybean
rotation, which is the dominant rotation practiced in Illinois. Corn yield per acre under a
continuous corn rotation is assumed to be 12% lower than under a corn-soybean rotation. Costs
of machinery operation, depreciation, and interest vary across the northern, central, and southern
regions of Illinois and are obtained from the FBFM data for various years (FBFM, 2003; FBFM,
2007; FBFM, 2008). The per acre costs of labor, building repair and depreciation, and overhead
(such as farm insurance and utilities) are excluded from these costs of production since they are
likely to be the same for all crops and would not affect the relative profitability of crops. These
are, therefore, part of the opportunity costs of using existing farm land, labor, and capital to
produce bioenergy crops.
Corn stover yield for each county and each rotation is obtained from corn yields
assuming a 1:1 ratio of dry matter of corn grain to dry matter of corn stover and 15% moisture
content in the grain (Sheehan et al., 2003). Corn stover yields range from a low of 2.25 t dm per
acre (metric tons of dry matter per acre) in southern Illinois to a high of 4 t dm per acre in
northern and central Illinois. In the absence of long term observed yields for switchgrass and
miscanthus, a crop productivity model MISCANMOD is used to simulate these yields in Illinois
using GIS data on climate, soil moisture, solar radiation and growing degree days, as described
in Khanna et al. (2008). Harvestable yields of miscanthus and switchgrass are estimated to be
lower in northern Illinois (9.8 t dm per acre and 4.4 t dm per acre, respectively) than in southern
Illinois (12.1 t dm per acre and 5.8 t dm per acre, respectively). This pattern of yield is in
contrast to that observed for corn and corn stover. This is because solar radiation and growing
degree days which are more abundant in southern Illinois are critical determinants of biomass
yield while soil quality is more important for corn yields.
Agronomic data indicate that miscanthus does not yield harvestable biomass in the first
year; it provides 50% of its maximum yield in the second year, and 100% of yields from the third
year onwards for its remaining life. For switchgrass, we assume that 50% of the maximum yield
can be harvested in the first year and full yield can be obtained in the second year and onwards.
We also assume that 33% of the peak yield is lost during harvest of miscanthus, but there are no
harvest losses for switchgrass (unlike Khanna, 2008; Khanna et al., 2008). Harvested switchgrass
and miscanthus have moisture contents of 15% and 20%, respectively.
In estimating the costs of producing miscanthus and switchgrass, we rely on agronomic
assumptions about fertilizer, seed, and pesticide application rates for switchgrass and miscanthus
described in Khanna et al. (2008), while updating the costs of inputs using 2007 prices.
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Miscanthus is planted using rhizomes and planting costs are estimated at $1000 per acre. Costs
of harvesting switchgrass and miscanthus (i.e., mowing, raking, baling and staging) are obtained
from the FBFM data (FBFM, 2007; FBFM, 2008) and from Duffy (2007). Costs of
mowing/conditioning and raking in Illinois are $14.2 and $4.5 per acre, respectively, while the
cost of staging is $2.75 per bale (with a weight of 950 lbs). Baling costs for switchgrass and
miscanthus are based on current estimates of the cost of baling hay. The cost of baling hay with a
yield of 1.18 metric tons per acre is estimated to be $20.5 per acre in Illinois. We consider a high
cost scenario in which baling costs of switchgrass and miscanthus increase proportionately with
yield. In the low cost scenario the fixed costs of baling (tractor and implement overhead) are
estimated to be $14.3 per acre and to be invariant with yield. The variable costs of baling include
costs of fuel, lube, and labor which depend on the biomass yield to be baled. These are estimated
to be $5.25 per metric ton (FBFM, 2008). We also consider a high and a low cost scenario for
storage of biomass; the former with storage in an enclosed building and the latter with storage in
the open field on crushed rock covered by tarp. Storage costs are estimated to be $18.37 per
metric ton in the former case (Duffy, 2007) and $3.22 per metric ton in the latter case (Brummer
et al., 2000). Loss of biomass is assumed to be 2% and 7% in the high and low cost scenarios,
respectively.
The costs of producing corn stover include the cost of fertilizer that needs to be applied to
replace the loss of nutrients and soil organic matter due to removal of residue from the soil. The
costs of replacement fertilizer are obtained by assuming that removal rates of N, P, and K are
7.72, 1.76 and 16.76 pounds, respectively, per dry metric ton of stover removed as estimated by
Sheehan et al. (2003). In addition, corn stover collection will involve a second pass through the
field using commercial equipment after harvesting the corn grain. The costs of mowing, raking,
baling, and staging are determined for a high cost and low cost case using similar assumptions as
described above. Similar to Malcolm (2008), we assume that 50% of the residue can be removed
from fields if corn is produced using no-till continuous corn rotation and 30% can be removed if
conventional till was practiced. These estimates are more conservative than those in Khanna
(2008). In addition, we consider a scenario of high stover yield, in which 70% of residue can be
removed from fields if corn is produced using no-till continuous corn rotation and 50% can be
removed using conventional till while other cost items remain the same as in the low cost
scenario.
The estimates of breakeven cost of production of cellulosic feedstocks under average
yield conditions in Illinois are shown in Table 1. The opportunity costs of land are the foregone
profits from a corn-soybean rotation on that land. In the case of corn stover, the opportunity cost
of land is estimated under the assumption that demand for corn stover leads to a switch from a
corn-soybean rotation to continuous corn with 12% lower corn yields and 40 lbs per acre greater
fertilizer applications in the absence of nitrogen fixation by soybeans (University of Illinois
Extension, 2002). The costs of producing these feedstocks vary considerably due to spatial
differences in their yields as well as differences in the costs of land. The costs of corn and corn
stover are lower in the northern and central regions of Illinois, while the lowest costs for
miscanthus prevail in the southwestern and southern regions of Illinois. The per unit cost of
producing switchgrass in Illinois is extremely high compared to miscanthus.
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Table 1. Farmgate Costs of Production of Cellulosic Feedstocks in Illinois
Cost Items ($/Acre)
Switchgrass Miscanthus
Corn Stover
High
Low High Low High
Low
High
Scenario
Cost
Cost Cost Cost Cost
Cost
Yield
Fertilizer
66.7
66.7 29.8 29.8
11.85
11.85
16.59
Chemicals
7.7
7.7
0.5
0.5
Seed
7.0
7.0 70.8 70.8
Interest on operating inputs
5.7
5.7
7.1
7.1
0.83
0.83
1.16
Preharvest Machinery
14.1
14.1 11.0 11.0
Harvesting
117.4
82.5 277.5 151.6
55.0
52.3
60.15
Storage
77.3
14.6 199.3 37.6
29.8
5.6
7.86
Annualized Total Operating Cost
296.3 198.3 595.9 308.4
97.5
70.6
85.8
($/acre)
Annualized deliverable yield (t
3.5
3.3
8.5
8.1
1.4
1.3
1.79
dm/acre)a
Breakeven cost ($/t dm)
84.5
59.6 70.1 38.2
70.2
55.1
47.91
Opportunity cost of land ($/ t dm)b
125.8 132.6 51.9 54.7
61.5
64.8
46.26
Breakeven cost inc. land ($/t dm)
210.3 192.2 122.0 92.9
133.6
119.9
94.03
a

Deliverable yield at the farmgate estimated after including losses during harvest and storage. Yield losses during storage are assumed to
be 7% in the low cost scenarios and 2% in the high cost scenario.
b
Opportunity cost of land is estimated assuming a price of $5 per bushel for corn and $12 per bushel for soybeans and a yield of 145
bushels/acre for corn and 50 bushels/acre for soybeans with a corn-soybean rotation.

Ethanol yield from corn grain is 2.8 gallons of denatured ethanol per bushel of corn.
Based on pilot demonstrations cellulosic biofuel yield from a nth-generation stand alone plant is
estimated as 87.3 gallons per metric t dm of biomass (Wallace et al., 2005). Because of its high
deliverable yield (average annualized value of 8.5 t dm per acre), miscanthus produces 86%
more ethanol than corn per unit of land (with a yield of 145 bu/acre under a corn-soybean
rotation), more than twice as much as switchgrass and five times as much as corn stover.
The cost of conversion of corn grain to ethanol is obtained from a dry mill ethanol plant
simulator developed by Ellinger (2008), which simulates the performance of a 100 million gallon
capacity plant over a seven-year period. The cost is estimated to be $0.69/gallon in 2007 prices
with adjustments based on Wu (2008). A co-product credit for DDGS is included assuming that
17.75 lbs of DDGS is produced per bushel of corn used for ethanol. The non feedstock costs of
producing cellulosic ethanol are estimated to be $1.46 per gallon for a 25 million gallon capacity
plant operating 330 days a year in 2007 prices (Wallace et al., 2005).
The costs of biofuel production from alternative feedstocks are reported in Table 2.
Ignoring the opportunity cost of land, corn ethanol has the highest feedstock cost while ethanol
from miscanthus has the lowest. When the opportunity cost of land is included, miscanthus is
still the cheapest feedstock at farmgate but switchgrass becomes the most expensive. Under
average conditions, the cost of ethanol production from corn is estimated as $1.99/gal while the
cost of cellulosic ethanol varies between $2.61/gal and $3.96/gal, with miscanthus ethanol being
the cheapest and switchgrass ethanol the most expensive.
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Table 2. Cost of production of biofuels from alternative feedstocks (in $/gallon)a
Feedstock Opportunity
CoTotal cost
costb
cost of land Non
High Low High Low feedstock product High
Low
Feedstock
cost
credit
cost
cost cost
cost
cost
cost
Corn
1.78 1.78
0.69
0.48
1.99
1.99
Corn stover
1.03 0.84 0.70 0.74
1.46
0.12
3.08
2.92
Switchgrass
1.18 0.89 1.44 1.52
1.46
0.12
3.96
3.71
Miscanthus
1.01 0.65 0.59 0.63
1.46
0.12
2.95
2.61

Feedstock cost at
farmgatec
High
Low
cost
cost
1.78
1.78
1.53
1.37
2.41
2.20
1.40
1.06

a

Due to space limitations, costs of biofuel from corn stover in the high yield scenario are not reported in this table. These costs are:
feedstock cost, $0.55/gal; opportunity cost of land, $0.53/gal; total cost, $2.42/gal; and feedstock cost at farmgate, $0.87/gal.
b
This cost includes transportation cost but excludes opportunity cost of land.
c
This cost excludes transportation cost but includes opportunity cost of land.

To obtain the demand functions for corn and soybeans faced by Illinois producers, we use
short-run national demand and supply price elasticities estimated by various sources. For corn,
we use the demand elasticity of -0.16 (OECD, 2001) and supply elasticity of 0.2 (Gardner,
1976). The corresponding estimates for soybeans are -0.594 (USDA/ERS, 2007) and 0.45
(Gardner, 1988), respectively. The share of Illinois in the U.S. corn and soybean production in
2007 is 17.1% and 14.9%, respectively (USDA/NASS, 2008a). The commodity prices and
production quantity in 2007 (excluding the amount of corn used for ethanol) are used to estimate
the parameters of the demand functions for corn and soybeans. For wheat, sorghum and alfalfa,
the farmgate prices are assumed to be exogeneous and remain constant throughout the planning
horizon at their 2007 values observed in Illinois (USDA/NASS, 2008b).
We use the data on total planted acres by county and state-level prices for corn, soybeans,
sorghum, wheat and alfalfa for 1995-2007 to estimate the relationship between cropland acreage
and the lagged value of the Laspeyres crop price index for each county (with 1995 as the base
year). We determine the elasticity of crop specific acreage responses with respect to own and
cross prices for corn and soybeans for each of the nine crop reporting districts (CRD) in Illinois.
In the estimation procedure, we incorporate the current and lagged regional acreages, the lagged
state level crop prices, a time trend, and the national commodity stock levels in December of the
previous year. The crop acreage response elasticities estimated thereby for each CRD are then
used for determining the land supply in the counties belonging to that CRD.
We consider six most commonly practiced rotation choices in Illinois and two tillage
choices for the row crops. Methods used to determine the costs of production of each crop under
conservation tillage are described in Dhungana (2007). County-specific historical acres under
each crop (crop mixes) for the period 1995-2007 are obtained from (USDA/NASS, 2008b) and
used to set bounds for the allocation of land among crops in each county. We also use simulated
(hypothetical) crop mixes for each county, which are generated by assuming different
combinations of crop prices increased by 50% and 100% over their 2007 levels and by using the
estimated crop specific elasticities mentioned above.
We conduct a life cycle analysis of the above ground CO2 equivalent emissions (CO2e)
generated from biofuels production using different feedstocks; emissions of the major GHGs are
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converted to equivalent levels based on their 100-year global warming potential (IPCC, 2001).
We include the CO2e generated not only from various inputs and machinery used on the farm in
the production of each feedstock and the energy used to produce and transport those inputs to the
farm, but also from the energy used to transport the feedstock to a biorefinery and the energy
used to convert the feedstock to biofuel. Specifically, inputs for feedstock production include
fertilizers (e.g., nitrogen, phosphorous and potassium), herbicides, and insecticides. Energy used
in the production of biofuel feedstock includes the direct consumption of gasoline, diesel,
liquefied petroleum gas, and electricity, and the indirect consumption of energy embodied in
farm equipment such as tractors and plows. Similarly, CO2e generated during the biorefinery
phase accounts for the energy used to convert the feedstock to fuel and the energy embodied in
buildings and equipment in the biorefinery. CO2e is obtained by aggregating the CO2 emissions
from the energy used and the GHG emissions induced from the use of the inputs such as nitrogen
and lime. For more details regarding the assumptions and parameters used in our life cycle
analysis for biofuel feedstock production, see Dhungana (2007); for biofuel conversion, see
Farrell et al. (2006). CO2e from corn stover ethanol is estimated using an incremental emissions
approach as described in Wu et al.(2006). Specifically, life cycle emissions arising from stover
harvesting and additional chemical application as a result of stover removal are evaluated. If
demand for corn stover, miscanthus, or switchgrass leads to a switch away from the baseline
corn-soybean rotation to alternative land uses, the change in emissions due to this change is also
incorporated.
Finally, the annual corn and cellulosic biofuel production targets for Illinois are assumed
to be 20% of their respective annual national ethanol mandates. These targets are specified for
each year of the planning horizon (e.g., for 2022 the respective mandates are 3 billion and 4.2
billion gallons).

5. Results
We simulate land use decisions in Illinois between 2007 and 2022 under four scenarios: no
biofuel targets (baseline), biofuel targets with high costs of feedstock production (high cost),
biofuel targets with low costs of feedstock production (low cost) and biofuel mandates with high
corn stover removal rates and low costs of feedstock production (high stover yield) (see Table 3).
Imposing biofuel targets has three types of effects on land use. First and foremost, it increases
the demand for land, which in turn increases the cropland brought into production relative to the
baseline. Second, the mandate leads to a conversion of land from food crops to biofuel crops.
Third, the biofuel targets and the resulting demand for corn stover lead to a significant change in
the tillage and rotation choices for crop production. More specific results are given below.
Under all three scenarios with biofuel targets, we find that the total land use increases by
about 5% by 2022. The results also show an increase in the percentage of land under corn (from
47% to 53%-55%), a decrease in the percentage of land under soybeans (from 45% to 29%),
wheat (15% reduction) and pasture (44% reduction). Of the total corn produced, 56% would be
used to produce ethanol and 14% of the cropland would be diverted to produce miscanthus by
2022 under the high cost and low cost scenarios. The land under miscanthus would be lower but
still significant (10% of the total cropland) under the high stover yield scenario. Switchgrass
would not be produced under any of the scenarios we analyzed because of its yield and cost
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disadvantage compared with miscanthus. The biofuels target results in the use of 100% of the
available corn stover for cellulosic biofuel production in 2022 under all scenarios.
The trends in acreage under corn, stover, and miscanthus under the low cost scenario are
shown in Figure 1.We find that miscanthus and corn stover would be used conjunctively to
produce biofuels. Specifically, 36% of the cellulosic target in 2022 would be produced from corn
stover. Assumptions about corn stover removal rates have a significant impact on the trends in
allocation of acreage among cellulosic feedstocks. In this case, stover production begins in 2010
and is used to meet 83% the cellulosic target in 2015 and 53% of the cellulosic ethanol in 2022.

Figure 1. Trends in acreage in low cost scenario
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The diversion of land to biofuel production affects the prices of both corn and soybeans
because of the reduced acreage and production of these commodities for food and feed uses, as
shown in Figure 2. As compared to the baseline, biofuel targets lead to an increase in total
production of corn from 1.7 billion bushels in the baseline to about 1.9 billion bushels, a
decrease in food and feed uses by about 50% for corn and 36% for soybeans, an increase in corn
prices from $4.22 to $6.09 per bushel (by 44%) and an increase in the price of soybeans by 7%
from $10.60 to $11.40 per bushel. Corn and soybean price in the high stover yield scenario are
very similar to those in the other scenarios. The cost of producing cellulosic biofuels differs in
the three scenarios due to differences in the share of biofuels from corn stover vs. miscanthus.
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For instance, the cost of corn ethanol in 2022 is $2.17 per gallon and that of cellulosic ethanol is
$2.99 per gallon in the low cost scenario and $4.08 per gallon in the high cost scenario. With the
high stover yield, the costs of producing corn ethanol and cellulosic ethanol are lower, $2.09 and
$2.54 per gallon, respectively.

Figure 2. Trends in prices in baseline and low cost scenario
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The cropland under corn-soybean rotation decreases from 80% to 29% in the low cost
scenario, and 27% in the high cost or the high stover yield scenarios, while the land under
continuous corn increases from 7% to 36%, 37% and 37% in the low cost, high cost and the high
stover yield scenarios, respectively. We also see an increase in the land under conservation
tillage which allows a larger percentage of corn stover to be collected, from 28% in the baseline
to about 59% in both the low and high cost scenarios with the mandate in 2022. The land under
conservation tillage increases from 27% to 61% in the high stover yield scenario, leading to a
reduction in the land allocated to miscanthus compared to the other two scenarios.
We find considerable spatial variability in the acres devoted to cellulosic feedstocks
across counties and over time. Under the low cost scenario, in 2015, 90% of the corn acreage
would be in the central and northern counties while corn stover would be collected in 73 of 102
counties (6.3 million acres). In contrast, by 2022, the land under corn is reduced in 33 southern
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counties (by 884 thousand acres) due to the increase in the cellulosic biofuel target which in turn
increases the acreage of miscanthus in that region, as shown in Figure 3. Under the high stover
yield scenario, in 2015, corn stover would be collected from 4.6 million corn acres in 52 central
and northern Illinois counties. Under all three scenarios, corn stover is collected from the entire
corn acreage in 2022. Under the low cost scenario, towards the end of the planning horizon 67 of
the 102 Illinois counties would allocate about 14% of their total cropland to miscanthus
production, which expands primarily in the southern counties, from 1.3 million acres in 2015 to
2.5 million acres in 2022.
Finally, we estimate that the cumulative GHG emissions (2007-2022) from production of
corn and soybeans and the use of energy equivalent gasoline in the absence of biofuel targets is
about 0.84 million metric tons. The total emissions over the same period with biofuel targets are
estimated as 0.39 million metric tons, 54% lower than the baseline. This reduction is generated
primarily by the displacement of gasoline by ethanol which more than offsets the increase in
emissions due to greater corn production. The flip side of this environmental benefit is the
increased use of nitrogen in agricultural production, which may have adverse implications for
water quality. While the total GHG emissions are halved, nitrogen use would be increased by
25% relative to the baseline level because of several reasons, including: i) the expansion of corn
acres, ii) conversion of land from corn-soybean rotation with conventional tillage to the more
carbon intensive continuous corn, and iii) removal of corn stover that has to be compensated by
increased use of nitrogen fertilizers. Expansion of perennial crop acreage to meet the biomass
demand of the cellulosic ethanol industry adds very little to nitrogen use due to its low
requirements for nitrogen.
6. Conclusions
This article examines the implications of biofuel production targets up to 2022, mandated by the
Energy Independence and Security Act, for the allocation of land among food and fuel crops and
the resulting impacts on crop prices. Although the study has a somewhat narrow regional focus,
the main conclusions are likely to be valid for U.S. agriculture as a whole, commodity markets,
and environmental costs/benefits. We find that biofuel targets lead to a significant shift in the
acreage from soybean, wheat and pasture to corn, and a change in crop rotation and tillage
practices. Despite an increase in corn production by 12%, the biofuel targets considered here
result in significantly higher corn and soybean prices due to the diversion of about 56% of the
corn produced to ethanol production. Among cellulosic feedstocks, we find that corn stover is
likely to play an important role in meeting the cellulosic biofuel targets in Illinois mainly due to
its relatively low cost of production and high yields in this region. All of the available corn
stover that can be sustainably harvested is, however, insufficient to meet the biofuel target; this
creates demand for miscanthus as an inevitable alternative source of bioenergy. There is
considerable spatial variability in the allocation of land to food and fuel crops across Illinois,
with much of the corn stover production occurring in central and northern Illinois while
miscanthus production occurs mostly in southwestern Illinois. Finally, our analysis highlights the
trade-offs involved in relying on biofuels, particularly the current generation of biofuels, in terms
of climate change mitigation and water quality improvements. Increased biofuel production
reduces GHGs by 54%, but it increases nitrogen use by 25% relative to the baseline. In contrast,
cellulosic biofuels from grasses, such as miscanthus, offer the potential for carbon emissions
reduction with minimal increases in nitrogen applications.
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Table 3. Effect of biofuel targets on land use, crop production and the environment
Variables
(Values calculated for 2022)

Land use

Crop
Production,
Consumption
(M Bushels)
Prices in 2022
(in 2007 dollars)
Volume of
ethanol

Environmental
Effects

Total land (M Acres)
Land under corn (%)
Land under soybeans (%)
Land under wheat(%)
Land under pasture(%)
Land under stover (%)
Land under miscanthus (%)
Land under conservation tillage(%)
Land under corn-soybean rotation (%)
Land under corn-corn rotation (%)
Corn Production
Corn Consumption (non ethanol use)
Soybeans
Corn ($/Bu)
Soybean ($/Bu)
Corn ethanol($/gallon)
Cellulosic ethanol ($/gallon)
Corn (B gallons)
Stover (B gallons)
Miscanthus (B gallons)
Greenhouse Gas Emissions (M tons)
Energy Equivalent Fuel Emissions
Corn Production
Stover Production
Miscanthus Production
Nitrogen Use (1000 tons)
Corn Production
Stover Production
Miscanthus Production

31

Nonethanol
baseline
22.04
47.83
45.42
3.34
3.09

High
Cost

Low
Cost

27.55
80.05
7.21
1709.24
1709.24

23.10
53.46
28.32
2.89
1.74
53.46
13.50
58.96
27.02
37.25
1927.1
855.67

23.09
53.32
28.50
2.83
1.74
53.32
13.53
58.61
29.48
35.95
1923.61
852.18

High
Stover
Yield
23.13
55.27
29.37
3.24
1.84
55.27
10.18
61.49
30.58
36.96
1983.11
911.68

449.83

283.71

285.69

292.44

4.22
10.59

6.04
11.35
2.16
4.08
3.00
1.53
2.67
0.39
0.26
0.10
0.007
0.008
16.76
15.79
0.39
0.20

6.09
11.35
2.17
2.99
3.00
1.53
2.67
0.39
0.26
0.11
0.007
0.008
16.75
15.78
0.39
0.20

5.85
11.31
2.09
2.54
3.00
2.21
1.99
0.38
0.26
0.11
0.015
0.005
16.91
15.88
0.49
0.15

0.84
0.76
0.08

13.39
12.99
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Figure 3. Spatial heterogeneity in land use with biofuel targets in low cost scenario
Corn and Corn Stover Acres in 2022

Miscanthus Acres in 2022
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Potential for Uncertainty about Indirect Effects of Ethanol on Land Use in the
Case of Brazil
Wyatt Thompson, Seth Meyer, and Pat Westhoff 1

Abstract: The indirect effects of ethanol on land are a focus of recent US biofuel literature and
policy. The experiments presented here highlight the sensitivity of land use changes to
assumptions about the ability of land to be converted from one use to another and the ease with
which decision makers can make these conversions. By varying parameters governing land use in
a simulation model, indirect effects on land use can be varied no less widely. Extending this
result, there is an inverse relationship between the responsiveness of land allocation, which is a
key element of overall supply response in the medium-term, and the magnitude of price effects:
for a given shock, greater land response dampens the scale of price changes and lower land
response is associated with greater price effects. Moving beyond agricultural commodity markets
alone, Brazilian ethanol markets may be as sensitive to prices as US markets are sometimes
believed to be. If so, then changes in Brazilian trade may represent a substantial part of the
market response to changes in US ethanol consumption at least over certain ranges. With
uncertainties about area and ethanol market effects taken into account, a particular path of US
imports may be associated with any number of land use effects.

The carbon footprint of biofuels is argued to be highly dependent on the indirect effects of
biofuels on land use and, in particular, on deforestation. The potential for carbon emissions
generated through land use change, raised by Searchinger et al. (2008a, 2008b) invites further
consideration given the magnitude of land use effects. Here, the parameters associated with
indirect effects of biofuel policies in the US on land allocation elsewhere are explored.
Supply and demand responses to price signals are at the heart of indirect effects of US
policies on land use. US biofuel policies themselves do not directly affect or dictate how land is
used in the US, let alone in other countries. The principal tools of the current US biofuel policy
regime are mandated minimum levels of biofuel use, tax credits per gallon of biofuel blended,
and tariffs on imports, none of which dictates land use directly. In each case, the line of causality
from US biofuel policy to land use must go through markets. Policies to encourage biofuel use
lead to greater demand for biofuels to the extent they affect consumer behavior. Rising biofuel
demand tends to raise biofuel prices. Higher prices bring about greater production, which
requires more feedstock purchases. As biofuel processors buy more feedstocks, such as corn or
vegetable oil, competition among users will tend to bid up prices of these goods which in turn
will encourage more supply. Agricultural commodity producers will attempt to increase supply
by allocating more land to the crops with the higher returns and converting land from other uses
than crop production if it is profitable to do so. For land use in other countries, interactions
through trade must be added to these links, as quantities of net exports from the US are reduced
1
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by the feedstock purchases of biofuel processors, leading to rising world prices which may be
transmitted into other countries, leading to changes in land use outside the US.
Each stage along this path depends on behavior by producers, consumers, and traders. We
briefly explore the implications of different assumptions about responsiveness of land use in
Brazil to price signals. Brazil is widely seen as a potential or even likely source of more
agricultural area in response to higher prices.

2. Indirect Land Use Effects of Ethanol
Searchinger et al. (2008a, 2008b) extrapolate from an estimate of biofuel effects on markets to
changes in land use which they claim to have dramatic effects on the carbon footprint of biofuel.
The authors state, “We calculated that an ethanol increase of 56 billion liters [or 14.8 billion
gallons], diverting corn from 12.8 million ha of US cropland, would in turn bring 10.8 million ha
of additional land into cultivation. Locations would include 2.8 million ha in Brazil, 2.3 million
ha in China and India, and 2.2 million ha in the United States” (2008a). The market results are
based on a model that is a modified version of the FAPRI-MU models for the United States
agricultural commodity and biofuel markets plus reduced-form trade equations to represent the
rest of the world (2008b, footnote 9). Authors infer the land conversion implicit in the model of
greenhouse gas emissions that they use (GREET). But they judge the basic model results to be
implausible as regards land effects: first, the amount of corn area diverted to ethanol is
considered to be too low and, second, the land converted to crop use in the basic model results is
drawn from pasture and unused crop area (2008b). Authors approach the question of land
conversion by using data about total land use in the 1990s to infer the bilateral conversions, such
as from forest to crops, and applying these changes to area results from a partial equilibrium
model (2008b).
The response of land use to prices is a topic of current research. Much of the research is
being undertaken by researchers working on variants of the GTAP global general equilibrium
model with a representation of biofuel markets and detailed land data. For example, Birur,
Hertel, and Tyner (2007, 2008) use such a variant, GTAP-E, that includes biofuels in the energy
sector and agro-ecological zones (AEZs) for land use. Base data represent 2001, and these are
updated in part to 2006 to help calibrate biofuel equations before the effects of US and EU
mandates are explored. Land allocation within each AEZ is simulated in a series of stages, with
the highest stage separating land among pasture, crop, and forest uses and a second stage to
allocate cropland to different crops. Ranges of change in broad land use categories due to
biofuel-related factors from 2001 to 2006 vary for each region in size and even in direction, but
in Brazil cropland rises by 2.8%, forest area falls by 0.5%, and pasture are also falls by 0.4%
(Birur, Hertel, and Tyner, 2008).
Golub, Hertel, and Sohngen (2007) describe the land allocation system characteristic of
these efforts based on GTAP in some detail, noting an iterative process between GTAP and a
timber model based on Sohngen and Mendelsohn (2006). Authors go further to explore various
representations of land allocation within each AEZ: (1) homogeneous and mobile, (2)
heterogeneous or of limited mobility using a constant elasticity of transformation (CET)
specification, and (3) heterogeneous or of limited mobility using a set of nested decisions, first
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between agricultural and forestry and then agricultural land use is divided into cropland and
pasture uses, both using CETs. Authors also introduce a land supply curve based on a land
conversion cost that is asymptotic with respect to total land. The FASOM model (Adams et al,
1996) is a basis for forestry-to-cropland conversion elasticities in many GTAP-based studies, as
well as Schneider and McCarl (2005), and the FARM model is also a key input for many GE
studies, such as Ahammad and Mi (2005). Two specifications of land allocation are investigated
by Gurgel, Reilly, and Paltsev (2007), who question constant elasticity specifications.
General equilibrium studies, such as those listed above, typically assume heterogeneity of
goods based on country of origin. This assumption is not the basis of many partial equilibrium
models such as the FAPRI model system. In this representation, agricultural goods are typically
modeled at a level of detail that may defy the assumption of differences based on country of
origin. Banse, van Meijl, and Woltjer (2008) observe that at least several “existing studies treat
land exogenously” (p 4). This claim perhaps over-states the problem in that land devoted to crops
is almost certainly endogenous in most models of agricultural commodities. But the broader
point holds that the area response to prices as represented in partial equilibrium models might be
reviewed in light of recent successes with the staged tree approach of recent general equilibrium
model experiments.
This line of discussion leads to a question. If land allocation is decomposed into a series
of behavioral equations in a partial equilibrium model, how sensitive are biofuel analysis results
to varying assumptions about parameters that represent responsiveness to price signals?

3. Methods
We address this question using the FAPRI-MU model of key US agricultural commodity and
biofuel markets and a stylized representation of world agricultural and biofuel markets. The first
of these models is related to the biofuel and agricultural market representation used by
Searchinger et al. (2008b). Those authors adapted an earlier version of this model. The model
used here incorporates US bioenergy policies as set out by law passed in late 2007 and updates
market representations for recent events. Another difference is that some equations intended to
give detailed regional results within the US are aggregated into single equations. A fundamental
difference with respect to Searchinger et al. is that those authors assumed very elastic ethanol
demand and supply. The potential for US biofuel expansion in the model used here is limited by
the potential of ethanol in particular to overcome hurdles of distribution and adoption, as well as
delays in building production capacity, as described in FAPRI-MU (2008).
The representation of world commodity markets is a stylized model of wheat, rice, corn,
other coarse grain, sugar, soybean, rapeseed, sunflower, palm, vegetable oil, oilseed meal, beef,
pork, and poultry markets. Argentina, Brazil, Canada, China, India, Indonesia, the European
Union, and Mexico are identified separately, and reduced form net trade equations are used to
represent the rest of world. The Brazilian ethanol market is also represented separately. For
purposes of responses to shocks in US markets, each country or region responds to changing
world prices depending on price transmission of world prices to domestic markets and then on to
consumer and producer prices. For the US, price transmission is typically unity because US
border prices are indicator world prices in most cases. In the case of Brazil, a greater-than-

38

Environmental and Rural Development Impacts

proportionate price transmission of 1.2 is assumed for sugar, ethanol, and the oilseed complex,
and unitary price transmission for most other crops. If there is a partly fixed margin between
world and local prices of relevant crops and crop products that are exported from Brazil, then a
1% change in the world price could lead to greater than a 1% change in domestic prices. Then,
producers and consumers respond to these price signals. Consumer response is dictated by crossprice elasticities that are based on a common Hicksian demand matrix for each of three sets of
countries, with these categories established based on level of per capita income. The Slutsky
equation is used to calculate Marshallian elasticities that represent the conditions of each
country, so local differences manifested in varying expenditure shares are reflected in the applied
elasticities. The Brazilian ethanol market follows in style the US model, but is simpler in its
representation. Ethanol demand is responsive to relative gasoline-to-ethanol prices, particularly
around the point of energy equivalence, with some delays. Ethanol production responds with
greater delays to net returns to sugar-based ethanol production but, over time, continues to
respond to any sustained change in net returns. Apart from the US and Brazil, the small ethanol
net trade of the rest of the world ethanol market is reduced to a single equation with price
elasticity of -1, and the world price balances trade among these two countries and this aggregate.
Oilseeds are converted into vegetable oil and meal equivalents, which are both price-clearing
markets, and oilseed prices are functions of these prices.
The links between livestock and crop markets are represented through feed markets, as
well as in pasture area as described below. Supplies of livestock products depend on output
prices and input cost indices, with these cost indices reflecting feed costs. Feed demand for
grains and oilseed meal are tied to livestock product output.
Crop supply in partial equilibrium models is often represented as the product of yield and
area allocated to the crop, and this model is no exception. Yields are driven largely by estimated
trends that are bound to a plausible range, but do also respond to prices to some extent and with
delays to reflect the impacts of price signals through research and development. USDA Foreign
Agriculture Service (FAS) Production, Supply, and Distribution (PSD) data serve as the basis for
crop and livestock product supply and use data. World indicator prices of the FAPRI-MU model
and exchange rates determine domestic national price levels.
Broad land allocation rests largely on FAO land use data. Land allocation is simulated in
a nested tree approach. Constant elasticities to regulate shifts in land among crops uses at the
lowest stage are calibrated based on the assumption that a 1% change in relative prices will lead
to 0.1% of total crop land being reallocated, which leads to larger area elasticities for individual
crops, with cross-effects calibrated to maintain adding up in the base data. A fixed-weight index
of crop prices multiplied by yields represents the value of land allocated to these uses in the next
higher stage. In that stage, the uses are land to these annual crops, pasture, palm, sugar, and
permanent crops or groves. Thus, the crop revenue index is compared to (1) the price of land in
pasture which is tied to the beef price; (2) the price of land used for palm which depends,
through the palm oil price, on the vegetable oil price; (3) revenues from sugar; and (4) the price
of permanent crops or groves which is determined by macroeconomic variables in the absence of
corresponding commodity models. In each case, the ratio of land allocated to an alternative use
relative to land allocated to annual crop use is a function of the relative land use price to the crop
land price index. At the next higher stage, land is allocated to these agricultural uses or forest
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based on relative prices or price indices. Other land use is assumed to increase with the ratio of a
price linked to GDP growth (that is exogenous in these experiments) relative to the average price
of land allocated to forest or agricultural uses. Total land of a country or region is held constant.
This nested representation is quite similar to methods being applied in the context of
GTAP work in overall structure, albeit without the distinction of AEZs within country. The
partial equilibrium model has other limits. While prices of permanent crops and forestry are not
exogenous, they will not respond in the scenarios that follow. Any broader economic effects that
may be increasingly relevant in poorer countries are ignored. Parameters are not estimated,
although parameters are tested in simulation and judged to be plausible. Uncertainty about
parameters relating to land allocation is the subject of the next section.

4. Results
The purpose of the experiment is to see how changes in US markets affect world land use under
alternative assumptions of behavioral response. The experiment is an increase in the petroleum
price from $125 to $160 per barrel, but only the direct effects on US markets are introduced. The
direct effects of the petroleum price change on biofuel markets and agricultural supplies in all
other countries, including Brazil, are ignored, even though they could be quite important. The
effects of the higher petroleum price in the US are (1) increased demand for substitute sources of
motor fuel, ethanol and biodiesel, and (2) increased agricultural production costs. Thus, as
observed in recent years, the higher petroleum price will have a two-fold effect on US
agricultural markets, namely demand shifts outward and supply shifts backward, both of which
will cause prices to rise.
Additional effects, such as on transportation costs or on the wider economy, are not
included. These omissions are by no means unimportant, and preclude extrapolating on the basis
of this study the effects of petroleum prices on the sector, much less to the specific case of recent
price increases in petroleum and agricultural commodity prices. The economic effects are
presumably mixed, but would dampen income at least in countries that import petroleum and
likely decrease their food demand while at the same time contributing to inflation. The effects of
higher transportation costs also depend on a countries’ position as exporter or importer and on
relative transportation costs. Rising transportation costs would lower prices for at least some
agricultural commodity exporters, such as Brazil and the US, but could also lead to a reallocation
of trade flows that actually favor some exporters so the effect on any particular exporting country
is ambiguous.
By way of motivation, this analysis is intended to highlight uncertainty about land use
effects of biofuel expansion. A less theoretical motivating explanation is a hypothetical tax on
petroleum of some sort, such as one to offset carbon emissions or to recognize some other
externality, imposed only by the US. Even in this case, any number of important complications is
ignored.
The implications of these two effects on Brazilian area allocation are investigated under
alternating assumptions of sensitivity. The parameters governing Brazilian area allocation noted
in passing above are set at each of three levels: (the “Base” case) 0.05 for the other land class
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elasticity, 0.10 for the parameter governing the trade-off between forest and agricultural uses,
and 0.15 for the second-stage substitution between annual crop, palm, permanent crop, pasture,
and sugar; (“Low” case) with no land use changes at the highest level, among agriculture, forest,
and other land classes, and the parameter governing substitution at the next stage reduced by half
relative to the base case, to 0.075; or (“High” case) increased to 1 for the trade-off between forest
and agricultural uses and also to unity for substitution among second-stage agricultural uses, as
well as an elasticity of other land classes increased to 0.1. The elasticities governing trade-offs
among the annual crops are not changed. In each case, the model is first calibrated to a baseline
for 2008 to 2017, and the effects of a scenario are calculated by comparing the simulated results
with the change in petroleum price to the simulation results without the change.
The effects of $35 per barrel higher petroleum price on the US ethanol market are similar
in all three cases (Figure 1). This reflects the sensitivity of ethanol consumption to relative
prices. The change in ethanol consumption is an increase of approximately 6 billion gallons
following a $35 increase in the petroleum price in average use over the period from 2010 to
2017. This increase of about 25% contrasts sharply with the doubling of ethanol use for an
increase in the petroleum price by $10 per barrel found by Searchinger et al (2008b). The model
used here assumes limits to ethanol expansion owing to the costs of greater E85 distribution and
consumer adoption delays that are more relevant as ethanol use grows and approaches these
limits. Another important assumption is that, despite this price signal, fuels other than E-85 with
more than 10% ethanol, such as E20, do not become widely used. Thus, there would be more
expansion for a given increase in the petroleum price starting from a lower initial petroleum
price relative to the present experiment and there could be greater expansion if limiting factors
were overcome more easily than assumed here. Nevertheless, the constraints to rapid expansion
in ethanol use could still prove limiting at some point, but greater use of blends with more than
10% ethanol would lead to greater quantity effects and smaller price shift. As it is, the ethanol
price increases 13%. The pattern of effects reflects the short-term constraints of the model in that
the price effect is larger at first and the quantity change is smaller, whereas the quantity effect
tends to grow over time as more adjustments take place and the price effects become smaller.
There are two implications of these ethanol market impacts on Brazil. First, the higher
ethanol price leads to higher ethanol imports, almost all of which come from Brazil. Second, the
higher price also encourages processors to produce and sell more ethanol, which indirectly drives
corn and other commodity prices higher. This demand-induced price effect, plus the backward
shift in US supplies owing to higher energy and fuel prices associated with the petroleum price
increase, leads to higher crop prices in international markets. The prices are transmitted to Brazil,
a leading agricultural commodity exporter.
In these experiments, however, US imports of ethanol vary little, despite the changes in
land allocation parameters for Brazil. This reflects the expectation that Brazilian ethanol demand
is about as sensitive to relative prices as is US ethanol demand. An increase in US ethanol import
demand is likely to be met by increasing production in Brazil or decreasing Brazilian use for
even a narrow range of simulated price changes (Figure 2). The change in Brazilian exports is
just under 6 million tons in all three cases, but the composition of supply and demand quantity
changes depends on the extent to which land use changes. Given that yield response is less than
1% on average from 2010-2017 in any of these cases, supply response over this time period
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depends on the ability of producers to reallocate area among crops and to bring new area into
agricultural use at the expense of other land classes.
Figure 1. Average 2010-17 effects on US ethanol market of petroleum price
increase from $125 to $160 per barrel
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Figure 2. Average 2010-17 effects on Brazilian ethanol market of petroleum price
increase from $125 to $160 per barrel
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The effects of changes in US markets brought about by an increase in the petroleum price
and related costs of production on land use in Brazil depend on the chosen land use parameters,
as well as on market signals. The first-round effects of the higher petroleum price on the US are
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higher ethanol demand and higher costs of agricultural production, leading to higher prices
overall but the most pronounced price effects are on ethanol and corn markets.
For Brazil, the corn price effect is large, but so too is the effect on the sugar market as
demand for sugar to convert into ethanol increases. Area is reallocated accordingly (Table 1).
Area is pulled into sugar and corn production, but only to a limited extent as all crop prices tend
to increase. Moreover, the substitution between sugar and other uses is assumed to be limited as
compared to the case of corn, so the increase in sugar area is proportionally less than the increase
in corn area even though the price increases are of the same order of magnitude. Land is pulled
into crop uses from other purposes, such as perennials. In practice, falling perennial area would
lead to price effects that would dampen some of this initial impact, but this effect is not included
here. Offsetting effects limit the impact on palm and pasture area because in both cases the rising
value of land maintained in these uses, as determined by the roughly 4.5% increase in vegetable
oil price and approximately 1.5% higher beef prices, counteracts some part of the greater value
of land shifted into crops.

Table 1. Average 2010-17 Brazilian land use changes from increase in petroleum price
from $125 to $165 per barrel
Land use class
Parameters governing Brazilian land use
Changes in absolute
Low
Base
High
or relative terms
thou ha
percent
thou ha
percent
thou ha
Top Levels
Other Land Classes
0.0
0.00%
-29.9
-0.03%
-54.9
Forest
0.0
0.00%
-77.1
-0.02%
-819.2
Agriculture
0.0
0.00%
106.9
0.04%
874.1
Agriculture Land Uses
Annual Crops
86.2
0.11%
204.1
0.27%
1683.6
Pasture
-87.6
-0.04%
-104.4
-0.05%
-846.2
Perennial Crops
-9.2
-0.12%
-15.5
-0.21%
-87.1
Palm Groves
0.1
0.16%
0.2
0.36%
1.4
Sugar
10.5
0.18%
22.5
0.39%
122.5
Annual Crops
Wheat
-10.7
-0.60%
-7.7
-0.43%
29.4
Corn
121.8
0.83%
146.2
0.99%
447.9
Other Grains
-4.2
-0.37%
-2.3
-0.20%
21.5
Soybeans
-34.9
-0.16%
-2.4
-0.01%
400.7
Rapeseed
0.0
-0.86%
0.0
-0.70%
0.0
Sunflower
-0.4
-0.57%
-0.3
-0.41%
1.1
Rice
-13.6
-0.46%
-8.7
-0.29%
52.7
Other Crops
28.3
0.08%
79.3
0.23%
730.2
Source: model simulation results, as described in text

percent
-0.05%
-0.18%
0.30%
2.20%
-0.43%
-1.16%
2.47%
2.12%
1.64%
3.04%
1.86%
1.84%
1.23%
1.55%
1.76%
2.14%

Land is drawn from forest and other classes into agriculture. The results for broad land
uses do vary with parameters, as expected, with as much as several hundred thousand hectares
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shifting in the case of higher elasticities selected for this illustrative example. Of course, at the
low end of the parameter values there is far little movement in area, and consequently less
potential to increase area in sugar, corn, and other agricultural activities. This implies a lower
supply response in Brazil overall and comparing the proportional price changes in the low and
high parameter cases implies that the change in prices of sugar and soybeans could be at least
one-quarter higher with the lower area response parameters.

Table 2. Average 2010-17 Brazilian land use changes from decrease in petroleum price
from $125 to $90 per barrel
Land use class
Parameters governing Brazilian land use
Changes in absolute
Low
Base
High
or relative terms
thou ha
percent
thou ha
percent
thou ha
Top Levels
Other Land Classes
0.0
0.00%
32.8
0.03%
61.2
Forest
0.0
0.00%
85.1
0.02%
916.9
Agriculture
0.0
0.00%
-117.9
-0.04%
-978.1
Agriculture Land Uses
Annual Crops
-92.3
-0.12%
-218.9
-0.29%
-1787.7
Pasture
85.3
0.04%
92.4
0.05%
759.8
Perennial Crops
10.2
0.14%
17.2
0.23%
99.5
Palm Groves
0.0
-0.05%
-0.1
-0.15%
-0.6
Sugar
-3.2
-0.06%
-8.5
-0.15%
-49.2
Annual Crops
Wheat
8.0
0.44%
4.8
0.27%
-34.5
Corn
-236.0
-1.61%
-261.0
-1.78%
-567.2
Other Grains
1.4
0.12%
-0.6
-0.05%
-25.7
Soybeans
95.9
0.44%
61.4
0.28%
-365.1
Rapeseed
0.0
1.01%
0.0
0.84%
0.0
Sunflower
0.6
0.85%
0.5
0.68%
-1.0
Rice
8.5
0.29%
3.3
0.11%
-61.5
Other Crops
29.4
0.09%
-27.2
-0.08%
-732.7
Source: model simulation results, as described in text

percent
0.06%
0.20%
-0.34%
-2.33%
0.39%
1.32%
-1.03%
-0.85%
-1.92%
-3.86%
-2.22%
-1.67%
-1.22%
-1.39%
-2.05%
-2.15%

To explore the sensitivity of the experiment to the levels of petroleum prices, a second set
of experiments is conducted for a reduction in petroleum price, from $125 per barrel to $90,
which is repeated again for each of the three sets of parameter values. There are reasons to
expect asymmetry in the response. Ethanol production capacity is unlikely to be destroyed once
it has been built, biofuel use mandates and regulatory uses of ethanol that are inelastic with
respect to price, US ethanol imports will not be negative, and consumers’ willingness to
substitute one fuel for another may be very sensitive to the precise price ratio at which one fuel is
cheaper than another. Nevertheless, at least for these price ranges and over a ten-year interval
these results suggest responses that are only somewhat non-symmetrical. US ethanol price
effects are greater in part because ethanol import reductions are limited. Less change in direct
exports of ethanol from Brazil allow indirect effects to take a larger role in determining land
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reallocation, generating small effects on sugar area, and larger proportional changes in sugar and
corn area than in the case of a rising petroleum price.

5. Summary
This illustrative experiment focuses on the uncertainties about behavioral responses of one
country, Brazil, and of one type, land allocation. This uncertainty weighs on estimates of the
indirect effects of biofuel demand on land use changes. The case explored here uses a stylized
model that represents land use following a nested structure, with parameters governing broader
categories varied over a range. The scenario is an increase in the petroleum price from $125 to
$160 per barrel implemented on the basis of its effects on only US biofuel demand and
agricultural costs of production. This could be motivated as a simulation of a US-only tax on
petroleum use, but only by omitting important factors, and so is better considered as a
mechanism to highlight indirect effects of US market events associated with petroleum price
changes on land use in Brazil.
The ethanol market is judged to be extremely responsive to changes in relative prices at
least at the levels explored in experiments. Higher motor fuel prices lead to increasing quantities
demanded in the US, but also to a rapid decrease in ethanol use in Brazil if US importers bid up
ethanol prices. Rising agricultural commodity prices for Brazilian agriculture add pressure to use
land to produce these goods. It is nearly tautological to observe that the responsiveness of land
use decision making to relative prices controls the magnitude of change, but ranging parameters
over a wide range that seems broadly plausible as regards responsiveness in the coming years
yields a similarly wide range of results.
Uncertainty about how to represent these fundamental characteristics of market
participants’ behavior might be manifested in differences among research results, with different
analysts producing a range of results. While likely true in the case of the effects of US biofuel
use on area in other countries, some part of this uncertainty may be obscured by differences in
experiment design. For example, the results here are not fully comparable with Searchinger et al.
(2008a), who allow a large increase in ethanol use over a 10-year period and consequently
suggest that US ethanol use doubles with an increase in the petroleum price from $54 to $64 per
barrel. They find that millions of hectares of new land would be brought into crop production in
Brazil as an indirect consequence of a $10 increase in petroleum. In contrast, larger increases in
petroleum prices to even higher levels explored here result in far less dramatic changes in
ethanol use as some constraints are imposed. The simulations here suggest that indirect effects of
a $35 change in petroleum price through petroleum-ethanol substitution in the US are first and
foremost reallocation of land already used for crops. Moreover, the more direct effects on
ethanol exports from Brazil and, consequently, on sugar prices, can play an important role
alongside indirect effects through corn and soybean markets.
The changes in US ethanol markets are largely invariant with respect to changes in
Brazilian area in these stylized experiments. Brazilian exports meet US requirements by some
combination of consumption and production changes in this representation. If true, then an
expansion of US ethanol use can, within some limits at least, be met by changing ethanol use in
Brazil as much as by changing land use.
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Another result from this analysis relates to the interaction of price and area effects. The
larger the area effect in Brazil and the more additional land brought into production, the smaller
the market price changes will be over time. On the other hand, the smaller the reallocation of
area to agricultural uses in Brazil, the larger the price effects. An implication is that concerns
about land effects and agricultural commodity price increases should reflect the fact that these
two possible outcomes of increasing biofuel production are mutually offsetting to some extent.
Finally, some limitations of this experiment are reiterated. The petroleum price increase
effects were only imposed on the US, so Brazilian ethanol demand did not shift out. While this
might be taken as a simulation of a US-only tax on petroleum use, it is not and is more clearly
viewed as an experiment to highlight indirect effects. The equilibrium also does not extend to
gasoline and crude oil markets, so changes in ethanol use have no effect on gasoline and
petroleum markets. Finally, although it is not certain that parameters based only on events of the
past or the recent run-up on commodity prices would be better, the parameter ranges used here
are illustrative rather than carefully calculated to reflect expected land use sensitivity to relative
prices in the next ten years.
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The Impact of Ethanol Policy on Social Welfare and GHG Emissions
Christine Lasco and Madhu Khanna 1
Abstract: We develop a stylized model of fuel markets in an open economy to analyze the impact
of ethanol policy on social welfare and greenhouse gas (GHG) emissions. The policies considered
here include the $0.51 per gallon blender’s subsidy for ethanol and the import tariff of $0.54 per
gallon on sugarcane ethanol. Our analysis shows that the combined subsidy and tariff policy
decreases welfare by about $3.6 billion relative to a non intervention policy. Furthermore, there
are no GHG mitigation benefits since GHG emissions show a slight increase (0.08%) when both
policies are in place.

Concerns about energy security and climate change have led to the rapid increase in demand for
alternative fuels, particularly ethanol which uses corn as feedstock. The growth of the ethanol
industry in the US not only impacts agriculture and energy markets but also environmental
quality, primarily through its impact on greenhouse gas emissions from the use of fuel. Policies
that regulate the ethanol market have direct implications for social welfare and GHG emissions.
Energy policy in the US supports the domestic production of ethanol through several policies
including mandates on the use of renewable fuels, a subsidy for blending ethanol with gasoline
and a tariff on ethanol imports, notably from Brazil which produces ethanol from sugarcane at a
lower marginal cost.
The purpose of this paper is to examine the effects of the $0.51 subsidy on blending
ethanol and the $0.54 tariff on imported ethanol on social welfare and GHG emissions. LifeCycle Analysis (LCA) is a useful tool for measuring GHG emissions from the production and
use of different fuel types. We use estimates of GHG emissions of gasoline, corn ethanol and
sugarcane ethanol from various LCA studies and use these to differentiate the environmental
impact of each fuel type.
Other studies have analyzed the effect of existing biofuel policies on fuel prices,
quantities consumed, and social welfare. Gallagher et al. (2003) used a partial equilibrium
simulation model to analyze the implication of the national MTBE ban and the implementation
of a renewable fuel standard (RFS) on demand for ethanol. They found that the MTBE ban
increases the share of ethanol in the additives market, and implementing an RFS with the MTBE
ban further increases demand for ethanol. Both policies lead to losses in social surplus, but also
improve air quality by decreasing air pollutants. De Gorter and Just (2007a, b) analyzed the
implications of the ethanol tax credit and import tariff with and without a binding ethanol
mandate for prices and quantities consumed of domestic and imported ethanol and gasoline.
They show that under a non-binding mandate, the tax credit for ethanol is a subsidy to producers
and that removal of the import tariff would increase imports by 94%. Elobeid and Tokgoz (2006)
analyzed the effects of trade liberalization and removal of the tax credit for the prices and
quantities of domestic and imported ethanol. Results show that the removal of trade distortions
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and the tax credit decreases US ethanol price and increases the world price relative to nonintervention. This leads to a doubling of imports, all of which come from Brazil.
Our paper differs from the existing literature analyzing the impacts of ethanol policy in
several important aspects. First, we specify a constant elasticity of substitution production
function for miles driven from which ethanol and gasoline demands are derived. Most studies
have assumed that ethanol and gasoline are either perfect substitutes (De Gorter and Just, 2007,
2008) or have dominant complementarity (Elobeid and Tokgoz, 2008). The prevailing market
condition has features of both substitutability and complementarity. When used as an additive
and in E10 fuels, ethanol and gasoline are complements. However, with the advent of E85,
ethanol is potentially becoming a substitute for gasoline. Since it is too constraining to impose
perfect substitutability or complementarity for gasoline and ethanol, we model gasoline and
ethanol as imperfect substitutes with a low elasticity of substitution that recognizes that there are
costs and constraints to substituting one fuel for the other. The framework developed here allows
us to analyze the effects of changing this elasticity on the market impacts of ethanol policies.
Secondly, in measuring welfare impacts, we take into account environmental damages
associated with the production and use of fuels. Although some studies (Gallagher et al., 2003)
report impacts on environmental quality, the social costs of these impacts have not been
incorporated into welfare measurement. There are a few studies that have addressed this issue.
Vedenov and Wetzstein (2008) derive the optimal ethanol subsidy taking into account policy
impacts on energy security and GHG emissions. Khanna et al. (2008) also looked at the effect of
the ethanol subsidy considering its environmental impacts. Our study extends the analysis in the
studies mentioned above by examining the effect of the ethanol subsidy as well as the tariff on
imported ethanol. We differentiate between ethanol from Brazil and the US based on their
environmental impacts and analyze the impact of trade restrictions on welfare and GHG
emissions.

2. Theoretical Framework
In this section we discuss the welfare and GHG emissions effects of a subsidy, a tariff and a
combined subsidy and tariff, which is the status quo policy relative to non intervention. We
illustrate the deadweight loss associated with policy intervention, starting with the effect of a
subsidy which is shown in Figure 1. To keep the discussion tractable, we exclude welfare loss
from increased GHG emissions, as well as welfare changes in the gasoline and miles markets.
Subsidy
A subsidy benefits consumers through decreased prices and benefits ethanol producers by
decreasing the marginal cost of ethanol production. However, this is at the expense of
government expenditures. In Figure 1, the domestic ethanol market is on the left panel and
ethanol trade with Brazil (representing all foreign produced ethanol) is on the right panel.
We assume that world excess demand for ethanol is the excess demand of the US. In the nonintervention scenario, ethanol price in the domestic and world market is PW0. Domestic supply is
S0, demand is D0 and imports are M0. Suppose the government provides a subsidy of σ per gallon
of ethanol consumed. Initially, this would shift the domestic demand to the right by the size of
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the subsidy. This decreases the consumer price to (PσD) and increases the producer price to (PσS),
with the difference in PσD and PσS being σ. The shift in the demand curve also shifts the excess

Figure 1. Welfare effect of a subsidy
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demand curve to EDUS(σ) although the vertical rise of EDUS is less than σ because the increase in
ethanol price also increases domestic production. The shift in excess demand increases ethanol
price in the world market to PσS which increases imports to Mσ. This implies that importers are
also benefited by the domestic subsidy.
The welfare effect of a subsidy is clearly negative. Consumers gain area (e + f + g + h +
i) and producers gain area a. However, the government incurs a cost of area (a + b + c + d + e + f
+ g + h + i + j) to subsidize all ethanol consumption leading to a net welfare loss of (b + c + d +
j). Area b is the loss in social welfare due to the distortion caused by the increase in domestic
production at a marginal cost that is higher than the world price PW0. Area (c + d) is the loss in
social welfare for the US due to subsidy payments on the imported quantity of ethanol Mσ and
area j is the loss in social welfare due to a distortion caused by the increase in consumption as the
subsidy causes the domestic price to fall below the non-intervention level.
The subsidy makes ethanol relatively cheaper than gasoline, which induces substitution
of ethanol for gasoline. Since ethanol is less GHG intensive than gasoline, this substitution of
ethanol for gasoline could reduce carbon emissions. However the subsidy also lowers fuel prices
which could lead to higher miles consumption, thereby increasing GHG emissions through
higher fuel consumption. Thus, the net effect on emissions is unclear since disutility from
increased consumption of miles may or may not offset benefits from reduced carbon emissions
(see Khanna, et al., 2008; Vedenov and Wetzstein, 2008).
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Tariff
The tariff drives a wedge between the excess supply curve of Brazil (ESB) and the excess
demand curve of the US (EDUS) (Figure 2). This restricts imports and supports domestic ethanol
production by increasing the domestic price of ethanol. Since the US is assumed to be a large
buyer in the ethanol market it faces an upward sloping excess supply curve of Brazil. The tariff
lowers the world price of ethanol to PW’ and raises domestic price of ethanol in the US to Pt.
Domestic supply increases to St but imports (Mt) and overall demand (Dt) decrease. The welfare
effect of this tariff is ambiguous since the tariff lowers the world price of ethanol. The
improvement in terms of trade for the US creates welfare gains that offset some of the loss in
welfare caused by the tariff-induced increase in domestic price and loss in domestic consumer
surplus. Consumers lose area (b+c+d+e) due to the price increase while producers gain area b.
The government gets tax revenues equal to (d+i) which means that net welfare is positive if
i−c−e > 0 and negative otherwise.

Figure 2. Welfare effect of a tariff
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The tariff biases consumption against imported sugarcane ethanol in favor of domestic
corn ethanol and gasoline which are both more carbon intensive. Furthermore, the tariff increases
overall ethanol price which leads to more gasoline consumption. These two effects increase
GHG emissions relative to the non intervention level as well as relative to the case where there is
only a subsidy. Since a tariff could increase overall fuel price it could also lead to less miles
consumption and therefore less demand for fuels. Thus, the net environmental impact of a tariff
is ambiguous since it is not clear whether reduced emissions from lower miles consumption will
offset increased GHG emissions from the substitution of gasoline for ethanol.
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Status Quo
Current US policy gives a subsidy for blending ethanol with gasoline regardless of whether the
ethanol is produced domestically or imported. However, a larger tariff is also imposed on
sugarcane ethanol to keep foreign producers from benefiting from the subsidy. This lowers the
marginal cost of corn ethanol while increasing the marginal cost of sugarcane ethanol. In Figure
3, with both a tariff and a subsidy in place, domestic demand and excess demand both shift to the
right (DEσ and EDUS(σ) respectively), but there is a wedge the size of the tariff between EDUS(σ)
and ESB. Depending on the magnitude of the tariff and subsidy the resulting demand price in
the US could be higher or lower than the non-intervention price (PW0). As shown, Pσ tD, the
domestic market price after a subsidy and tariff, is lower than PW0. Domestic producers receive
Pσ tD + σ or Pσ tS. This leads to an increase in domestic ethanol production from S0 to Sσ ,t, and an
increase in ethanol demand to Dσ ,t. Because of the tariff, ethanol exporters receive only PW’
which decreases imports to (Mσ t).

Figure 3. Welfare effect of a subsidy and a tariff
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We find that the welfare effect of a tariff and a subsidy in the US market is ambiguous.
Consumers gain (g + h + i + j + k) and producers gain (a + b), respectively, from the price
change while the government spends (a + b + c + d + e + f + g + h + i + j + k + l) on subsidies
and gets a tariff revenue of (e + f + j + k + l + m + n). The net social surplus effect is positive if (j
+ k + l + m + n) −(d + c) > 0 and negative otherwise. For ethanol importers, the subsidy received
(f + e) is less than tariff payments, which implies that the status quo policy is welfare decreasing
to ethanol exporters. In the case where the non intervention price is lower than the domestic
price with subsidy and tariff, this ambiguity in welfare effect remains, although as a result of the
subsidy and tariff, consumers will lose from the price increase and producers will have greater
gains in producer surplus. In terms of GHG emissions, the combined subsidy and tariff induces
52

Environmental and Rural Development Impacts

substitution towards corn ethanol away from gasoline and sugarcane ethanol. Since gasoline
emits more GHG while sugarcane ethanol emits less GHG, the overall impact of the substitution
effect is unclear. Depending on the overall effect on fuel prices, there could be an increase or
decrease in miles consumption which will determine the impact on the total demand for fuels
(and hence GHG emissions).
Since the welfare impacts of a subsidy and tariff are ambiguous, we use numerical
simulation to quantify price, quantity, and welfare measures associated with the status quo and
non-intervention, taking into account resulting changes in corn, gasoline and miles markets and
the cost of changes in GHG emissions.

3. Empirical Model
We develop an empirical model to measure social welfare and environmental quality under nonintervention and status-quo. In non intervention, there are no tariffs or subsidies. In the Status
Quo scenario, there is a $0.51 subsidy for blending ethanol with gasoline and a $0.54 tariff on
imported ethanol.
In our analytical framework, we assume that consumers derive benefits from the
consumption of miles and disutility from aggregate greenhouse gas emissions through its impact
on air quality and global warming. The markets in our model are those for corn, domestic
ethanol, imported ethanol, refined gasoline and miles. We include the corn market to account for
the effects of changing feedstock price on ethanol supply, although we limit our welfare
measurement in the miles and fuels markets. We use a constant elasticity of substitution (CES)
production function for miles with gasoline and ethanol being imperfect substitutes but
domestically produced ethanol and imported ethanol being perfect substitutes. The elasticity of
substitution is set to 2 and the share and scale parameters are calibrated using 2006 market data.
The level of GHG emissions is modeled as an additive function of marginal carbon emissions of
each fuel multiplied by the level of use. Each unit of GHG emission has some cost which is
parameterized using estimates from the literature. The miles supply function and the demands for
domestic ethanol and gasoline are derived within the model. Imported ethanol demand is defined
as the net demand in the domestic market. The rest of the supply and demand curves are assumed
to have constant elasticity forms and are parameterized based on estimates available in the recent
literature in this area and market data. We derive remaining unknown parameters by calibrating
our model to data on relevant prices, quantities and elasticities.
Data and Parameters
We use elasticity estimates found in the literature. For corn supply, Lee and Helmberger (1985)
estimated the supply price elasticity to be 0.25. Gallagher (2003) reported ethanol supply
elasticity to be 1.5 while wholesale gasoline supply elasticity is 10. For the supply elasticity of
imported ethanol, we use 2.7 as reported by De Gorter and Just (2007b). Corn demand elasticity
is assumed to be -0.17, which is from the USDA elasticities database. The demand elasticity for
miles is -0.40 (Parry and Small, 2005; Vedenov and Wetzstein, 2008).
Market data in 2006 is used to calibrate the model. The price of corn is $3 per bushel
which is the weighted average farm price reported by the USDA (2008). Ethanol and gasoline
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prices are $2.6 and $1.9 per gallon respectively (Omaha wholesale free-on-board average rack
price, Nebraska Ethanol Board (2007)). We add a markup of $0.30 per gallon and taxes of $0.38
per gallon to get the retail prices of ethanol and gasoline.
In 2006, 12.5 B bushels of corn were produced, 17% (2.1 B bushels) of which went into
the production of 4.9 B gallons of ethanol (RFA, 2007; USDA, 2008). RFA also reports that total
ethanol imports for the same year are 0.65 B gallons which brings total demand to 5.5 B gallons.
According to the Department of Energy (2007), total gasoline input to motor fuels production
was 112 B gallons. The US Federal Highway Authority (2007) also reported that miles driven in
2006 was 2966 B miles. To parameterize the environmental disutility functions, we set the
marginal damage of a metric ton of carbon (mt C) emissions to be $25 based on Parry and Small
(2005). Emissions intensity from “well-to-wheel” of gasoline is 3.2 kg C per gallon, while for
corn the value is 1.7 kg C/gallon (Farrell et al., 2006). Macedo et al. (2008) report that “seed to
factory gate” emissions of sugarcane ethanol are 0.44 kg C per gallon. Based on this, we assume
that transportation adds 0.16 kg C per gallon which gives sugarcane ethanol a “well-to-wheel”
emissions intensity of 0.60 kg C/gallon. These intensities imply that for equal energy content, the
use of corn ethanol emits 18% less carbon than gasoline while sugarcane ethanol emits 67% less.

4. Results
Table 1 summarizes the results of our numerical simulation. The deadweight loss associated with
the subsidy and tariff compared to non-intervention is $3.6 billion. The deadweight loss
associated with the combined subsidy and tariff is $3.2 billion, while the cost of increased GHG
emissions is $450 million.
The combined effect of the subsidy and the tariff lowers fuel prices by 0.34% and 3% for
gasoline and ethanol respectively. Because of decreased fuel prices, driving miles become less
expensive, thus increasing miles consumption in the status quo by 0.19% from 2960 to 2966 B
miles. Most of the increase in fuel use comes from ethanol rather than gasoline. Ethanol demand
increases by 6% while gasoline demand decreases by 0.09%. Most of the increase in demand is
met by domestic production which increases by 9% while imports are reduced by 11%.
GHG emissions are higher in the status quo by 0.08% relative to non-intervention. Even
though ethanol has increased its fuel share (by 1%), the increase in driving brought about by
lower fuel prices increases overall fuel use. Thus, the benefits of reduced GHG emissions due to
the substitution of corn ethanol for gasoline appear to be more than offset by increased GHG
emissions that results from the rise in miles and fuels consumption, as well as the decrease in the
use of sugarcane ethanol.
We conducted sensitivity analysis to key parameter assumptions and found that the
elasticity of substitution (φ) between ethanol and gasoline in the miles production function
affected the magnitude of responses in the ethanol market. A high elasticity of substitution
implies that the cost of substituting one fuel for the other is low, while a low elasticity of
substitution implies a higher cost. Thus, given a policy change that decreases the price of
ethanol, the increase in ethanol demand will be greater if the elasticity of substitution is high. On
the other hand, the response in the ethanol market is constrained if the elasticity of substitution is
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low. When we set φ = 10, ethanol demand increased by 8% from non intervention to the status
quo, while when φ = 0.1, the increase in demand is only 1%. Despite the varying impacts in the
ethanol market, however, the impact on gasoline and miles markets, as well as on the overall
welfare outcome, is modest. The primary reason for this is that ethanol has a small share in fuel
consumption such that a change in the ethanol market may not greatly affect the market for
gasoline and miles.

Table 1. Welfare, price and quantity for alternative policies
Unit
Non
Status Quo
Intervention
Welfare Change
Quantity

B$

-3.6

Miles

B miles

2960

2966
(0.19)

Gasoline

B gallons

112.1

112
(-0.09)

Ethanol
Domestic Supply

B gallons

4.5

4.9
(9)

Imports

B gallons

0.73

0.65
(-11)

Total Demand

B gallons

5.2

5.5
(6)

B mT C

0.37

0.37

GHG Emissions

(0.08)
Consumer Price
Ethanol

$/ gallon

2.8

2.7
(-3)

Gasoline

$/ gallon

2.6

2.6
(-0.34)

Note: Numbers in parentheses are % change from Non Intervention to Status Quo.

5. Conclusions
Our findings show that a combined subsidy and tariff increases ethanol demand and domestic
production, while restricting the ethanol imports from Brazil. Energy security and climate change
mitigation have been cited as reasons for the current ethanol policy which uses both the subsidy
and the tariff. Our study shows that this causes deadweight loss in the economy and does not
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help mitigate climate change, since GHG emissions are increased, relative to non intervention.
Thus, a serious reconsideration of current policy is warranted if the goal of ethanol policy is to
increase welfare and environmental quality.
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Impacts of Land Conversion for Biofuel Cropping on Soil Organic
Matter and Greenhouse Gas Emissions
Stephen J. Del Grosso 1,2, Stephen M. Ogle 2 , William J. Parton2, and Paul R. Adler 3

Abstract: To assess the value of biofuels, the environmental costs of their production
must be compared with the benefits of displacing fossil fuel. This article focuses on the
environmental impacts of biofuel cropping systems and calculates net greenhouse gas
(GHG) emissions using life cycle analysis. The impacts of corn and switchgrass cropping
for ethanol production were calculated for three states in the US (Iowa, Illinois, and
Indiana) assuming three previous land use scenarios: Conservation Reserve Program
(CRP) land, pasture land, and land already used for cropping. Although the results were
different for the 3 states considered, the impacts of previous land use and cropping
system were more important than location. Conversion of CRP lands to corn ethanol
production would result in little net GHG savings compared to burning fossil fuel, greatly
increase NO3 leaching, and constrain other benefits of CRP land such as wildlife habitat.
Conversion of pasture and crop land to corn ethanol cropping show GHG benefits,
reductions in leaching for previously cropped systems, and increases in leaching for lands
previously in pasture. Converting CRP land to switchgrass cropping would lessen the rate
at which these soils store SOC, increase N2O emissions, and have little impact on NO3
leaching. Converting pasture and crop land to switchgrass cropping would increase SOC
storage, decrease N2O emissions, and decrease NO3 leaching. We conclude that current
land management (cropping system, tillage intensity, and fertilizer application), as well as
previous land use, must both be considered to quantify the environmental impacts of
biofuel cropping systems.

Biofuels are a growing alternative energy source, but there are environmental
impacts associated with growing and processing biomass for fuel production. Impacts
include greenhouse gas emissions (GHG), nitrogen oxides, and ammonia (NH3)
emissions, and nitrate (NO3) leaching, The sources of these impacts can be placed into
four categories; 1) producing and transporting farm inputs (fertilizers, pesticides, etc.), 2)
operating farm equipment (tractors, harvesters, etc.), 3) cropping soils used to produce
biomass, and 4) transporting and refining biomass to fuel. In this article we emphasize the
impacts of biofuel production on soil carbon (C) and nitrogen (N) fluxes, but also
perform complete life cycle analyses for GHG emissions in Iowa from all four sources, as
well as account for the GHG benefits from displacing fossil fuel combustion.
Converting land to biofuel production affects soil organic matter levels, nitrogen
(N) gas emissions, and NO3 loss rates. Plowing soils typically leads to loss of C and N
stored in soil organic matter. As soil organic matter decreases, GHG emissions tend to
increase while soil fertility decreases. N additions from fertilizer increase N gas
emissions and NO3 leaching. Important N gases emitted from soils are nitrous oxide
1
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Natural Resource Ecology Laboratory, Colorado State University
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(N2O), nitric oxide and nitrogen dioxide (NOx), and ammonia (NH3). N2O is a potent
GHG that also affects stratospheric ozone levels and agricultural soils are the primary
anthropogenic source. NOx is a source of ground-level ozone and contributes to acid rain.
NH3 also contributes to acid rain and eutrophication.
Soils are both a source and a sink of atmospheric carbon dioxide (CO2) (Figure 1).
CO2 fixed from photosynthesis is transferred to surface litter pools when leaves and other
above ground plant components die (i.e. senesce) and to soil litter pools when roots
senesce or secrete chemicals (i.e., root exudation). Decomposition of litter returns CO2 to
the atmosphere but a portion of the C in litter remains on the soil surface and in soil
organic matter. If C inputs from senesced vegetation and root exudation exceed carbon
losses from decomposition of litter and soil organic matter, then soils are a net CO2 sink.
But if gaseous C losses exceed inputs, then soil becomes a net source of atmospheric
CO2. Factors influencing soil C balance include previous and current land use, soil
properties such as texture, and weather.

Figure 1. Concept diagram of the terrestrial carbon and nitrogen cycles
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In addition to C, soils are also a source and sink of N (Figure 1). Plant residues
contribute organic N to soil litter pools which is converted to the inorganic form during
decomposition. But, as with soil C, a portion of the N remains in soil organic matter.
Besides decomposition, inorganic N can be added to soils via fertilizer/manure
amendments, biological fixation, and atmospheric deposition of N compounds. N can be
lost from soils in gaseous form and can be leached into groundwater or lost via overland
water flow. The major pathways for gaseous N losses from soils are ammonia
volatilization and microbial processes.
Nitrification and denitrification are two of the most important processes that
contribute to N losses from soils (Firestone and Davidson, 1989). Nitrification is the
aerobic oxidation of ammonium (NH4) to NO3. A portion of the transformed N is lost as
N2O and NOx. Once N is in the NO3 form, it is vulnerable to leaching because NO3 is
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more soluble than NH4, and can also be denitrified. Denitrification occurs when oxygen
is limited and anaerobic microbes use NO3 as an electron acceptor, resulting in the
reduction of NO3 to N2O and N2. As with soil C fluxes, land use practices, soil physical
properties, and weather interact to control soil N losses. In particular, N gas emissions
and NO3 leaching tend to be correlated with external N inputs from fertilizer and organic
matter additions, as well as N fixation from legume cropping.
The Energy Independence and Security Act of 2007 (EISA) mandates that 36
billion gallons of biofuel be produced in the US by 2022. For comparison, about 7 billion
gallons of biofuel (ethanol plus biodiesel) were produced in 2007 in the US. To address
the GHG emissions associated with biofuel production discussed above, the 2007 Energy
Bill includes standards such that total emissions from grain-based ethanol must be at least
20% lower than using fossil fuel to generate an equivalent energy yield, grain-based
biodiesel emissions must be at least 50% lower, and cellulosic-based fuel emissions at
least 60% lower.
Our objectives were to investigate how current and previous land uses interact to
control net GHG emissions and NO3 leaching for different biofuel cropping systems in
Iowa, Indiana, and Illinois. Approximately 40% of the corn used to produce ethanol in
the US is expected to be grown in these states by 2010 according to Forest and
Agricultural Sector Optimization Model (FASOM) projections (McCarl, 2008).

2. Methods
Soil Emissions and Crop Yields
The DAYCENT ecosystem model was used to estimate soil C and N losses from gaseous
emissions and NO3 leaching, as well as biomass yields. Daycent (Del Grosso et al., 2001;
Parton et al., 1998) is a process-based model of intermediate complexity. DAYCENT
simulates exchanges of carbon, nutrients, and trace gases among the atmosphere, soil, and
plants as well as events and management practices such as fire, grazing, cultivation, and
organic matter or fertilizer additions. To run DAYCENT for a particular site, soil texture,
current and historical land use, and daily maximum/minimum temperature and
precipitation data are required. DAYCENT includes submodels for plant growth and
senescence of biomass; microbial decomposition of dead plant material and soil organic
matter; water, nutrient and temperature flows through soil; evaporation and transpiration
of soil water; and other processes. DAYCENT was selected by the EPA (EPA, 2008) to
quantify N2O emissions from major cropped and grazed systems in the US because
model results generally compare favorably with measurements (Del Grosso et al., 2005)
and the inputs required to run the model (weather, soil type, crop management, soil class)
are available nationwide for the vast majority of agricultural land in the US.
The ability of DAYCENT to simulate grain yields form annual crops such as corn,
wheat, and soybean has been previously confirmed (Del Grosso et al., 2005) but model
generated yields for perennial biofuel crops, such as switchgrass, have only recently been
validated. The current version of DAYCENT was tested using biomass yield data
collected during two growing seasons near Ames, IA, from switchgrass plots receiving 6
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levels of N fertilizer addition (Vogel et al., 2002). Both the DAYCENT model and
observations showed a strong yields response as N increased up to 120 kg per ha but little
response above 180 kg per ha (Figure 2).

Figure 2. Observed and DAYCENT simulated switchgrass biomass yields
from plots near Ames, IA
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GHG Life Cycle Analysis
As mentioned above, the DAYCENT model was used to estimate soil CO2 and N gas
emissions as well as NO3 leaching losses. To fully account for soil N2O emissions, direct,
as well as indirect, N2O emissions were considered. Direct N2O is emitted from soil
during nitrification and denitrification. Indirect N2O results from the transformation of N
that left the farm in a form other than N2O. There are two pathways that produce indirect
N2O Emissions: 1) Volatilized N in the form of NOx or NH3 that is deposited and
converted to N2O off-site and 2) NO3 leached into waterways that is converted to N2O via
aquatic denitrification. To estimate indirect N2O, we used the default IPCC (2006)
emission factors and assumed that 1% of volatilized N and 0.75% of leached NO3-N are
converted to N2O. To convert total N2O emissions to CO2 equivalents we used a global
warming potential of 310 (Forster et al., 2007). CO2 emissions from fossil fuel used to
manufacture and transport farm inputs were from West and Marland (2002), emissions
from farm machinery operation were estimated using the IFSM model (Rotz, 2004),
emissions from converting feedstock to ethanol (including transportation of biomass) and
avoided emissions from displaced fossil fuel were calculated from crop yields and
Sheehan et al. (2004), and avoided CO2 emissions from co-products of biomass
conversion were based on Ferrell et al. (2006). To summarize, total greenhouse gas
emission calculations included 8 components: soil CO2, direct soil N2O, indirect soil
N2O, farm inputs, farm operations, feedstock conversion, displaced fossil fuel, and coproducts.
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Scenarios Simulated
We considered three previous land uses before conversion to biofuel cropping: existing
cropping (i.e., 2 year corn/soybean rotation), Conservation Reserve Program (CRP), and
pasture. The biofuel cropping systems considered were corn ethanol and switchgrass. To
simulate corn ethanol we assumed a 5 year rotation with 4 years of corn followed by 1
year of soybean. N additions to corn, based on state averages, were 171, 162, and 144 kg
per ha in IL, IN, and IA, respectively. N additions for switchgrass were 66, 63, and 56 kg
per ha in IL, IN, and IA, respectively. Soybeans received no N fertilizer. Weather and
soils data for each state were from randomly selected agricultural counties. Corn grain
was harvested but no residue was removed and 85% of above ground biomass was
harvested for switchgrass. We assumed reduced tillage cultivation. Land use conversion
was assumed to occur in 2007 and results are presented as 10-year annual means for
2007-2016.

3. Results
Productivity, Soil GHG Fluxes, and NO3 Leaching
Above ground net primary productivity (ANPP) was highest for corn/soy cropping,
intermediate for pasture, and lowest for CRP (Figure 3a). Conversion to corn ethanol
increased ANPP for all previous land uses (Figure 3b-d), even cropping, because
soybeans were only grown once every 5 years in the corn ethanol rotation compared to
every other year with the corn/soybean rotation, and corn produces more biomass than
soybeans.

Figure 3. Above ground net primary productivity (ANPP) for crop
(corn/soybean), pasture, and CRP lands in three states (a) and ANPP for land
converted from crop, pasture, and CRP to corn ethanol and switchgrass in Iowa
(b), Indiana (c) and Illinois (d). Results are 10-year means
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Figure 4. Changes in soil organic carbon (SOC) for crop (corn/soybean), pasture,
and CRP lands in three states (a) and SOC changes for land converted from crop,
pasture, and CRP to corn ethanol and switchgrass in Iowa (b), Indiana (c), and
Illinois (d). Results are 10-year means.
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Conversion to switchgrass reduced ANPP for croplands, but increased for pasture and
CRP (Figure 3b-d), likely a result of switchgrass having lower N inputs than
corn/soybean cropping, but higher N inputs than pasture or CRP. Soil organic carbon
changes are close to neutral for corn/soy cropland in Iowa and positive for Indiana and
Illinois, while pasture and CRP land stored soil organic carbon (SOC) in all 3 states
(Figure 4a). Converting cropland or pasture to corn ethanol or switchgrass cropping led to
gains in SOC, but converting CRP land to corn ethanol resulted in SOC losses in Iowa
and Illinois (Figure 4b-d). N2O emissions are highest for corn/soy cropping, intermediate
for pastures, and lowest for CRP lands (Figure 5a). Conversion to corn ethanol cropping
had little impact on N2O emissions for land already cropped, but resulted in increased
emissions for land that was previously in pasture or CRP (Figures 5b-d). Conversion of
cropland and pasture to switchgrass decreased N2O emissions but conversion from CRP
to switchgrass increased N2O (Figures 5b-d). Similar to N2O, NO3 leached was highest
for corn/soy cropping, intermediate for pastures, and lowest for CRP lands (Figure 6a)
and conversion to corn ethanol cropping had little impact for land already cropped, but
resulted in increased leaching for land that was previously in pasture or CRP (Figures 6bd). Conversion of cropland and pasture to switch grass decreased leaching but conversion
from CRP to switchgrass increased leaching (Figures 6b-d). NO3 leached tended to be
higher if the previous land use was pasture and lower if the previous land was CRP upon
conversion to corn ethanol, but previous land use has little impact if land was converted
to switchgrass.
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Figure 5. N2O emissions for crop (corn/soybean), pasture, and CRP lands in three
states (a) and emissions for land converted from crop, pasture, and CRP to corn
ethanol and switchgrass in Iowa (b), Indiana (c), and Illinois (d). Results are 10year means.
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Figure 6. NO3 leaching for crop (corn/soybean), pasture, and CRP lands in three
states (a) and leaching for land converted from crop, pasture, and CRP to corn
ethanol and switchgrass in Iowa (b), Indiana (c), and Illinois (d). Results are 10year means.
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Life Cycle Analyses for Total GHG Emissions
Feedstock conversion was the major GHG source and displaced fossil fuel was the main
sink (Figure 7a). However, previous land use had an impact on soil CO2 fluxes such that
CRP lands converted lost SOC, while land that was in pasture or already cropped gained
SOC. Of the three land use change options considered, cropland conversion exceeded the
20% reduction criteria, pasture conversion came close, and CRP conversion showed little
net GHG reduction (Figure 7b).

Figure 7. Components of net greenhouse gas fluxes (GHG) from life cycle
analysis of crop (corn/soybean), pasture, and CRP land converted to corn
ethanol cropping in Iowa (a) and the reduction in GHG compared to burning
fossil fuel for an equivalent amount of energy and the minimum GHG
reduction for grain based ethanol from the Energy Independence and
Security Act of 2007 (b). Negative values represent GHG sinks.
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Limitations
This analysis has several limitations. The DAYCENT model results were from point
simulations so variability in weather, soils, and land management within the states of
Iowa, Indiana, and Illinois were not represented. We did not include leakage. That is,
conversion of previously cropped land to biofuel production in the US is likely to be at
least partially compensated by increasing cropped land areas in other parts of the world.
A more complete accounting would include the GHG impacts of land use change in other
countries resulting from biofuel cropping in the US. We assumed reduce tillage but did
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not include other improved land management practices such as nitrification inhibitors,
which are expected to reduce both N gas emissions and NO3 leaching. Lastly, the
feasibility of ethanol production from cellulosic crops such as switchgrass has yet to be
demonstrated on large scales.

4. Conclusions
Conversion of CRP lands to corn ethanol production would result in little net GHG
savings compared to burning fossil fuel, greatly increase NO3 leaching, and constrain
other benefits of CRP land such as wildlife habitat. Conversion of pasture and crop land
to corn ethanol cropping show GHG benefits, reductions in leaching for previously
cropped systems, and increases in leaching for lands previously in pasture. Converting
CRP land to switchgrass cropping would lessen the rate at which these soils store SOC,
increase N2O emissions, and have little impact on NO3 leaching. Converting pasture and
crop land to switchgrass cropping would increase SOC storage, decrease N2O emissions,
and decrease NO3 leaching. These results highlight the importance of considering how
current and previous land use interact to control soil storage and fluxes of C and N
compounds.
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Regulation of GHG Emissions from Biofuel Blended Energy
Gal Hochman1, Deepak Rajagopal2, David Zilberman3
Abstract: Regulatory agencies are planning to implement policies targeted at mitigating
greenhouse gas emissions (GHG)—e.g., low carbon fuel standards and carbon trading.
Biofuels are viewed as a path to achieve these goals. Biofuels, however, pose challenges
to regulators because their GHG emissions are site-specific (there are regional
differences, as well as technical differences) and uncertain. In this article, we propose
methodological improvements to existing methods that yield better estimates for biofuel
GHG emissions, and reduce uncertainty. We propose to break the net emissions caused
by a regulated site, such as an oil refinery, into two parts: direct and indirect emissions.
Direct emissions arise both at and away from the final regulated site, but are directly
attributable to the final output. Indirect emissions, on the other hand, are comprised of
emissions not traceable to a single entity, but which can be computed from aggregate
supply and demand, e.g., indirect land use change (ILUC) emissions due to agricultural
expansion. The sum of the site-specific direct emissions and the average indirect
emissions is, then, compared to the standard, which is constructed given uncertainty.
Such a framework can be implemented in practice given existing data and yet allows
flexibility given heterogeneity and uncertainty.
Economic forces, as well as demand for energy security, no doubt are providing
incentives for producing and blending biofuels as substitute fuel. At the same time in
order to tackle global warming, governments are beginning to regulate emissions
attributed to energy production and consumption. Biofuels, which are part of the energy
production sector, pose additional challenges to regulators, because their GHG emissions
not only vary between regions and between the technologies used, but are also uncertain.
Biofuels can be produced from a diverse set of feedstock (e.g., corn, sugarcane, cassava)
using a diverse set of production technologies; a set of technologies that varies with
location and with time. The cultivation and processing of each type of feedstock can be
carried out in a variety of ways with widely varying carbon intensities.
The challenge of regulating biofuel is then augmented by uncertainty; primarily,
from indirect emissions. Biofuels increase demand for agricultural land, which induces
land use changes in regions that substantially affect global carbon sequestration (regions
that are also efficient in producing biofuel crops). Furthermore, trade causes land use
changes to occur in regions different from the place of production and/or consumption of
biofuels. Therefore, regulating biofuels should account for the indirect emissions, if
indeed the regulators' goal is to lower, or at least mitigate, carbon emissions.
In this article, we clearly categorize GHG emissions into direct and indirect emissions.
We then suggest a site-specific methodology for regulating GHG emissions, a
methodology which extends current methods by introducing heterogeneity, as well as
accounting for uncertainty and market forces. Specifically, we propose a site-specific
method for measuring GHG emissions, and introduce, albeit briefly, a conceptual
framework for regulating biofuels using the proposed measures.
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2. Calculating emissions
We classify emissions into two categories: Direct and Indirect.
Direct Emissions
Direct emissions comprise all emissions directly related to production of final output
(e.g., gasoline or biofuel or a blend). Direct emissions are classified into two subcategories; namely,
Direct on-site emissions: These are emissions at the regulated site, which are directly
related to the production of the final product. For example, if the regulated site is an
ethanol biorefinery, then these are emissions from combustion of coal or natural gas used
in converting corn or sugarcane to ethanol. Suppose, for instance, that the regulated site is
a biorefinery. For US ethanol corn production, direct on-site emissions comprise 55% of
total direct emissions (see Fig. 1). Although soil carbon emissions from farming are not
included in the figure they are relevant and should be taken into account. This is a source
of uncertainty that should be addressed in a regulatory framework.
Direct off-site emissions: These are emissions emanating off-site that are directly
attributed to intermediate inputs used to produce the final good. For instance, ethanol
producers use crops. Crops use fertilizers, which are a large source of emissions both at
the farm site and at the fertilizer production site. From Figure 1 we can see that 45% of
the direct emissions are off-site, with fertilizer production and use accounting for a large
share of total emissions.
Several studies calculate direct emissions from biofuels, which include both
combustion and production. A detailed review of this literature can be found in Rajagopal
and Zilberman (2007). Most of these studies use an LCA approach and report a single
number. For example, Farrell et al. (2006) calculated that corn ethanol emits 77 grams of
carbon-dioxide equivalent emissions (gCO2e) per megajoule (MJ) of energy, while
gasoline emits 94 gCO2e per MJ.
Measuring direct emissions using LCA has its strength and weakness. The
strength is that LCA allows for comprehensive accounting of all direct on-site and offsite emissions. The weakness is that it reports a number, which represents the emission
intensity for a particular combination of inputs (usually assumed equal to the industry's
average). For instance, Farrell et al. (2006) assume the ethanol refinery uses a mix of 40
percent coal and 60 percent natural gas to produce the energy required for production of
ethanol from corn; the direct on-site emissions are, therefore, appropriately weighted by
the average carbon intensity of coal and natural gas. Now an increase in the price of
natural gas relative to coal leads the marginal producer to switch to coal, which would
increase the fraction of coal and increase GHG emissions. Therefore, current LCA may
provide a good description of the present or the past, but have limited ability to predict
what happens when economic conditions change. Modeling lifecycle indicators as
functions of economic and policy parameters can overcome this limitation. A detailed
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discussion of price-responsive lifecycle indicators can be found in Rajagopal and
Zilberman (2008a). They show that depending on whether an ethanol refinery uses coal
instead of natural gas for its energy needs, ceteris paribus, the total direct emissions for
corn ethanol equals 91% of net GHG emissions from gasoline (as opposed to 58% when
it uses natural gas).

Figure 1: Lifecycle GHG emissions for us corn ethanol based on ebamm
model

Indirect Emissions
When food or cropland is diverted to biofuel production it will have two types of effects,
namely, extensive and intensive effects. GHG emissions that accompany such changes
are referred to as indirect emissions. For instance, demand for biofuel raises the price of
agricultural commodities, which raises the rent to land, thereby allowing marginal land to
enter production, i.e., the extensive effect. Emissions due to the extensive effects arise
from (i) conversion of non-agricultural land into farmland (for example, emissions from
clearing trees and pastures), and (ii) cultivation on converted land (for example,
emissions from use of inputs like fertilizer). On the other hand, higher output prices result
in more intensive use of inputs like fertilizers and irrigation on existing farmland, i.e., the
intensive effect.
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Different from direct emissions, indirect emissions arise from the interaction of
aggregate supply and demand, and therefore are not site-specific. Analogous to the idea
of a price taking producer, we propose the indirect emissions allocated to a regulated
facility equal the average amount of indirect emissions. The average is the total amount
of indirect emissions calculated using a multi-market or general equilibrium model,
divided by total amount of biofuel produced. The indirect emissions allocated to each site
equal this number times the amount of biofuel produced. Given an estimate of indirect
land use changes (ILUC) a simple model for calculating total and average indirect
emissions is described in the appendix.
The current approach to calculate ILUC is to model the impact of a shock in the
form of a biofuel mandate on the demand and supply of land in a partial or general
equilibrium framework. Searchinger et al. (2008), using the FAPRI partial equilibrium
model of the agricultural sector in conjunction with the global GTAP land database,
calculated that producing 56 billion liters of corn ethanol (requiring 140 million tonnes of
corn at a corn to ethanol conversion rate of 2.7 gallons of ethanol per bushel of corn) in
the US would cause global agricultural acreage to expand by 10.8 million hectares. By
allocating this acreage across difference types of land with differing stocks of carbon,
they calculate indirect emission from land use change as 106.4 gCO2e per MJ of ethanol.
Similarly, Hertel et al. (2008) use the GTAP general equilibrium model of the world
economy to calculate ILUC resulting from the US and EU’s biofuel mandates for 2015.
Irrespective of whether a partial or general equilibrium model is used, the calculations
should accord with empirical evidence. We believe that Searchinger et al.’s (2007)
estimates of ILUC are high.
To this end, let ε L /Q denote the elasticity of acreage with respect to agricultural
production, ΔL/L, the percentage change in acreage, and ΔQ/Q, the percentage change in
agricultural output, then, ε L /Q = ΔL L . Rearranging we get ΔL = ε L /Q ⋅ ΔQ ⋅ L Q . Between
ΔQ Q

1950 and 1998, global agricultural output increased 150% while harvested acreage
increased only 13%. This implies
is 0.09. In the year 2006 the combined global
acreage of the three major food grains, namely rice, wheat, and corn, was about 510
million hectares, i.e., L, while combined global production was 1950 million tones, i.e.,
Q. Given these values for
, L and Q, if corn production were to increase by 140
million tonnes (i.e, ΔQ =140) in order to offset the quantity diverted for ethanol
(according to equation (1) above, corn acreage will increase 3.3 million hectares. This
estimate is conservative, given that we assume the quantity of corn allocated to ethanol is
entirely replaced by new supply so that consumption of corn as food remains unchanged.
This is unlikely because demand for food is not inelastic and will adjust to higher corn
prices. Yet we find that Searchinger et al.’s estimate is more than three times higher 4 .
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Low elasticity of acreage implies intensification involving greater input use (fertilizer,
water) and adoption of new technologies (better seeds, pesticides, irrigation), which
contributed the lion’s share of the increase in output in the 20th century. Obviously
historical trends may change, but they can be affected by policies, market conditions, and
biophysical developments. For example, future agricultural expansion may occur on
marginal lands with low yield.
Although the current approach for calculating ILUC is to use equilibrium models, an
econometric model can be employed. Given the wide variation in the historical acreage
response, point estimates of ILUC do not present a complete picture and a sensitivity
analysis of ILUC to various assumptions about prices, technologies and policies in the
future should be undertaken.

3. A Target Number and a Framework for Regulation
Current regulations, such as the maximum allowable emission in mechanisms like the
low carbon fuel standard (LCFS), aim to establish an upper bound for GHG emissions
per unit of biofuel. Searchinger (2007) suggested that the measure of biofuel emissions
should include both a direct and indirect effect. Let
be the upper bound, which is
compared to the emission measure of each site.
For illustration purposes, consider the LCFS, where
is the standard, e.g., 94
denote
gCO2e per MJ. This is the number reported by Farrell et al. for gasoline. Let
the direct site-specific emissions per unit output and
denote the average indirect
effect. The sum
represents the overall emissions per unit of biofuel from a given
site. To reiterate,
is computed using an LCA style approach, whereas
is computed
using economic equilibrium models.

4

Our estimate of ILUC is sensitive to the value of the elasticity of acreage with respect to output

.We

based on total change in acreage and production between 1950 and
do acknowledge that our estimate
1998 may be optimistic. Disaggregating the data for total acreage and total output for some of the major
for different crops
crops (corn, wheat, rice, soybean, wheat and cotton) shows high variability in
during different periods. For example, low elasticity (<0.1) for wheat during the green revolution and for
cotton after the introduction of biotech but high elasticity (>0.5) at other times when little new innovation
was introduced. Furthermore future agricultural expansion may occur on marginal lands where yields may
. At the same time new technological breakthroughs may deliver
be lower and therefore exhibit
higher rate of yield growth. The National Corn Growers Association expects corn yield in the US would
increase 20% and reach 175 bushels per acre by 2015. Our aim in any case is not to present a new number
for the GHG balance or the land use change but only to point out that there is heterogeneity across
locations, feedstocks and technologies and that both direct and indirect effects can be influenced by
regulation and economic incentives.
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Table 1: Comparison of emissions in different scenarios

Comparison of gasoline and ethanol*

1

2

3

4

Maximum level of emissions set equal to
emissions from marginal gasoline from
conventional oil (Farrell et al)
US Corn Ethanol today
(Direct emissions from Farrell et al. and
indirect emissions from Searchinger et
al.)
Corn ethanol scenarios
Corn processing using only coal and
Indirect emissions 1/3 rd of Searchinger's
estimate**
Processing based using only gas and
Indirect emissions 1/3 rd of Searchinger's
estimate**
Cellulosic Ethanol scenarios
Direct emissions from Farrel et al. and
Indirect emissions from Searchinger et al

Direct
emissions
gCO2e/MJ

Indirect
emissionsgCO2e/MJ

94

Total
gCO2e/MJ

%
Emissions
relative to
standard***

94

-

77

106

183

195%

88

35

123

131%

61

35

96

103%

11

106

117

125%

Direct emissions from Farrel et al. and
Indirect emissions 1/3 rd of Searchinger's
5 estimate**
11
35
46
*- comparison is with respect to emissions from marginal gasoline which is assumed to be conventional oil. If
marginal gasoline is derived from heavy oil and tar sands then benefits from ethanol increase
** - Scenarios use the assumption that indirect emissions are 1/3rd of Searchinger's estimate
**** - A value greater than one implies total biofuel emissions exceed the standard and a value less than one
implies it is below the standard and hence results in GHG savings

49%

Depending on the regulatory framework, the regulated site may have to provide
certification showing,

to get a permit. Alternatively, the regulator may need

to inspect the site and show that

to close the site. Since the site takes

given, this effectively requires ensuring that the direct emissions
constraint,

as

satisfies the

.

In Table 1 we show emissions from ethanol produced under various scenarios of
direct and indirect emissions relative to emissions from gasoline. Current estimates for
direct emissions (Farrell et al., 2006) and indirect emissions (Searchinger et al., 2008)
imply ethanol is more polluting than gasoline. More interestingly, it suggests that, even if
indirect emissions decrease to 1/3rd the amount estimated by Searchinger et al. (2008),
corn ethanol still under performs gasoline. Scenarios with indirect emissions equaling
1/3rd of Searchinger et al.’s estimate were chosen because as we explained earlier we

73

Environmental and Rural Development Impacts

expect their estimate of induced land use change to be more than three times larger
compared to ours (See Section 2.2). Finally, a scenario involving cellulosic ethanol and
low indirect emissions can potentially reduce carbon emissions by 50 percent relative to
gasoline (scenario 5).
We now briefly discuss the data required to implement this framework. As
regards the setting of an upper bound on emissions from biofuel, one option is to set this
relative to the emissions from gasoline, for example, no higher than net GHG emissions
from gasoline and reliable estimates of this exist today. As regards on site and offsite
direct emissions from biofuel, these can be estimated using the type of data that was used
by Farrell et al. (2006) in determining the direct emissions from corn ethanol. Calculation
of indirect emissions among other things requires data on the quantity and type of lands
that were converted from non-farm use to farm use world-wide and the net change in
carbon stored on those parcels of land due to such conversion and these can be obtained
from literature. Again this can be calculated using data from GIS based models. It is
worth emphasizing that the most accurate estimate we can obtain is total land use change
between two points in time. The most challenging aspect however is in ascribing a share
of this total change to biofuels after controlling for changes in land use due to other
factors such as economic growth and weather shocks.

4. Policy
If the goal is to produce biofuel efficiently, and to minimize carbon emissions and
damage to the environment, then the first best policy is a carbon tax and payment for
environmental services. Levying a carbon tax shifts production from fossil fuel to biofuel
and induces greater supply of clean fuel. It, however, brings on land conversion and a
loss of biodiversity. Therefore, a policy to price clean air should be paired with a policy
to price environmental services (Hochman et al., 2008). Politically, a carbon tax may not
be a viable option. It may not be feasible to levy a tax on a global public bad. A second
best policy is the next possibility.
A fuel tax based on LCA is currently proposed by some state and national
governments. They are easy to impose because fuel consumption is observable. Different
from existing fuel taxes, a second best fuel tax should vary according to fuel types--with
dirtier fuels taxed more heavily. LCA could then be used to classify fuels according to
their carbon emissions. Such a tax may also account for other local externalities such as
traffic congestion. This policy also has a problem of double counting.
An alternative second best solution, which bans biofuel production if it has limited
environmental benefit, is LCA thresholds or certification standards. Only biofuels that
have sufficient small life cycle emissions can be used. Governments may account toward
mandate or offer subsidies only to those biofuels that are certified to meet the desired
standards (e.g., the number used to compare the direct and indirect site specific
emissions). Note that standards might be different between countries, because local
environmental amenities are different. Standards are currently used in the United States.
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Because carbon emissions are a global public bad, policy ought to be coordinated
between all countries. More specifically, international environmental agreements should
account for the cost of deforestation (e.g., destruction of rain forests in Brazil).
Landowners do not capture all the benefit from their efforts to preserve the environment.
The benefit, in terms of biodiversity and carbon sequestration, accrues to people around
the world. Therefore, landowners should be paid for the environmental services their land
provides. To this end, an international agreement, which will internalize the negative
externalities from fuel production and consumption, needs to be established.

5. Conclusion
Even if a first best GHG tax is imposed on all GHG emitting fuels, so long as there is no
tax on emissions from land use, biofuels can result in leakage, i.e., effective GHG
emissions due to a blend may be above the level accepted by the regulator. In the absence
of carbon tax, the implementation of second best mechanisms such as carbon standards or
emission trading will inevitably require calculation of all direct and indirect emissions
associated with final output. With this in mind we have outlined a framework that can be
applied to the regulation of GHG emissions from energy production. Ours is a hybrid
approach that suggests a process LCA type approach for calculation of direct emissions
and a market equilibrium approach for calculation of indirect effects. But significant
improvements in the methodology for calculating ILUC, as well as ILUC emissions, is
required before it is used in regulation. Our framework however is generic and given data
on direct and indirect emissions can be implemented in practice and can account for
heterogeneity and uncertainty. It can also be extended to the regulation of nongreenhouse gas externalities. An obvious exclusion in this article is a discussion of the
monitoring mechanisms for tracing and certifying emissions, the information gaps, and
the transaction costs associated with implementing this framework. We hope to address
this in future work.
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Appendix: Mathematical model for calculation of indirect emissions
To present this notion more precisely, let Q denote the total agricultural output before
biofuel, ΔQb the quantity of crop allocated for biofuel production, and ΔQ the total
increase in output after biofuel 5 . Let, L0 denote the total land under cultivation before
introduction of biofuel, ΔL0 the change in land under cultivation after introduction of
biofuel (i.e., the extensive effect) 6 , and ΔLb the land required to produce the quantity ΔQb
of biofuel. Let Z0 and Z1 denote the change in emissions from agriculture with and
without biofuel production and ΔZ denote the total change in agricultural emissions due
to introduction of biofuel. ΔZ is broken down into two components, FD the change in
direct agricultural emissions due to production of biofuel and FI the change in indirect
agricultural emissions due to production of biofuel. Let δ denote the average GHG
coefficient of new land, γ0 the average GHG coefficient of farming before biofuel, the
change in the average pollution due to farming activities. With this notation, the
mathematical model is described below.
Agricultural emissions before biofuel
Agricultural emissions after biofuel,
Change in agricultural emissions,

5

ΔQb is likely to be greater than ΔQ because of the following reasons: (1) Higher prices due to biofuel will
depress demand and hence a portion of the diverted crop is never replaced and (2) in certain cases new
crops do not have to replace the entire amount because of co-products that can substitute main crop. The
gap between ΔQ and ΔQb is larger the less elastic the supply of corn and more elastic the demand for food.
6
This is a function of the price elasticity of supply and demand, price elasticity of productivity and the
quantity of biofuel produced.
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Breaking down the total change in agricultural emission into direct and indirect changes
we write,
We write FD as a function of

- a vector denoting the level of technologies and inputs

used to produce the final product,
affecting incentives, and

- a policy parameter that can be thought of as

- a random disturbance term. And so is FI

The change in direct agricultural emission due to biofuel is
Therefore, the indirect emissions due to biofuel

is

then

written

as

Allocating these total indirect emissions across the total biofuel production, say V, the
average indirect land emission per unit of biofuel

, is then written as

If we look closely the indirect emissions is comprised of,
δΔL0 - emissions due to land conversion only (this is what Searchinger et al. and Fargione
et al. calculate)
γ0ΔL0 - emissions from farming on the newly converted land
γ0ΔLb - emissions during cultivation of the biofuel crop
L0Δγ0 - emissions due to changes in farming practices on pre-existing farm land after the
introduction of biofuel
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GHG Trading Framework for the U.S. Biofuels Sector
Subbu Kumarappan and Satish Joshi 1

Abstract: Substitution of petroleum fuels with biofuels such as ethanol and biodiesel has been
shown to reduce greenhouse gas (GHG) emissions. These GHG reductions can be traded in the
emerging carbon markets, and methodologies for quantifying and trading are still being
developed. The main challenges in developing such GHG trading framework are analyzed. An
outline of such a framework is presented that depends on the life cycle assessment of GHG
reductions, along with a combination of project specific and regional standard performance
measures. The advantages of assigning GHG property and trading rights to biofuel producers are
discussed. At carbon prices of $10 per metric ton, estimated additional revenues to biofuel
producers range from $ 17 to 64 million dollars per billion gallons of corn ethanol and cellulosic
ethanol respectively.

Biofuels for transport applications are considered attractive because of their potential
contribution to improving energy security, reducing greenhouse gas (GHG) emissions, and
increasing rural incomes. Substituting biofuels such as ethanol from corn and biodiesel from
vegetable oils for gasoline and diesel can reduce GHG emissions by 20%- 40% on an average.
The second generation biofuels derived from cellulosic materials are considered even more
promising because of their significantly higher GHG reductions which range from 60% to 120%.
(Moomaw and Johnston, 2007; Wang, et al., 2007). Development of GHG markets enables
monetizing and trading the environmental attributes of biofuels, specifically the reductions in
GHG emissions (Gururaja, 2005). Considering the high volumes of liquid fuels used and the
growing amount of biofuel use in US transportation, the GHG market implications of biofuel use
are ‘potentially very large’ (Capoor and Ambrosi, 2007). For example, corn ethanol use in
transportation in the US has increased from 0.9 billion gallons in 1990 to 6.5 billion gallons in
2007 and expected to exceed 10 billion gallons by 2012 (RFA 2007). Simultaneously, the
global trade in GHG permits increased from ten to sixty billion dollars between 2005 and 2007,
and carbon prices were as high as $45 per metric ton in the EU markets (Capoor and Ambrosi,
2007; Point Carbon, 2007).
Efforts are ongoing in the EU to develop a GHG trading framework and approved
methodologies for biofuels. The GHG credits created from biofuel use can also potentially be
traded under the system created by the Chicago Climate Exchange® (CCX®) in the US (CCX,
2007a; Gardner, 2007). Under the CCX trading platform carbon credits are generated from
various types of projects in agriculture (e.g. reduced tillage), forestry, methane digesters,
renewable energy projects and fuel switching. These carbon credits are then certified under CCX
protocols, the certified GHG credits can then be sold to other members who are required to meet
their mandated levels of GHG reductions. Using liquid biofuels in transportation can potentially
be eligible for CCX GHG credits because it would be a form of fuel switching, from fossil fuels
to renewable fuels. Some projects that are eligible under EU emissions trading scheme are said to
1
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be eligible under CCX (CCX, 2007b). However trading GHG benefits from biofuels is likely to
be more challenging in the absence of an appropriate trading framework that establishes property
rights over such GHG benefits and then help quantify the tradable GHG benefits. A GHG
Trading Framework (GTF) for biofuels needs to address the following questions.
1. What is the appropriate method for quantifying the GHG benefits from biofuel use? How to
handle the potentially large variations in GHG emissions because of variations in feedstocks,
feedstock production practices, final biofuel products, conversion technologies, and vehicle
technologies?
2. What quantities of GHG reductions below the baseline qualify for trading in the emissions
market? In other words, what proportion of the GHG benefits satisfies the ‘additionality’
principle?
3. Who gets the property/trading rights to reductions in GHG from biofuel use?
4. How to design verification and monitoring mechanisms for measuring GHG reductions as
well as leakages?
5. How to design incentive mechanisms that are compatible with relative contribution of
various participants in the life cycle of biofuels?
These issues are discussed briefly before outlining a proposed GTF for the US biofuels
sector. The proposed GTF directly addresses the first four questions, but depends on market
mechanisms to allocate the monetized GHG benefits among various participants in the biofuel
life cycle, namely feedstock producers, fuel producers, blenders, and final consumers. The
proposed GHG trading framework is consistent with the methodologies used under the Clean
Development Mechanism (CDM - supervised by United Nations Framework Convention on
Climate Change) in the EU and other methodologies followed by CCX in the US (CDM, 2007a,
2007b; UNFCCC, 2007; WBCSD, 2007; WRI, 2007). The key question is ‘what constitutes
ownership of GHG credits in the US biofuels sector’? A property rights structure that would suit
the US biofuels industry is proposed (Kumarappan and Joshi, 2008; Sims, 2003). While most of
the following discussion uses ethanol to illustrate the proposed GHG trading framework, the
analysis can easily be extended to other biofuels such as butanol, methanol, biodiesel, and
biomass-Fisher-Tropsch liquids.

2. Issues in Creating Tradable GHG Credits from Biofuel Use in Transportation
What is the Appropriate Method for Quantifying the GHG Benefits from Biofuel Use?
Biofuels reduce the GHG emissions compared with gasoline and diesel, but do not eliminate all
the emissions. GHG emissions from biofuels are less than that of fossil fuels on a life-cycle
basis, because carbon dioxide is sequestered during the growth phase of the biomass (corn crop,
cellulosic materials, algae) that is used to produce biofuels. However, additional GHG emissions
occur from the use of fertilizers, pesticides, and machinery use in the feedstock production
process, use of fossil energy in the biofuel conversion process and in the storage, transportation,
and distribution of feedstocks and biofuels. Hence, the emission reductions from biofuel use
should be quantified by comparing the life-cycle GHG emissions of biofuels with that of a
baseline fuel (fossil fuel, such as gasoline). Life cycle methods have been used for biofuel
policy making in most of the OECD countries including the US (OECD, 2008). For example, the
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US Energy Independence and security Act of 2007 defines conventional and advanced biofuels
based on their life cycle GHG reductions (BRDB, 2008; EISA, 2008).
While life cycle assessment (LCA) is relatively simple in concept, developing LCAs
whose estimates are universally acceptable is very difficult. The challenges in LCA include
choosing appropriate system boundaries, choice of representative processes and pathways to be
modeled, accounting for input interdependencies, data representativeness and quality on inputs
and outputs (including emissions), and evaluation of environmental impacts (Joshi, 2000). These
issues get even more complex in the case of comparative LCAs of biofuels and fossil fuels
because of multiplicity of pathways, products, interdependencies and co-products. A large
number of feedstocks such as corn, sorghum, wheat, and cellulosic (herbaceous, woody, and
waste) biomass can be used in biofuel production. The cultivation practices, types of inputs used
and yield of these feedstocks vary significantly across geographical locations, depending on
producer decisions, production process, relative input-output prices, soil quality and local
climatic conditions. The feedstock to fuel conversion technologies (e.g. biochemical versus
gasification of cellulosic biomass) use different levels of energy that contribute to different levels
of GHG emissions. The energy sources at the biofuel production facility can range from coal and
natural gas to biomass power; multiple energy sources could be used in the same facility as well.
The production of various co-products needs to be accounted (e.g. lignin used for electricity
production in cellulosic biorefineries). The vehicles that run on biofuels can vary in terms of
their power-trains (e.g. conventional spark ignition vehicles, displacement on demand vehicles,
hybrids, or flexible fuel vehicles) and biofuel blend levels (E10, E85, E100). Each combination
of feedstock, biofuel production process and final vehicle use and underlying assumptions would
lead to different levels of lifecycle GHG emissions. Hence, all types of ethanol do not yield the
same level of GHG reductions; failure to recognize these differences might also lead to ‘leakage’
of GHG (increase in GHG emissions) elsewhere in the supply chain.
A large number of LCA models have been developed that compare life cycle GHG
emissions for a number of these feedstock-fuel-vehicle combinations (MacLean and Lave, 2003;
Wang, 2005). Among the various models, a model developed by Argonne National Laboratory
(ANL), called ‘Greenhouse gases Regulated Emissions and Energy use in Transportation’
(GREET) is emerging as a generally accepted standard model that is being widely used by policy
makers and industry in the U.S. (ANL, 2007; GM, 2001; GM, et al., 2002). GREET model is
also being used by California Air Resources Board in developing its new low carbon fuel
standards (CARB, 2008). Major advantages of the GREET model are that it is publicly available,
free, comprehensive (i.e., it covers a large number of feedstock-fuel-vehicle pathways), well
documented and transparent, flexible, and user friendly. Users can estimate changes in GHG
emissions under different scenarios by changing specific parameters and input combinations
relatively easily, and can also carry out uncertainty analyses using Monte-Carlo simulations
(ANL, 2007; Wang, 2005). This model can accommodate the above said differences in
feedstocks, production processes, blend levels, transportation and also indirect emissions due to
land use changes.
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Which GHG Reductions Qualify for Trading in the Market?
While substituting fossil fuels with biofuels can reduce GHG emissions, only that portion of
GHG benefits that satisfy the ‘additionality’ criterion become eligible for trading in the GHG
market under the CCX and CDM rules (CCX, 2007c; UNFCCC-CDM, 2007). That is, the GHG
reduction achieved with biofuels should be over and above the baseline case or Business-AsUsual (BAU) case. The BAU needs to be defined both in terms of the quality (type of fuel used
for baseline) as well as the baseline quantity of biofuel use.
In the case of ethanol, the identification of a baseline fuel becomes tricky due to existing
renewable fuel mandates and fuel quality regulations that vary by region or state in the U.S. For
example, certain US metropolitan areas afflicted by tropospheric ozone problems have mandated
the use of reformulated gasoline (RFG) during summer months, which may contain ethanol
(biofuel) or Ethyl tertiary butyl ether (ETBE) or methyl tertiary butyl ether (MTBE) as an
oxygenate. Due to a recent ban on MTBE, ethanol is becoming the default fuel additive and
oxygenate (EIA, 2003). Similarly areas that do not meet air quality standards for carbon
monoxide have mandates to mix ethanol with gasoline to reduce carbon monoxide problems
during winter months. Since different types of fuels are used to meet the mandates, any of these
fuels—conventional gasoline, RFG with ethanol, or winter gasohol—can serve as the baseline
fuel depending on the season and region. The provisions of EISA 2007 mandate renewable fuel
use of 7.5 billion US gallons by the year 2012 increasing up to 36 billion gallons by 2022
(Ethanol – GEC, 2005). Various US states also have individual mandates causing variations in
the mandated level of biofuels in a region. Further, Federal excise tax incentives ($ 0.54 per US
gallon), and additional state tax incentives have resulted in increasing levels of ethanol blending
in regular gasoline. Hence, it becomes very difficult to establish what would be a correct BAU
baseline quantity for ethanol use (similarly for other biofuels).
Establishing the BAU baseline fuel and baseline quantity is necessary to differentiate the
‘project’ which generates tradable emission rights from the BAU case and quantify any
‘additional’ substitution of fossil fuels and the associated GHG emission reductions. The CDM
procedures suggest the use of either (general) performance standards or project specific standard
baselines, which need to be established on a case-by-case basis for the US biofuels sector
(Atkinson, 2006; CCX, 2004).
Who Gets the Property/Trading Rights to Reductions in GHG from Biofuel Use?
The lifecycle emissions analysis of biofuels would include farm level feedstock production,
conversion of feedstock into biofuels, storage, transportation, and distribution for blending, and
final retail level combustion of biofuels in vehicles. At least four separate economic agents are
involved in this process: feedstock growing farmers, ethanol producing plants, fuel blending
intermediaries and individual consumers/vehicle owners. The net reduction in GHG is an overall
result of their combined actions. This leads to the question of who should get the property rights
and thus the trading rights to sell the GHG credits generated through the production and use of
biofuels. CCX (2007b) notes that any participant (even feedstock producer or biofuel consumer)
can claim the trading rights if ownership rights can be established; there is considerable
ambiguity on how these property rights issues would be established unilaterally without regard to
the actions of other life cycle participants.
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Most of the GHG sequestration occurs during the production of agricultural feedstocks
(Lynd and Wang, 2003). But the feedstock is produced by tens of thousands of farmers and
their output has multiple potential uses ranging from food, animal feed, industrial raw material,
to biofuel feedstock. It is very difficult to identify which specific farmer’s, which portion of
biomass output was used in biofuel production. This increases the transaction costs of assigning
property rights to farmers.
Biofuel consumers can potentially claim the property rights to trade the GHG reductions
from biofuel use because it is their ultimate fuel substitution that determines the GHG reduction.
However assigning property rights to vehicle drivers is also problematic because there are
millions of biofuel users, each of whom is responsible only for a tiny fraction of the GHG
benefits, and accounting for and distributing GHG based revenues would almost be impossible.
Moreover, both the farmers and consumers are unlikely to have the information about the
intermediate steps in the lifecycle process and associated GHG emission benefits.
This leaves either the biofuel producer (e.g. ethanol plants) or the blender as feasible
candidates from the perspective of reducing transactions costs and the availability of necessary
information, to get the GHG credit trading rights. Traditionally, the US fuel ethanol subsidies
have been paid to fuel blenders mainly because the tax credits were simply a function of ethanol
blend levels and the blenders chose blend levels depending on the market conditions and local
regulations (FHWA, 1998). However, as noted above, the amount of GHG credits generated is a
complex function of feedstock composition, fuel sources, input use, and technology adopted in
biofuel production, as well as the BAU baseline conditions. The blenders are unlikely to possess
this type of information for ethanol that they may blend into gasoline.
Biofuel producers on the other hand are likely to have some of the key information. For
example, biofuel producers have knowledge about the feedstock composition and sources, the
conversion technology, and hence associated energy use and emissions, and the consumer
markets they sell their product in. Hence assigning GHG trading rights to biofuel producers is
likely to be feasible and optimal from a transaction costs and information costs perspective. A
number of biofuel producers have submitted project proposals seeking trading rights under CDM
using similar logic. For example, CDM has approved a methodology for biodiesel (BIOLUX
project – AM0047) which “ensures that the CERs 2 can only be issued to the producer of the
biodiesel and not to the consumer” (CDM, 2007b). Another project (Khon Kaen fuel ethanol)
submitted to the CDM project, seeking the trading rights to be vested with the biofuel producers,
notes that
“A production-based approach to bio-fuel projects greatly assists monitoring. It is not
really feasible to monitor individual motorists’ actions, but monitoring the production
of bio-fuels, and ensuring that only production that is used as a national transportation
fuel qualifies for CERs, is an efficient and accurate method of ensuring integrity.”
(Agrinergy, 2004; CDM, 2007c - page 20)

2

CER – Certified Emission Rights, an equivalent of GHG credits; 1 CER = 1 ton of carbon dioxide
equivalent (CO2e) mitigated
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How to Design Verification and Monitoring Mechanisms for Measuring GHG Reductions as
Well as Leakages?
The current carbon markets and associated GHG accounting, verification, certification, and
monitoring mechanisms vary across countries and by agencies that have separate jurisdiction.
However as GHG markets become increasingly global, consistent and comparable
methodologies are necessary. The trading methodologies established under CDM for developing
countries, under ETS in the EU and (possibly) under CCX in the US have to be consistent so that
future global markets are based on common platforms and similar accounting methodologies
across national borders and markets (Capoor and Ambrosi, 2007; EU-Environment, 2008; ICAP,
2008; IETA, 2007).
How to Design Incentive Mechanisms that are Compatible with Relative Contribution of Various
Participants in the Life Cycle of Biofuels?
The assignment of property and trading rights with biofuel producers may sound optimal from a
transaction and information cost perspective, but how the GHG revenues will be shared among
the different participants along the value chain is not clear. In a market mechanism, the revenue
sharing is based on the relative bargaining power of feedstock producers and consumers vis a vis
biofuel producers, i.e., supply and demand elasticities. However the incentive properties of such
market-based revenue sharing arrangements are not unambiguous. Alternatively, a governing
body (e.g., renewable fuel association) may be designated to develop fiat-based revenue sharing
formulae and oversee the distribution among the life-cycle participants, so that the benefits are
shared according to their contributions. Even in this case, it would be optimal to retain the
trading rights with the biofuel producers. Whether the optimal level of GHG reduction would be
achieved under this kind of a trading scheme is an interesting question. Analyzing the tradeoffs
and incentive effects on the market participants (quantitatively) is another important issue.
3. Current Global GHG Trading Schemes
Many biofuel projects that reduce GHG emissions have submitted methodologies to the CDM
methodologies panel and Executive Board that evaluates and approves the GHG credits, e.g.,
BIOLUX biodiesel project, Agrinergy ethanol project (Atkinson, 2006; CDM, 2007b, 2007d).
One of these project methodologies has been approved and could serve as a template for future
biofuel related GHG credit requests (CDM, 2007b). Upon approval of these methodologies,
these projects can sell GHG credits—termed as Emissions Reduction Units (ERU) and Certified
Emissions Reduction (CER) for GHG credits generated in the developed and developing
economies respectively—that are eligible for trading. The demand for GHG credits is generated
within the CDM framework by requiring different emitters (e.g. power plants, cement
manufacturing facilities) to reduce their GHG emissions levels; currently GHG emitters in EU
countries that have ratified the Kyoto Protocol are engaged in trading GHG emission rights.
There are private GHG trading exchanges such as GHGx, EUETS, and many over-the-counter
(OTC) markets and exchanges serving the EU (EU-Environment, 2007; EUETS, 2007; GHGx,
2007; Point Carbon, 2007; UNFCCC - CDM Bazaar, 2008b). The trading of GHG’s usually
occurs in a price range of $7 to 15 per metric ton of carbon dioxide equivalent (tCO2e) in
organized exchange-based transactions whereas the prices in the OTC markets range from $2040 per tCO2e (or € 15-30 tCO2e-1 at an exchange rate of € 1 = $1.30) (Capoor and Ambrosi, 2007;
CCX, 2007a; Point Carbon, 2007).
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In the US, since the GHG emissions are not regulated, participation in such markets is
voluntary. CCX is one of the private firms that has established a trading platform for GHG
trading within the US. The CCX Members commit to reduce their emission level which is legally
binding. If they cannot reduce them below committed levels, they can buy offsetting GHG
credits (also called carbon credits) from the members who are sellers within CCX; this creates
the demand for GHG credits (CCX, 2007d). The GHG credits, called Carbon Financial
Instruments® (CFI®), are supplied by offset projects and aggregators who are also members of
CCX. These credits are generated in projects within North America, and ratified by CCX for its
members through third party verification (CCX, 2007e). The GHG credits are generated by
eligible projects such as in forestry, methane digestion, reduced tillage in agriculture, and
production of electricity from renewable sources (CCX, 2007b). The projects eligible under
CDM methodologies are also eligible under CCX. Since methodologies are being considered to
trade the GHG emissions from biofuels in the CDM markets, such biofuel projects can become
eligible for GHG credits in the US as well. In spite of their eligibility, there are no approved
methodologies to quantify these GHG credits nor is there a GHG trading framework to trade the
credits arising from biofuel projects. The next section discusses a possible GHG trading
framework that may be appropriate for the US biofuel industry.

4. Proposed GHG Trading Framework for the US
Life Cycle Approach and a Combination of Standards
We propose that the system boundaries include the entire lifecycle and thus the activities of the
feedstock producing farmers, manufacturing plants, blending intermediaries and the final
consumers. However, quantifying the GHG benefits using LCAs tailored for various biofuel
streams and plant locations can be difficult. A streamlined LCA using standard input processes
and output (emissions) coefficients can help solve this problem. Such industry averages are
known as ‘standardized rules’ in CCX (‘performance standards’ in CDM) and they are
extensively used to quantify GHGs eligible for trading (CCX, 2004). However, using industry
averages may not be appropriate when the project specific values are available or can be
generated with relative ease. For example, information on the specific fuel mix (coal, natural
gas) used at an individual ethanol plants is easily available and fuel-mix can significantly affect
GHG performance. Hence, we propose a combination of standard and project-specific estimates,
i.e., industry or regional level standardized rules for estimating emissions at the farm and final
consumer level, and project-specific standards for estimates at biofuel manufacturing plant and
blender levels as detailed below.
Feedstock production: We propose using region- and feedstock-specific averages for modeling
GHG emissions from feedstock production stage of the lifecycle. This is necessary because there
are thousands of farmers that supply multiple feedstocks for biofuel production and accounting
for differences in input use and cultivation practices among individual farmers is very difficult.
Biofuel production: Project-specific information associated with feedstock mix (e.g., proportion
of corn and cellulose in ethanol production), the technology used for conversion, input fuel mix
and other process operations should be available with biofuel producers. Hence we recommend
using project-specific data in quantifying the GHG emissions for this stage.
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Blending and transportation: Similar to biofuel producers, the blending intermediaries also
maintain project-specific data with regard to blend levels (e.g. gasoline-ethanol blends), modes
of transportation and the extent of distribution (distance). Since this data is readily available, we
recommend using project-specific data for this third stage.
Final use of biofuels in vehicles: Because final consumption of biofuels occurs in millions of
vehicles of various makes and models, using a representative mix of vehicle-fleet and
‘performance standards’ to estimate tail pipe emissions becomes necessary. For an illustration of
how to use the emission performance standards to calculate the emissions from a fleet of
vehicles, see (CCAR, 2008).
We also recommend using the GREET model as a standard tool in evaluating life cycle
performance since it is flexible, and can easily incorporate project-specific details and industry
(or geographic) averages as necessary. Moreover, as discussed before, GREET is publicly
available, widely accepted, and relatively transparent (ANL, 2007).
Definition of Baseline and Additionality
Defining the baseline, BAU case is crucial in GHG emissions trading to identify and quantify the
GHG emission reduction from the ‘proposed project activity’ (i.e. biofuel substitution). As was
discussed above, the definition of a BAU case for biofuel substitution can be tricky due to
various types of fuels being used in the BAU case and the presence of multiple mandates that
vary by seasons.
To illustrate, there are two types of regulatory requirements for ethanol use in the U.S.
The first type is a quality mandate to meet air quality concerns (e.g., mandated reformulated
gasoline or gasoline-ethanol blend)—since the ethanol used to meet these mandates would have
been used due to regulations, it is not considered to be ‘additional;’ i.e., the ethanol project might
have occurred even without the revenues from GHG credits. The second type of mandate is a
quantity mandate. Various states require ethanol to be used in particular proportion to gasoline
sold (e.g. 10 per cent of gasoline in Iowa, Kansas, and Hawaii (EPIC, 2008)). Since this ethanol
would have been produced and consumed even without the particular project, the project under
consideration may not be considered as ‘additional.’ Hence, the ethanol (or other biofuel) that is
eligible for GHG credits should be the quantity that is produced and consumed over and above
the mandates (both quantity and quality). For example, consider a case where the total US
ethanol output is 20 billion US gallons in the year 2012; if 3 billion gallons were used to meet
quality mandates (RFG mandates), and another 15 billion gallons were used to meet various
quantity mandates, then only the remaining amount of 2 billion gallons can be considered as
‘additional’ due to project activities. Here, only 10 per cent of total ethanol production may be
eligible for tradable GHG credits, according to this example—hence, the ethanol industry can
stake a claim to GHG credits only for 10 per cent of its output during the year 2012. Since the
mandates change over the years, the BAU case changes as well and thus the proportion of
ethanol eligible for GHG credits needs to be recomputed periodically.
However, ambiguities arise when the quantity mandate also satisfies the quality mandate.
In the above example, one can argue that the consumption of 15 billion gallons (under the
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quantity mandates) includes the 3 billion gallons used to meet the quality mandate as well—
hence, the quantity of ethanol eligible for GHG credits is 5 billion gallons, or 25 per cent of the
industry output in 2012. Many mandates specify the generic term ‘biofuels’ rather than one
specific fuel (such as ethanol or butanol). If it is not explicitly stated or recognized in mandates,
any particular biofuel may become eligible for GHG credits—this means that, in the above
illustration, all industry output of 20 billion gallons of ethanol during 2012 may be eligible for
GHG credits. Moreover, monetary incentives such as subsidies and tax rebates act indirectly as
quantity mandates and the extent to which they affect the net BAU level of biofuel use is
difficult to establish.
Given these realities, what proportion of biofuel produced in a particular plant (project) is
eligible for GHG credit is not obvious. One option is to use the process described above: the
proportion of biofuel output eligible for GHG credits can be calculated based on national
mandates, adjusted to reflect the regional or state level mandates. For example, if 70 per cent of
the total US ethanol output is required to meet federal mandates, only the remaining 30 per cent
would be eligible for GHG credits. This 30 per cent could be uniformly applied to all ethanol
plants. If any state requires more ethanol (than the federal mandates) in the form of a mandate,
then the ethanol plants in those states alone can be assigned a different baseline level—i.e., if
Iowa mandates make 80 per cent of its ethanol output to meet mandates while the federal
mandates require only 70 per cent, then the higher of these two should be considered as the
baseline (80 per cent in this example).
After establishing the baseline, the project-specific LCA using the GREET model can be
used to compute the GHG credits. Table 1 presents selected scenarios where ethanol is produced
from corn, using a wet or dry mill production process and used in gasoline or flex fuel vehicles
(FFV). The estimates in Table 1 are from version 1.8a of the GREET model under current
technology conditions (ANL, 2007). Based on these estimates, if an ethanol plant using corn as
the feedstock, and employing dry-mill technology (with US average production techniques and
fuel mix) produces 53 million gallons of corn ethanol, and 21 million gallons qualify as
‘additional’ then the GHG credits generated would be equal to 41.4 thousand tons CO2e.
Trading Rights with Biofuel Producers
As explained above in section 3, assigning the property rights for trading GHG benefits credits to
biofuel producers (e.g. ethanol manufacturing plants) is desirable to minimize transactions and
information costs. Most project-specific data in terms of feedstock mix, technology, and energy
sources used are available only with the biofuel producers. Table 2 depicts how the actions
(energy source used) of the biofuel manufacturing facility affects the lifecycle (well-to-wheel)
GHG emission reductions achieved in corn ethanol plants. Other manufacturing plant specific
GHG reductions depend on the scale of operations (size) and the combination of feedstock (corn
versus cellulosic materials). Further, biofuel manufacturing facilities may not be willing to
divulge the specific details to farmers, blenders, or consumers, since much of this information
can be of strategic importance in their operations. Hence, assigning the trading rights with any
entity other than biofuel producers can lead to the use of incorrect information in the GHG
markets. Biofuel producers have project specific information which they might be willing to
share confidentially with certifying agencies such as CCX. Biofuel producers then require only
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Table 1. Lifecycle GHG emissions per US gallon of ethanol (equivalent) used as
automobile fuel
GHG(a) reduction GHG(a)
GHG(a)
compared with emissions
emission
Fuel
conventional
(ethanol
credit of
gasoline
equivalent)
ethanol
(percent)
kg per US gallon kg per US
gallon.
Column B = 7.61 Column C =
* (1 – Column A) 7.61
–
Column B

Column A

Conventional gasoline

0

(b)

Corn ethanol, drymill in gasoline
vehicles(as E10)
Corn ethanol, wetmill(b) in gasoline
vehicles(as E10)
Corn ethanol, drymill(b) in FFV (as E85)
Corn ethanol, wetmill

(b)

7.61

26
5.64

1.97

6.25

1.36

29.2

5.37

2.23

21.4

5.98

1.63

1.14

6.47

1.10

6.51

17.8

in FFV (as E85)

Cellulosic ethanol in gasoline vehicles (as
E10)
Cellulosic ethanol in FFV (as E85)

85.1
85.5

Note:
(a)
GHG refers to greenhouse gases as carbon dioxide equivalent (CO2e)
(b)
The terms ‘drymill’ and ‘wetmill’ refer to corn ethanol production processes
FFV refers to Flex Fuel Vehicles that can use gasohol with ethanol content up to 85 per cent
Adapted from Wang (2005)

industry averages (standardized rules or performance standards) for the farmer and consumer
activities. If the biofuel producers desire more revenues through selling GHG credits, they have
an incentive to source it from the farmers who follow better methods of feedstock cultivation.
This indirectly creates a larger demand for feedstock that is produced with lesser GHG
emissions. Using standards to quantify the micro emissions is a common practice in GHG
accounting and it fits well with the farmers and consumers as prescribed here (CCAR, 2008).
The biofuel manufacturing plants are relatively few in number (about 200) and dealing with
fewer numbers of producers (who can quantify their project-specific emission levels) is an
effective way to address this problem. Assigning the GHG property rights and trading rights to
biofuel producers and following the above said framework is also an effective way to account for
all biofuel eligible for GHG credits in a cost effective manner.
When the biofuel producers are assigned with the rights, they will be able to “demonstrate clear
ownership rights to the environmental attributes associated” as required by CCX (CCX, 2007c,
2004). This can be done in the form of contracts: the contracts between biofuel manufacturing
plant and blenders should specify that the ethanol manufacturing plant retains the GHG trading
rights. Such a method has precedence in CCX where the forestry offset providers (tree growers)
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sell only the wooden logs to the timber industry but not the carbon credits associated with
growing trees (CCX - Personal Communication).

Table 2: Impacts of different fuel sources on GHG emission reduction
Fuel used in corn ethanol conversion process
Well to Wheel GHG emission reduction of
ethanol relative to RFG
Coal
3%
Coal and combined heat and power(CHP)
1%
Natural Gas
-28% to -39%
Distiller grains fueled boiler
-39%
Biomass fueled boiler
-52%
Note: RFG = Reformulated Gasoline; Adapted from Wang et al. (2007)

The consumers should understand that they are buying only the fuel properties of biofuel
but not the GHG benefits associated with it—their share of revenues from GHG credits for
choosing the biofuel over the pure fossil fuel would be passed on in the form of reduced biofuel
prices compared with the situation where there are no revenues for GHG revenues. The contracts
between feedstock-supplying farmers and ethanol production plants should explicitly state that
the GHG reductions achieved from growing the biomass are transferred to the ethanol production
plant. This could be contentious since most of the reductions occur at the farm level and the
farmers might seek a claim to trade these GHG credits. But assigning the property and trading
rights to farmers can lead to extensive leakage of GHG along the supply chain as mentioned
below.
The trading framework described above requires approval and diligent acceptance of all
the entities: farmers, biofuel industry, the certifying agencies (e.g. CCX), and government. Such
coordination is necessary to help avoid the double counting problem (discussed below). The
proposed GHG trading framework is depicted in Figure 1. The revenues from GHG trading are
available with the biofuel production plants—the extent to which it would be shared with farmers
(in the form of higher prices for feedstocks) and consumers (in the form of lower prices for
biofuel) would be determined by their relative bargaining power and the demand elasticities for
feedstocks and biofuels.
Other Issues
Aggregators: Many smaller biofuel production plants may not have enough GHG credits to
trade on their own. These plants could use the services of independent aggregators to bundle the
GHG credits of many smaller plants. Or, these plants can form GHG supply cooperatives that
can greatly reduce the trading costs for all of them. The industry associations such as National
Biodiesel Board or Ethanol RFA can work with the biofuel production plants to establish
industry standards (Ethanol-RFA, 2007; NBB, 2007).
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Figure 1: Proposed GHG trading framework
Biofuel plant transfers a part of
GHG trade revenues to farmers
through higher prices for feedstocks

Farmers that
supply
biomass

Feedstock

Biofuel
Plant

Biofuel plant transfers a part of GHG
revenues to blenders and consumers
through lower prices for biofuels

Biofuel

Biofuel
blender

CCX
approved
independent
verifiers and
monitoring
agencies

GHG
trade
flow

Blended fuel

Biofuel
consumer

GHG reporting protocol
organizations such as
the Climate Registry,
WRI, and WBCSD

GHG emissions markets
Source: Adapted from Kumarappan and Joshi (2008)

Independent verification and ratification: The achievement of GHG reduction through biofuels
has to be verified by a third party. It can be done by carbon inventory agencies and registries
such as Regional Greenhouse Gas Initiative (RGGI, 2007) or Climate Registry (Climate
Registry, 2007; RGGI, 2007). This becomes necessary since there will be many more exchanges
that trade in GHG in the US; NYMEX is planning to open one similar to that of CCX (Gardner,
2007). To facilitate easy movement and consistency across exchanges and trading
methodologies, the ratification needs to be done by a neutral third party such as RGGI. Their
functions would be similar to that of CDM which ratifies the methodologies, tools, and projects
in the case of the Kyoto Protocol (Gardner, 2007).
Annual revision: The biofuel plants have to re-calculate the GHG credits that they are eligible to
receive since the baseline case can change each year depending on the mandates. This will
ensure the incorporation of latest developments and changes in the regulations.
Carbon reserve pools: Due to uncertainties in the estimated levels of GHG reduction, CCX tends
to reserve 20 per cent of carbon credits in all the offset projects to create a reserve pool (CCX,
2004). Such rules will be applied for biofuels as well—this will reduce the amount of GHG
credits issued to the biofuel producers. The credits in such reserve pools may be used to satisfy
the biofuel plants’ own ‘Emission Reduction Commitments (ERC)’ (CCX, 2007d). ERC are the
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mandatory levels of GHG reduction for CCX members; they can reduce the participation of
many biofuel manufacturing plants which are already efficient without much scope for future
reductions in their own internal emissions. The lifecycle analysis would partly reduce the burden
imposed by ERC for the biofuel manufacturing plants.
Carbon leakage: There are other sources of GHG emissions such as clearing of land to open a
biofuel production plant, or the changes in regional land use due to conversion of land from
conservation programs to intensive biomass production purposes. These changes could lead to
additional GHG emissions which are limited to one time period only. Any other long-term
changes such as deforestation to grow biomass feedstock should also be included in the form of
non-recurring leakage caused by the project (NEFA, 2008; Winters, 2008). The development and
use of lifecycle based GHG emissions trading enables incorporating these types of indirect GHG
leakages. In our proposed trading framework, we suggest using regional averages for computing
GHG emissions during the feedstock production which will account for any major changes that
occur within their feedstock catchment area. This also differentiates biofuels depending on which
facility it was manufactured in and what region supplied the feedstock.
Limitations of the Proposed Framework
Our framework has no active mechanism to ensure the appropriate distribution of GHG revenues
among all the life cycle participants. This is a common problem in all GHG trading
methodologies that include lifecycle assessments but the trading rights are vested with only one
agent (the biofuel producers in our case). The success of the proposed model and the reliance on
market pricing mechanisms, where the biomass-supplying farmers get higher returns for their
feedstock and consumers get biofuel blends at a lesser rate, are predicated upon the optimization
behavior of the biofuel producer (Jolly, 2006).
Another issue is associated with Emissions Reduction Commitment (ERC) discussed
above. When the biofuel producers are allocated the trading rights, they have more responsibility
to reduce their internal emissions according to the rules of CCX. Since their operations require
large amounts of fossil fuels, this can reduce their incentives for participating in GHG trading
(CCX, 2007d). Under certain conditions, CCX can exempt the offset provider from meeting such
ERC obligations; whether these exceptions are applicable in the case of biofuels is yet to be
established.
Biofuel production and use also emits many other non-GHG emissions such as nitric
oxides, carbon monoxide, particulate matter, and volatile organic compounds (Jacobson, 2007).
The health impacts of these non-GHG emissions are not addressed by this study.

5. Implications for US Biofuel Producers and CCX
The revenues from trading GHG credits can be a significant source of revenue for biofuel
manufacturing plants. If we assume that one third of the total US ethanol output is eligible for
GHG credits (one third of industry output equals 2.2 billion US gallons in 2007), it would have
generated $ 37 million at a carbon price of $10 per tCO2e. Every billion gallons of ‘cellulosic
ethanol’ eligible for GHG credits can generate $64 million for the industry at a GHG price of
$10 per tCO2e. The future expansion envisioned in the fuel ethanol industry in the US can bring
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revenues of up to $525 million as shown in Table 3. The actual revenues for an individual
ethanol plant would however depend on the industry output, mandates, biomass feedstock used,
production and energy input mix, storage, blend levels, transport, and the mix of automobiles
that consume biofuels.

Table 3: Potential revenues from every one billion gallons of ethanol eligible for GHG
credits (in dollars)
GHG Price
$3 per Mg
$10 per Mg
$20 per Mg
Corn Ethanol 50%
$ 41 million
$ 82 million
Cellulosic Ethanol 50% $ 12 million
Corn Ethanol 80%
$ 8 million
$ 26 million
$ 53 million
Cellulosic ethanol 20%
Corn Ethanol 100%

$ 5 million

$ 17 million

$ 34 million

Source: Adapted from Kumarappan and Joshi (2008) and Wang (2005)

Adopting such a trading framework and allowing the biofuel producers to trade the GHG
credits have implications for CCX as well. Ethanol use in transportation alone can generate
carbon credits of 1.7 and 6.4 million tons of GHG credit for one billion gallons of corn ethanol
and cellulosic ethanol, respectively. With 5 to 7 billion gallons of ethanol (or other biofuels)
eligible for GHG credits, over and above the quantity and quality mandates by the year 2022, the
supply of GHG credits can range from 8 to 40 million tons. In the past 12 months (starting
December 2007), CCX traded around 69 million tons of GHG credits. With a mandate to curb
GHG emissions, the demand can increase considerably by the year 2022 and the abovementioned GHG credits from biofuels might form a significant portion of supply in the GHG
markets. Such a considerable increase in the supply of GHG credits from the biofuels sector can
depress GHG prices in the US, if no other governmental regulations such as carbon caps can
create a compensating demand for these credits. Hence, the proposed GHG trading framework
has potentially large implications for the US GHG markets as well.
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The Water Quality Effects of Corn Ethanol vs Switchgrass Based
Biofuels in the Midwest
Silvia Secchi 1 , Philip W. Gassman 2 , Manoj Jha2, Lyubov Kurkalova 3 , and Catherine L. Kling2

Abstract: While biofuels may yield renewable fuel benefits, there could be downsides in terms
of water quality and other environmental stressors, particularly if corn is relied upon exclusively
as the feedstock. In this article, we describe a modeling system that links agricultural land use
decisions in the Upper Mississippi River Basin (UMRB) to economic drivers. This modeling
system is then used to assess several scenarios to identify the water quality effects of alternative
land uses and the impacts of introducing on the landscape alternative feedstocks, such as
switchgrass, to support renewable energy goals. Specifically, a scenario that assesses the water
quality effects associated with an increase in corn acreage due to higher relative corn prices
provides an estimate of the water quality effects that current biofuel policies may have in the
UMRB. Since cellulosic alternatives such as switchgrass are not currently technologically
feasible, we undertake two additional scenarios to assess the prices needed to induce switchgrass
production in the watershed and the associated water quality changes. Switchgrass production has
sizable benefits in terms of sediment and phosphorus losses, though targeting does little to
improve sediment over the unrestricted location of switchgrass. Nitrate losses are still high, likely
because of the high fertilization levels assumed. Our analysis can help evaluate the costs and
environmental impacts associated with implementation strategies for the biofuel mandates of the
new energy bill.
Unprecedented increases in biofuel production are occurring: the US now produces seven billion
gallons of ethanol compared to less than two billion in 2002 (US EIA, 2008). Moreover, the
latest energy bill, the Energy Independence and Security Act of 2007 (EISA 2007), mandates 36
billion gallons of ethanol by 2022 with only 15 billion coming from corn. The remaining 21
billion gallons are expected to come from second generation technologies which currently are
not commercially viable, such as cellulosic ethanol.
In this article, we use an integrated economic and water quality modeling framework for
the Upper Mississippi River Basin (UMRB) to conduct scenario analysis to shed light on
potential water quality changes associated with ethanol production. We investigate the water
quality changes associated with expanded corn based ethanol or cellulosic ethanol by using a
calibrated watershed based water quality model to predict the water quality changes associated
with spatially explicit land use changes. While cellulosic ethanol has a much higher net energy
balance and it produces less greenhouse gases than corn-based ethanol, it is not currently
commercially viable. Thus, assessing the land use and water quality changes associated with the
production of ethanol via switchgrass requires the use of scenario analysis. Our modeling
framework allows us to estimate the impacts of market forces through price effects and of
policies based both on prices and/or environmental characteristics. The modeling system can
1
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be used to inform a wide range of future policies related to agricultural land use and
conservation.
Two overarching questions motivate this research: 1) How much additional nutrients (N
and P) are likely to end up in the rivers and streams of the UMRB as a result of the increases in
the relative profitability of corn? and (2) How would those nutrient levels differ if switchgrass
production in the UMRB became widespread in lieu of total reliance on corn-based ethanol?
We begin the article with a description of land use in the UMRB. Next we describe the key
components of the integrated modeling framework; the data, models and assumptions used to
generate a baseline are described. The baseline is then compared to several scenarios:
1. Commodity prices as forecast by the futures market and the latest Food and Agricultural
Policy Research Institute (FAPRI) long term projections. The two sets of prices differ
substantially both in terms of absolute and relative prices;
2. Switchgrass prices high enough to compete with traditional row crop production, and convert
a sizable portion of the UMRB’s cropland away from row crops, and
3. Switchgrass prices identical to scenario 2, but with production restricted to the most erodible
land in the watershed. We then calculate the opportunity cost of producing switchgrass in the
targeted areas, and the amount of subsidy necessary to implement the policy.

2. Landuse in the UMRB
We focus our analysis on the UMRB, a largely agricultural watershed that runs from the source
of the Mississippi river in Minnesota to Cairo, Illinois. The total drainage area covers portions of
seven states, but the main states included in the watershed are five. Nitrogen and phosphorous
are the primary agricultural sources of nutrients in the UMRB and evidence suggests that both
nitrate and phosphorous loads from the UMRB are linked to the hypoxic zone that occurs
annually in the Gulf of Mexico (EPA Science Advisory Board). These nutrients also contribute
to poor local water quality problems within many areas of the UMRB. In the most intensive
agricultural portions of the Basin, well over 75% of the land is devoted to agricultural uses
(USDA, 2000). Table 1 contains a summary of the acreage of key crops in the region. The major
agricultural land use categories have remained relatively stable since the end of the 1990s, with
the exception of a corn acreage increase in 2007, which is not expected to be maintained in 2008
(USDA NASS, 2008). However, beginning in 2006, there have been large and rapid changes of
both absolute and relative prices for both corn and soybeans. Commodity and input prices are the
most important drivers of farmers’ choices. Therefore, it is very important to use reasonable
forecasts to assess future land use changes, and their associated environmental impacts. In our
model, farmers can choose between continuous corn, corn and soybean rotations, a corn-cornsoybean rotation and a five year corn alfalfa rotation, besides switchgrass. Farmers choose the
most profitable rotation given their land characteristics (yields), their costs of production and the
prices of the crops. Thus, the choice of rotation is heavily dependent on relative crop prices and
input prices. We focus here on the relative crop price effects, but we are working on an extension
that will include effects of input price changes (nitrogen and diesel).
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The recent rises in prices have made forecasting long term equilibrium prices very
complex. The latest FAPRI long term projections for the year 2018 forecast corn prices of
$153.54 per metric ton (/mt) ($3.9/bushel) and soybean prices of $385.81/mt ($10.5/bushel)
(FAPRI 2008). On the other hand, at the Chicago Board of Trade (CBOT) futures contracts for
the Fall of 2010—the latest crop year for which both corn and soybean futures are available—are
currently trading at $259.04/mt for corn ($6.58/bushel) and $540.13/mt for soybean
($14.7/bushel) (CBOT settlement June 19). The FAPRI predictions for 2010 are $152.36/mt
($3.87/bushel) for corn and $361.56/mt ($9.84/bushel) for soybeans (FAPRI, 2008). Thus, actual
future market prices are diverging greatly from modeled forecasts.
Table 1 – Land use changes in the Upper Mississippi River Basin (km2)
Corn
Soybean
Alfalfa
CRP
area
area
area
area
Baseline
119783
84618
22592 17344
FAPRI prices

Switchgrass
area
0

Without CRP

128281

99953

25623

0

0

With CRP

120371

95094

22572

17344

0

Without CRP

193612

36749

24204

0

0

With CRP

184402

33400

21014

17344

0

107264

83460

21099

17344

26952

110081

91618

15758

17344

23988

170264

25642

19564

17344

24073

173102

31365

13912

17344

23988

CBOT prices

FAPRI prices
With max net returns
switchgrass
With targeted switchgrass
CBOT prices
With max net returns
switchgrass
With targeted switchgrass

Forecasting the price of feedstocks for cellulosic ethanol production is even more
challenging, given that the technology is not commercially viable and the logistics and storage
aspects of such a production systems are in their infancy. A recent study assumes costs ranging
from $90 to $200 per ton (Toman et al., 2008). However, even though this is a very recent report,
it assumes oil prices much lower than the current ones, as it is based on the 2006 Annual Energy
Outlook projections.
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The uncertainty in predicting absolute and relative prices of agricultural commodities and
oil and natural gas translates into uncertainty in predicting farmers’ choice of crop choice and
rotations, and their consequent environmental impacts. A higher relative corn price means shifts
into higher levels of corn production (as witnessed in 2007, when farmers, in response to high
corn prices relative to soybeans, increased corn acreage by over 14% compared to the average
acreage in the previous five years) (see Figure 1).

Figure 1 – Historical cropland levels in the five states of the UMRB
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USDA NASS. 2008. Agricultural Statistics Data Base. URL:
http://www.nass.usda.gov/Data_and_Statistics/Quick_Stats/

Another complicating factor is the fact that—particularly in the northern part of the
UMRB—corn has been grown in rotation with alfalfa to be used for hay production. Because of
transportation and storage costs due to hay’s bulkiness, markets for hay tend to be local (Diersen,
2008). Therefore, demand for hay is highly inelastic for production levels higher than the levels
that can be supported by the local livestock industry. Thus, price forecasts for hay at a national
level, such as the one provided by FAPRI, have large margins of error when used to determine
land use choices at a fine geographical scale. Indeed, the latest FAPRI Outlook states that “Hay
markets are more fragmented than markets for most other agricultural commodities, so trends in
national average prices may not be reflected at the local level” (FAPRI, 2008, p.110). For
example, according to our analysis, if alfalfa prices in the UMRB were $128.55/metric ton
($116.62/ton) as forecast in FAPRI’s long term projections for the year 2018, and the other crop
prices followed FAPRI’s projections, the alfalfa acreage would almost quadruple in the UMRB.
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This suggests that the FAPRI forecast is likely overestimating the price of alfalfa in the
watershed. Given that since the 1970s the alfalfa acreage in the five states of the watershed has
been slowly declining (Figure 1), a more realistic alternative is to solve for the price of alfalfa
that keeps the acreage constant. Thus, for both the FAPRI and CBOT prices we found the price
of alfalfa the corresponded to an acreage close to the historical one and used that price.
The reasons behind these large changes in prices are currently the subject of intense
debate which we do not attempt to resolve here, but most analysts point to rising energy prices, a
low dollar, rising food demand from historically low income countries, trade policies in some
parts of the world, and, most relevant for our discussion, ethanol policy which has raised the
returns to corn production relative to other crops. Higher relative corn prices will alter crop
planting decisions. In particular, the most likely expansion of corn production is likely to occur
by shifting from corn-soybean, which is the historically dominant cropping rotation in the corn
belt, to more use of continuous corn or corn-corn-soybean rotations.
In short, the combination of ethanol policy and subsidies with changing world conditions has
lead to historically high crop prices. Farmers respond to prices by changing their cropping
patterns, and this has the potential to reduce water quality in the region. Here we link two
forecasted prices – which diverge in the predicted amount of land planted on corn - to changes to
land use and cropping patterns in the Upper Mississippi River Basin and follow the impact of
those land use changes onto their impacts on water quality. If degradation of water quality is
occurring, as suggested by Simpson et al. (2008), it may be appropriate for government to
consider implementation of policies that counteract these effects by supporting conservation
actions that can offset this degradation (such as implementation of buffers, restoration of
wetlands, or the elimination of fall fertilizer applications). Alternatively, it may be appropriate to
re-configure the subsidies for ethanol production to favor an alternative feed stock, such as the
perennial switchgrass.

3. The Integrated Modeling System
Our modeling system uses the 1997 Natural Resources Inventory (NRI) database. There are over
110,000 NRI “points” in the UMRB, each representing a combination of weather, soil
characteristics, crop choices, rotations, and other agro-ecological conditions, thus allowing the
model to represent the rich economic and environmental diversity of this spatially diverse,
managed ecosystem. The economic model is linked to a watershed-level hydrological model, the
Soil and Watershed Assessment Tool (SWAT) based again on the NRI. 4
The SWAT model (Arnold and Fohrer, 2005; Gassman et al., 2007) is a conceptual, physically
based, long-term, continuous watershed scale simulation model that operates on a daily time
step. In SWAT, a watershed is divided into multiple subwatersheds, which are further
subdivided into Hydrologic Response Units (HRUs) that consist of homogeneous land use,
management, and soil characteristics. Streamflow generation, sediment yield, and non-pointsource loadings from each HRU are summed and the resulting loads are routed through channels,
4

It is important to note that several other studies have integrated economic decision models with environmental
process models to evaluate policies within the UMRB; notably Wu et al. (2004), Wu and Tanaka (2005), and Booth
and Campbell (2007). For a discussion of similarities and differences in the modeling approaches see EPA, SAB
(2007).
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ponds, and/or reservoirs to the watershed outlet. Key components of SWAT include hydrology,
plant growth, erosion, nutrient transport and transformation, and management practices. Outputs
provided by SWAT include streamflow and in-stream loading or concentration estimates of
sediment, organic nitrogen, nitrate, organic phosphorous, soluble phosphorus, and pesticides.
Previous applications of SWAT for streamflow and/or pollutant loadings have compared
favorably with measured data for a variety of watershed scales (Gassman et al., 2007). The
UMRB SWAT simulation framework builds on the work of Arnold et al. (2000) and relies on
numerous data sources to develop and execute the model. SWAT calibration and validation
results for the entire UMRB or subregions are reported in Jha et al. (2006), Jha et al. (2003), Jha
et al. (2007), Secchi et al. (2007).
The economic component of the modeling system assumes that farmers/landowners
choose the crop and associated crop rotation for their land to maximize their net returns (profits)
from farming. Thus, to predict the crop rotation and crop choice for an NRI point, we construct
the costs of producing each crop under each rotation that is appropriate to that particular soil
type, climate, and other physical characteristics. Of course, the profitability of a particular crop
will also depend critically on the price of the commodity. The costs of production budgets are
based on Iowa costs of production for 2008 (Duffy and Smith, 2008). We use state-based rates of
fertilizer application, based on historical averages calculated by USDA ERS (USDA-ERS.
2007).
4. Scenario Analysis: Future Row Crop Landuse
To undertake policy relevant scenarios, we need to establish the likely cropping patterns and
water quality in the UMRB in the absence of a perennial feedstock. As we noted above, this is
complicated by the instability of the current price environment. Therefore, we use two price
forecasts – the FAPRI ones, which correspond to a land use more closely aligned with the recent
past, and the CBOT future prices, which would tilt the balance in favor of corn production. Once
these scenarios are established, we can use the integrated modeling system just described to
perform counterfactual scenario analysis. That is, we can imagine that positive returns to
alternative crops, such as switchgrass, become reality to predict crop location across the region.
With that altered cropping pattern, we run the calibrated SWAT model to predict pollutant
loadings. Comparison with the row crop only scenarios allow us to indicate the degree to which
water quality will be altered, for better or worse, due to the introduction of the new crop.
Comparisons between the row crop only scenarios, on the other hand, illustrate the water quality
impacts due to the relative increase in corn prices and the consequent increase in corn acreage.
As we noted above, an important agricultural land use in the region is enrollment in the
Conservation Reserve Program (CRP), a government funded program that pays farmers to
remove land from agricultural production. Over 17,000 km2 in the region were enrolled
according to the NRI (Table 1). We assume that the land enrolled in CRP in 1997 remains in the
CRP or returns to production. We will mostly focus here on the scenarios in which CRP remains
constant in order to construct as much as possible a ceteris paribus analysis. Figure 2a illustrates
how closely corn acreage would follow historical patterns if the FAPRI forecasts are realized.
Most of the watershed was and would remain in corn – soybean rotations. In contrast, if the
CBOT prices were to prevail, Iowa and Central Illinois would see tremendous increases in corn
acreage, with consequent water quality effects as illustrated by Table 2.
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Figure 2a. Location of corn area—no switchgrass scenarios

Figure 2b. Location of switchgrass area
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Table 2. SWAT results
Avg Sediment Out
Metric tons
Baseline
FAPRI prices –
No switchgrass
FAPRI prices –
With switchgrass
FAPRI prices –
With targeted switchgrass
CBOT prices –
No switchgrass
CBOT prices –
With switchgrass
CBOT prices –
With targeted switchgrass

Avg NO3 Out
Kgs

Avg P Out
Kgs

23974833
25412208

329371667
357808336

25044750
24912167

22320875

363887503

22320708

21824958

411370837

22758375

24541375

346083335

27238500

20482083

353125001

24503250

20263542

401183335

25009000

5. Scenario Analysis: Switchgrass
In addition to understanding the effect that higher corn prices could have on water quality in the
region, it is also of interest to understand how water quality might change if an alternative
feedstock were economically viable in the region.
Switchgrass has been extensively evaluated as a biofuel crop throughout the US.
Optimal fertilizer application rates have also been extensively investigated. Vogel et al. (2002)
consider a wide range of nitrogen application rates and find that the optimal rate is 120 kg N ha-1.
There is consensus in the literature that higher rates of fertilization are needed in colder climate
with a shorter growing season. McLaughlin and Adams Kszos (2005) and a recent extension
publication (Barnhart et al., 2007) suggests higher rates would be optimal, at 157 kg N ha-1. For
our modeling purposes, we construct switchgrass net returns building upon Iowa State
University’s switchgrass budget cost assumptions (Duffy). The ISU budgets assume a fertilizer
rate application of 112 kg ha-1, but given the recent findings that higher rates may be optimal, we
approximate a yield response function and identify optimal nitrogen application rate by using
rates of 100, 120, 140 and 157 kg N ha-1 to compute yield and net returns from growing
switchgrass throughout the UMRB. The optimal rates were determined by running the SWAT
model at the rates mentioned above, finding the corresponding profit levels and choosing the
highest possible profit level. Thus, our model is dependent on the SWAT model crop growth
response function to nitrogen. We realize this crop growth may not be adequately representative
of yield response functions. That is why we are working closely with agronomists and
monitoring the published literature to make sure our assumptions are reasonable. Our annual
costs of production for switchgrass are $34.6 per metric ton, constructed for a target yield of
15.38 tons ha-1. It is important to note that these costs include only variable costs and only apply
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to land that is already cropped. Land of lesser quality and with lower rental rates may have lower
opportunity costs than cropland. Note also that we are assuming the farmer would not incur any
storage/transportation to storage costs. Because currently there are no substantial markets for
switchgrass for ethanol production, the structure of such markets is largely a matter of
speculation. The imputation of some of the costs related to processing could substantially alter
net returns for farmers. Since we have assumed here that the processors would cover storage and
transportation costs, our estimates could be considered to be on the low end of the spectrum.
These costs may appear low compared to the switchgrass prices that we are using in the analysis.
However, what needs to be considered are the opportunity costs – that is the returns from the
production of alternative crops, in our case corn and soybeans. High prices in traditional row
crop production mean that alternative crops will have to have relatively high prices to be grown.
Using the full sets of budgets, we now use the full set of cost information on all crops
to generate a switchgrass acreage response curve. As can be seen from Figure 3, the price that
makes switchgrass economically competitive with corn and/or soybeans depends very much on
the absolute level of row crop prices. Since most of the analysis forecasting cellulosic biomass
prices is based on much lower than current oil and commodity prices (Toman et al., 2008;
English et al., 2006), we decided to peg the determination of switchgrass’ price level to the row
crops to obtain around 10% cropland acreage in the watershed being planted in switchgrass. The
reason for the – admittedly arbitrary – decision to look at a 10% conversion into switchgrass is
that the Upper Mississippi includes some of the best corn producing land in the world. Thus, it is
not likely that current cropland will all convert into perennials in the near future. As the
following discussion shows, relatively high prices for switchgrass are needed to make the
production of this crop more profitable than current row crop production and achieve a 10% land
shift. Higher switchgrass prices still would be needed – given the current FAPRI and CBOT
projections – to achieve higher switchgrass production in the basin. Note that our analysis could
also be used to compute the amount of a subsidy for switchgrass production that would have to
be paid to induce varying levels of acreage and production.
Figure 2b shows that the most profitable locations for growing switchgrass are in the
southern part of the watershed, which has the longest growing season. The model could be
extended to include other cultivars or species better suited for colder climates, and that would
most likely affect the land use and water quality results. The figure also shows how the relative
profitability of corn and soybean plays into the location of switchgrass acreage. With higher corn
prices, in the CBOT scenario, some of the switchgrass leaves central Illinois, where corn
production is more competitive, for southern Iowa and Missouri.
In addition to providing estimates of the water quality impact of switchgrass in the
UMRB, the model can be used for policy analysis, for example to assess monetary outlays and
water quality impacts of targeting policies. Here we undertake two such scenario simulations for
illustrative purposes. Using both sets of prices, we assume that cultivation of switchgrass is
restricted to the most erodible land in the watershed. The rationale is that erodible land would
benefit the most from a perennial cover. Figure 2a shows that this would shift production to
eastern Iowa and western Illinois. The acreage allocated to various crop rotations under the four
switchgrass scenarios are provided in Table 1. The opportunity cost of the targeting scenario
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with FAPRI prices is almost $753 million per year, while the opportunity cost of targeting
scenario with CBOT prices is much higher, over $1,319 million.

Figure 3. Acreage Response of Corn, Soybean, and Switchgrass to Switchgrass Prices
Land use changes due to SG price changes, assuming FAPRI
prices and CRP constant
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The water quality effects of these switchgrass scenarios are presented in Table 2. The
model results show that switchgrass production has sizable benefits in terms of sediment losses,
though targeting does little to improve sediment over the unrestricted location of switchgrass.
This is largely due to the fact that we are measuring changes at the outlet of the watershed, and
our targeting mechanism for switchgrass moves production further upstream, so that the impact
at the outlet gets diluted by cumulative in-stream processes. The sum of upstream, local water
quality impacts is likely higher with targeting, and we are conducting further analysis to
ascertain this. The benefits of switchgrass in terms of sediment loads are highest under the
CBOT scenario, because switchgrass takes the place of continuous corn more often. The model
shows that the high level of fertilization for switchgrass we have assumed would result in
worsening of the nitrate loads. This suggests that, since the switchgrass management practices
that maximize returns to the farmer are most certainly not low input, incentives would have to be
devised to limit fertilization of switchgrass.
The nitrite results are reversed in the case of phosphorus. Since there is no phosphorus
fertilization on switchgrass, we would expect the highest losses in the scenario with CBOT
prices without switchgrass, which has a lot of continuous corn, and the lowest in the scenario
with FAPRI prices without switchgrass, which has the switchgrass and less corn/more beans. As
in the case of sediment and nitrates, we would also expect losses to be higher in the targeted
scenarios than in those with no targeting, because we are measuring loads at the outlet and
targeting moves the switchgrass further up in the watershed.

6. Policy Implications and Conclusions
Simpson et al. (2008) conclude that the increase in corn acreage by about 15% seen from 2006 to
2007 could be expected to increase N loadings to the Gulf of Mexico by about 10% and P
loadings by about 5%. Our findings are consistent with this prediction.
A number of important caveats should be noted. First, as discussed above, incomplete
data on the location and land cover related to the Conservation Reserve Program have made
accurate representation of its location on the landscape impossible. By representing the current
CRP land to be in the same location as the land reported in 1997, we may be introducing
substantive bias, though in which direction we cannot say. Further limitations include the fact
that the model systematically underpredicts corn yields (1997-2006) by an average of 12% and
soybeans by over 4%. Additionally, no yield drags for rotations are included in the model as no
risk premia that farmers might require to plant a new crop, such as switchgrass, are included in
the cost estimates. Moreover, our fertilizer levels for switchgrass are quite high. We are
conducting further analysis to investigate the responses of the SWAT model to lower levels of
nitrogen fertilizer application in switchgrass. However, our analysis points to the necessity of
incorporating responses to economic incentives to environmental assessments. It is not realistic
to just assume that farmers will limit themselves to low input production systems if higher input
ones are more profitable. Most of the environmental analysis currently available simply assumes
low levels of fertilizer application in biomass production systems, and this may not be the
optimal behavior for farmers.
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The Impact of Biotech Corn Traits on Ethanol Production
Nicholas Kalaitzandonakes, James Kaufman, Seth Meyer and Wyatt Thompson 1

Abstract: The U.S. appears committed to the ongoing use of ethanol biofuels. In order
to realize the desired benefits, ethanol production must continue to become more efficient.
Although many technologies have emerged to improve efficiency this article focuses on the role
that corn biotechnology might play. Biotechnology offers the potential to increase yields and
lower input use as well as aid the conversion of corn to ethanol. This could have a meaningful
impact on the energy balance and greenhouse gas emissions of ethanol production. This article
finds those impacts to be significant, although likely to be eclipsed by cellulosic biofuels.
However, the realization of any such benefits is conditioned by prevailing market and policy
conditions. In a world where the market is less constrained by policy, increased yields afforded
through biotechnology would increase corn production, which leads to lower corn price and
larger ethanol production volume. When expected policies, most notably the Renewable Fuel
Standard, are considered the impacts of biotechnology change. The Renewable Fuel Standard
effectively limits the amount of corn based ethanol that is consumed as it shifts production
towards cellulosic feedstocks. Despite the increase in corn production and reduced corn price
there are only marginal increases in ethanol production volume. Accordingly, the RFSs support
of competing biofuels might limit some dimensions of the ethanol industry including its ability to
fully benefit from corn biotechnologies.

In the last decade biofuels have attracted increasing attention for their potential to reduce
greenhouse gas emissions (GHG), provide sustainable energy supplies, and divert chronic
agricultural commodity surpluses to new productive uses. In anticipation of the benefits many
supporters have coalesced, making large investments in biofuels.
More recently, some of the benefits have been questioned amid rigorous debate. Corn
ethanol, which comprises the vast majority of biofuels produced in the US, has been the focus of
the scrutiny. Critics claim that corn ethanol is inefficient, using as much energy as it displaces.
A comparison of ethanol life cycle analysis (LCA) studies (Farrell et al., 2006) explains the
confusion by showing the diverse range of net energy ratios that have been derived, from
negative (e.g., Patzek, 2004; Pimentel & Patzek, 2005) to significantly positive (Shapouri,
Duffield, & Wang, 2002; Wang, 2001).
The debate over the environmental benefits of corn ethanol is equally ambiguous. Farrell
et al. (2006) suggest that GHG emissions of ethanol are virtually on par with that of gasoline.
Other studies (Fargione et al. 2008; McCarl et al., 2005; Searchinger et al., 2008) claim that
when the increased land required to grow feedstocks is accounted for, GHG emissions may be
significantly higher.
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The socio-economic impacts of corn ethanol production and policies have become
perhaps the most hotly debated issue. While ethanol production has sought to create additional
uses and demand for corn beyond its traditional food and feed markets, the recent spike in corn
and other agricultural commodity prices has been viewed as an unfortunate consequence.
Studies, both at the national (e.g., Tokgoz et al., 2007) and international (e.g., Hertel et al., 2008)
level have linked the increasing use of corn for biofuel production with higher grain prices and,
ultimately, somewhat higher food prices.
The ongoing debate suggests that the benefits of corn ethanol may not yet be clear cut.
Given the early stage of development in corn ethanol production, technologies and policies
should continue to evolve, improving the efficiency and balance of benefits. In this article we
explore the potential contribution of coming technical advances on the development of the US
corn ethanol market. Although different types of potential technological innovations exist, we
focus on one, corn biotechnology, evaluating how it might influence corn ethanol’s energy,
environmental, and market impacts. We also examine how market structure and government
policies could condition the influence of corn biotechnologies on ethanol production.

2. The Pipeline of Corn Biotechnology
Corn has been an attractive ethanol feedstock due, in large part, to an advanced and efficient
system of breeding, production, and handling. In recent years, this system has been put to work
to optimize corn for ethanol production. At the ethanol facility a number of improvements have
been made to the process of converting corn to ethanol. Such advances have produced steady
processing efficiency gains raising yields from 2.5 gallons per bushel (ga/bu) in 1980 to 2.8 in
2007 (Wu, 2008). During this same period the average corn yield rose from 104 to 150 bushels
of corn per acre (bu/ac) in the U.S. (USDA, 2008). From these two types of improvements
alone, the amount of ethanol that could be derived from an acre of corn grew 62%, with the
lion’s share of this increase coming from advances in corn production.
Improved corn productivity has come from the use of improved hybrids, precision
agriculture, improved machinery, integrated pest management, reduced tillage and other
innovations. One of the more recent additions to this arsenal is biotechnology. Corn hybrids
improved through modern biotechnology have been found to lower production costs, increase
yields and reduce the environmental footprint of corn production (Fernandez-Cornejo & Caswell,
2006; Kalaitzandonakes, 2003). Accordingly, since their introduction in 1996, biotech hybrids
resistant to certain insect pests or some key broad spectrum herbicides have been
commercialized and quickly adopted. In 2007, 3 out of 4 corn acres in the US were planted with
such hybrids (USDA NASS, 2008). Continuing research and development has produced an
increasingly robust pipeline of novel corn traits (Table 1). While the pipeline builds on the
efficacy of the first generation offerings it also promises new traits such as drought resistance,
increased nitrogen utilization and improved yield potential.
These agbiotech traits could impact ethanol production by (a) increasing corn yields; (b)
modifying corn composition; (c) expanding corn acreage; (d) decreasing energy use in corn
production; and (e) decreasing energy use in ethanol processing. Each trait may have more than
one relevant impact. Drought tolerance, for instance, could increase corn yields, expand corn
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production to previously unsuitable lands, and decrease energy used for irrigation. Both the
multifunctionality and the stackability of biotech traits hint at their promise. However, this
multiplicity also makes ex ante impact analysis more difficult. In order to examine the potential
impact of such new corn traits on ethanol production, we consider simplified scenarios that focus
on the aggregate yield and input use effects of the biotech pipeline but ignore other potential
impacts (e.g. decreased pesticide use, increased use of no till practices).

Table 1. The corn trait pipeline of key biotechnology firms
Syngenta
VIP broad lep
Optimum GAT
Corn rootworm II
Corn amylase
Increased ethanol

Expected
Date
2009
2010
2012
2009
2011

Monsanto
Drought tolerant corn
Drought tolerant corn II
Nitrogen efficient corn
High yielding corn
Yieldgard II (VT Pro)
Yieldgard Rootworm III
High lysine corn
High oil corn
Increased etoh

Expected
Date
<2013
<2015
<2017
<2015
2009
<2017
<2011
<2017
current

Dupont/Pioneer
Stalk rot resistant
Increased etoh 2&3
Corn rootworm II & III
Corn borer II & III
Drought tolerance
Nitrogen efficiency
Increased yield
Improved feed
High extractable starch

Expected
Date
2009
<2018
<2018
<2018
2013-15
<2018
<2018
2011-2013
current

Source: company information

Prevailing long term trends show national corn yields have been growing at a rate of
1.3% per year over the last 20 years (USDA NASS, 2008). If such growth rate were carried
forward, it would place the average yield of corn at approximately 175 bu/ac in 2018 and 192
bu/ac in 2025 (Figure 1). However, certain agbiotech developers have indicated that introduction
of new biotech traits will accelerate the historical rate of yield growth in the near future.
Monsanto, for example, anticipates that by 2030 average corn yields could be twice as large as
those of today (Monsanto, n.d.).
Here we consider two possible scenarios of accelerating corn yields from novel biotech
traits. First a 1.8% yield growth trend that is meant to reflect a more conservative scenario of
continued adoption and evolution of first generation biotechnologies and gradual transition into
second generation biotechnologies. Second, we consider an aggressive “upper bound” scenario
of a 4% average yield growth rate, which slightly exceeds the projections of doubling the
average corn yield in the next twenty years. These linear yield paths mean that by 2018 average
corn yields in the US would grow to 184 bu/ac under the more conservative scenario and 233
bu/ac under the more aggressive scenario. Average yields would then further grow to 209 and
307 bu/ac respectively by 2025 (Figure 1).
These yield enhancements subsume the influence of a wide array of crop efficiencies
targeted by the new biotech corn traits including resistance to drought and more efficient use of
nutrients. Incremental improvements in such crop characteristics have been pursued through
traditional corn breeding and other technologies for decades. As a result, between 1970 and
2005, while corn yield increased by 90%, the amount of nitrogen (N) fertilizer used per bushel
declined by 36%, paralleled by reductions in phosphorous (P) and potassium (K) (USDA, 2007).
In our analysis, we assume that new biotech corn traits can sustain these trends in input use.
However, it is likely that these trends will ultimately be restricted by the nutrient removal of
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grain. Regardless, we assume that in 2025 a bushel of corn will require 0.66 lbs of Nitrogen,
0.1lbs of Phosphorous, and 0.39 lbs Potash (Figure 1).

Figure 1. Historical and future trends in corn yields and fertilizer use
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Agricultural biotechnology is also promising to positively impact ethanol processing
efficiency—most notably with novel highly fermentable corn and high amylase corn hybrids.
Existing highly fermentable corn hybrids have, on average, a 5% higher starch content which can
result in a 2.7% increase in ethanol yield (Haefel et al., 2004). High amylase corn is promising to
decrease the processing costs at the dry mill by essentially eliminating the liquefaction step—
including much of the heat, water, tankage, sulfuric acid, and alpha-amylase associated with it
(Urbanchuk, 2007). Other traits could further increase the amount of ethanol that can be
extracted from a bushel of corn, facilitate the conversion process, or increase the value of coproducts. Here we aggregate all such potential impacts of the agbiotech pipeline at the ethanol
facility by considering scenarios of overall improved process efficiency. In the case of the LCA
the efficiency is modeled as process energy reductions, and in the market analysis, the amount of
ethanol yielded per bushel is used. In both cases these changes are assumed to occur at similar
rates—a conservative annual rate of 0.54% and a more aggressive rate of 1% annually. Figure 2
shows the ethanol yield paths.
It is important to note that these yield growth rates are complicated by theoretical yield
limits. The theoretical yield of ethanol from a bushel of corn containing 33.9 lbs of starch is 2.93
gallons. This theoretical maximum however, may be expanded as the starch profile of corn is
increased and as cellulosic technology allows the fiber in corn to be converted to ethanol. The
use of highly fermentable corn varieties has demonstrated the capability to increase ethanol yield
by 2.7% (Haefele et al, 2004), potentially increasing the maximum to 3.01 gal/bu. The
conversion of corn fiber would separately increase the theoretical maximum to 3.35 gal/bu (DOE
EERE, 2008). Taken together this implies a theoretical maximum of corn at 3.44 gal/bu. Figure
2 shows the lower ethanol yield path crossing the theoretical starch yield limit in 2020 and the
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more aggressive in 2014. At which point it is assumed that either corn fiber is converted to
ethanol and/or fermentable content of the kernel is otherwise increased.

Figure 2. Historical and future trends in ethanol conversion yields
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3. Methods and Results
Given the diverse mode of action of the various new traits in the biotech pipeline, analysis of
their potential impacts requires a system-wide approach. We use two types of analyses here:
Life Cycle Analysis (LCA) and economic analysis using a partial equilibrium model of the US
agricultural and biofuel economy. LCA allows us to examine whether the new corn
biotechnologies could improve the environmental and energy profile of corn ethanol. The
economic analysis allows us to determine whether these novel biotech traits could change the
market fundamentals (e.g. demand, supply, prices) of corn ethanol and its feedstock while
accounting for the interconnectedness of agricultural commodity markets and the influence of
government policies.
Life Cycle Analysis
Many of the environmental benefits associated with biofuels (e.g., energy balance and GHG
emissions) are best assessed using LCA. Energy balance is especially pertinent, as it provides
insight on the relative efficiency changes that might be possible through biotech innovation.
LCA evaluates the total “variable energy” use required to produce ethanol, including in corn
production, ethanol manufacture, transport, and distribution. The energy analysis further includes
losses in the individual processing steps, as well as losses associated with the extraction,
refining, and distribution of the energy to the system. The “capital energy” contribution resulting
from depreciation of equipment and machinery used to produce ethanol is also considered.
For our analysis we use the GREET model (Wang, 2008). In addition to its analytical
advantages, the open source code adds to the transparency of the methodology and empirical
results. Certain potential agronomic impacts of corn biotechnologies were directly incorporated
into GREET in the form of yield increases and reductions in the per bushel fertilizer use (as
illustrated in Figure 1). Other potential farm-level effects associated with increased corn yields
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required calculations exogenous to GREET. For this, simple assumptions were made using
USDA ARMS data (2006) and the energy budget of Shapouri et al. (2002). Energy used for seed
production, grain hauling, and drying was changed proportionately to the volume of grain
produced. Conversely, energy used for field operations (tillage, harvest, spraying) and pesticide
use was held proportionate to the area of land used per bushel of grain. The resulting energy
budgets were applied to the GREET model and then compared to the baseline where yield
growth rates and reductions in input usage are on par with historical trends.
All yield scenarios resulted in energy savings at the farm (Table 2). Staying on the
historical yield and fertilizer use trends implies reductions in the gross energy consumption of
11% by 2017 and 25% by 2025. A shift in the annual yield growth to 1.8%, our more
conservative yield scenario, offers moderate additional energy savings. Under the more
aggressive scenario of 4% annual yield growth, however, energy savings are significantly
higher—22% by 2017 and 36% by 2025.
Reductions in fertilizer use were responsible for a large portion of the energy savings.
Only under the more aggressive scenario does yield begin to eclipse fertilizer use as the larger
source of savings. This implies that biotechnology’s ability to lower fertilizer use per bushel of
corn produced could be important in achieving energy efficiency goals. Our empirical results
also suggest that yield growth had a larger impact on petroleum use as machinery use decreased
on a per bushel basis. Our analysis shows that the aggressive yield scenario reduces petroleum
use dramatically when compared to a scenario of historical yields carried forward to 2025: 37%
vs. 19%.

Table 2. GREET energy use changes associated with corn yield increases
Yield Path (annual % growth)
Year
Yield bu/ac
N g/bu
P g/bu
K g/bu
Input/Impact Reductions
Total energy
Petroleum
NOx
CO2
Input/Impact Reductions
Total energy
Petroleum
NOx
CO2

Baseline
1.3
2007
151
413.7
148.2
251.9

Historical
Yield Trend
1.3
1.3
2017
2025
172
191.6
351.1
301.1
91.0
45.2
209.2
175.0

Conservative Yield
Growth Scenario
1.8
1.8
2017
2025
180.6
208.5
351.1
301.1
91.0
45.2
209.2
175.0

Aggressive Yield
Growth Scenario
4
4
2017
2025
224
306.84
351.1
301.1
91.0
45.2
209.2
175.0

-14%
-10%
-14%
-11%

-25%
-19%
-26%
-21%

-16%
-14%
-17%
-13%

-27%
-22%
-29%
-22%

-22%
-24%
-24%
-18%

-36%
-37%
-40%
-30%

-2%
-10%
-9%
-4%

-3%
-17%
-17%
-7%

-2%
-12%
-11%
-4%

-3%
-21%
-19%
-7%

-2%
-22%
-16%
-6%

-4%
-34%
-26%
-9%

Corn production, however, accounts for a relatively small share of the total energy use in
ethanol production. After all the direct and indirect costs have been accounted for, corn only
comprises 19% of the total energy consumption of a gallon of ethanol. Thus yield growth from
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novel biotech traits generated modest energy savings when the full production process of ethanol
was considered—between 2% and 4% across all scenarios.
The assumed yield growth from the corn biotech pipeline offered more meaningful
benefits to the petroleum balance of ethanol. Crop production accounts for a large share of the
petroleum used in the production of ethanol. Accordingly, under the conservative yield growth
scenario, petroleum use in ethanol declined by 14% in 2017 and 24% in 2025. Under the more
aggressive yield scenario, petroleum use was reduced by 18% and 31%, respectively. Reductions
in NOx emissions were equally significant.
Analysis of the potential impacts of biotech traits targeting an improved ethanol
conversion process is similarly instructive. We assume that corn varieties with altered
composition (e.g. high starch, high amylase) decrease the direct energy requirement of ethanol
processing 0.54% per year in the conservative case and 1% in the aggressive case. These rates
would equate to approximately a 5% direct energy reduction in 2017 and 10% in 2025 in the
conservative scenario and double that in the more aggressive scenario. The 5% reduction in
direct energy inputs is realized as a 2% reduction in the total energy and a 4% reduction in CO2
needed to produce a gallon of ethanol. At a 20% reduction in direct energy (i.e. the aggressive
case in 2025), total energy use falls by 7% while CO2 falls by 14%.
The effects of increasing corn yields and improvements in the efficiency of the
conversion process are additive and could be examined together. Under the scenario of moderate
annual yield growth in corn production of 1.8% and 1% annual reduction in direct conversion
energy the result is a 5% decrease in energy use in 2017 and 9% in 2025 (Table 3). Petroleum
use decreased by 13% and 22% in the respective time periods. With the more aggressive yield
increases, energy use decreased by 6% in 2017 and 10% in 2025 while petroleum use decreased
by 23% and 36% respectively.

Table 3. GREET energy use changes from baseline with corn yield increases and
decreased energy requirements for ethanol conversion
Year
Corn Yield Path
Conversion Energy Path
Total energy
Petroleum
NOx

2017
1.8
-1%
-5%
-13%
-14%

2025
1.8
-1%
-9%
-22%
-25%

2017
4
-1%
-6%
-23%
-19%

2025
4
-1%
-10%
-36%
-32%

Herbaceous
Biomass
-14%
-23%
19%

Corn
Stover
-23%
-19%
16%

To put these impacts into perspective it is instructive to compare this improved corn
ethanol system to that of cellulosic ethanol. Stock assumptions in GREET (Wang, 2008) were
used employing a yield of 90 gal. of cellulosic ethanol per ton of biomass, which is believed to
be appropriate for the time period considered here (e.g. Tiffany, 2007). These cellulosic
scenarios were then compared to a baseline of 2007/08 production of corn ethanol, in similar
fashion to the preceding scenarios. The conversion of herbaceous biomass decreased energy use
by 14%, petroleum by 23% and led to increases in fuel related NOx emissions. Corn stover
offered more robust energy savings with a decrease of 23% and petroleum use by 19%. In either
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case it would appear that the cellulosic system could outpace corn biotechnology in reducing the
energy demands of ethanol.
However, corn ethanol might excel at reducing petroleum
consumption and certain fuel related GHG emissions.
Economic Analysis
The energy, environmental and economic impacts of the biotech pipeline in corn ethanol
production may not always move in parallel. One reason for this is that the corn feedstock
represents a much higher share of ethanol’s cost than its energy use. To this point, in the LCA
baseline examined above, corn production is associated with approximately 35% of the direct
energy used to produce ethanol and 19% of the total energy. In comparison, between 2005 and
2008 corn represented between 41% and 76% of the total costs in ethanol production at
representative dry mills (Hofstrand, 2008).
We explore these issues in some detail by evaluating the economic implications of the
same innovation scenarios examined above within the context of a partial equilibrium model.
The scenarios used for the economic analysis are similar to those used in the LCA with corn
yields increasing by either 1.8% or 4%. However, instead of reducing processing energy, as in
the LCA, we increased the amount of ethanol that could be derived from a bushel of corn by
either .54% or 1% (Figure 2).
Using these yield paths, we first analyze the potential impacts of increased corn
productivity on the supply of ethanol in the US. To emphasize the conditioning effects of market
structure and government policies, we first calculate such supply response under some unrealistic
but instructive assumptions. Namely, we assume that corn area is constant, the amount of corn
directed to feed and exports is constant, and the amount of ethanol imports does not change.
Under these assumptions, we can determine how much ethanol supply could grow with
increasing yields by calculating the residual of the corn market that is available to ethanol
production.
In 2007/08, the U.S. was scheduled to produce 8.6 billion gallons of fuel ethanol (Figure
3 “2007/2008”). Under the more conservative yield scenario, approximately 17 billion gallons
could be produced in 2017/18 (Figure 3 “2017/18 No Policy”). Under the more aggressive yield
scenario, the productive capacity of the U.S. would grow to 27 billion gallons. Further doubling
the growth rate in the ethanol conversion yield from 0.54% to 1% per year increases the capacity
by another billion gallons.
Although these large increases in corn ethanol production provide a sense of the potential
impact of the biotechnology pipeline, they do not reflect reality as market dynamics and
government policies are not regarded. A number of policies have been implemented to support
ethanol production complicating market response to the technological improvements. Perhaps
most notable of these policies is the RFS which sets supply and demand mandates.
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Figure 3. Market impacts of corn and ethanol yield increases
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The RFS encourages corn ethanol growth from 8.6 billion gallons in 2008 to 15 billion
gallons in 2015 where the mandate then remains fixed (Figure 4). During this period separate
cellulosic and “other advanced” biofuel mandates are put in place and increased, extending total
biofuel production to over 25 billion gallons in 2018. This means that 9 of the 25 billion gallons
of biofuel mandated in 2018 will need to come from cellulosic and “other advanced” feedstocks,
regardless of the cost to make these fuels. Only if increased corn supply could lower corn price
(and thus ethanol price) to a point where consumers were willing to consume more than 25
billion gallons of biofuel could the market for corn ethanol expand. However, other corn uses
(e.g. export, feed) also expand with declining corn prices making it unlikely that corn price
would fall to that level. As expected, when the RFS is explicitly considered and corn market is
allowed to adjust to price changes, corn ethanol production is effectively capped at around 15
billion gallons (Figure 3 “2017/18 With RFS”).

Figure 4. The Energy Independence & Security Act of 2007
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In order to evaluate the influence of market complexities and government policies on the
potential impacts of the biotech pipeline in ethanol production, we use the US FAPRI model—a
detailed economic model of major US agricultural commodity and biofuel markets (Thompson et
al., 2008). In addition to carrying market trends out to 2018 the model incorporates the
foreseeable policy environment, where all relevant policies are held constant or at announced
levels, including the RFS. We report key results from this analysis in Table 4.
Our empirical results suggest that between 2008 and 2018 under the most aggressive corn
and ethanol yield scenario corn acreage decreases by 3% while production increases by 13%.
Corn prices fall by 21% resulting in a 33% expansion in exports and a 14% increase in domestic
feed use. Production and price of other grains decrease under pressure from the expanding corn
supply and declining corn price.

Table 4. Market Effects of Corn Biotechnology Scenarios Under the RFS
Annual Corn Yield Increase:
Annual Conversion Yield Increase:
Corn
Planted Area

1.8%
0.5%
0%

4.0%
0.5%
-3%

1.8%
1.0%
-1%

4.0%
1.0%
-3%

Production

2%

13%

2%

13%

Domestic Use

1%

8%

0%

7%

Exports

5%

33%

7%

33%

Soybean

Price ($/bu.)
Planted Area

-3%
0%

-21%
2%

-4%
1%

-21%
3%

Sorghum

Soybeans ($/bu.)
Planted Area

0%
-2%

-2%
-9%

0%
-2%

-2%
-9%

Ethanol

Sorghum ($/bu.)
Production

-2%
0%

-13%
1%

-2%
0%

-13%
3%

Corn Dry Milled

0%

2%

-2%

1%

Corn Cost of Ethanol

-3%

-21%

-7%

-23%

Ethanol ($/gallon)

-2%

-12%

-4%

-13%

Distillers Grains ($/ton)

-3%

-20%

-2%

-19%

Net Operating Return

1%

-8%

-3%

-5%

Net Imports (Ethyl Alcohol)

-4%

-13%

-8%

-13%

During this period the amount of corn ethanol produced increases only mildly, and
cellulosic biofuels decline. Perhaps most interesting to this paper is the negative effect of yield
enhancements on the economics of the ethanol facility. Although the cost of corn in ethanol
production decreases by 23%, this decrease is conditioned by a 13% decrease in ethanol price
and a 19% decrease in distiller dried grain price.
Next consider a world without an RFS. The technology scenarios have a starkly different
impact on the market (Table 5). As might be expected ethanol production is up 15%, a level
much higher than in the world with the RFS. The ethanol industry also accounts for a larger
share of the increased corn production and the export market relatively less, although it too is up
28% from the baseline. The stronger ethanol demand and the absence of the competing biofuel
mandates lead to less downward pressure on ethanol prices. With ethanol price only declining
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4% from the baseline, the more efficient ethanol plants see large revenue increases—47% in the
case of the aggressive scenario. These results illustrate the significant role that government
policies can play on the impacts of the biotech pipeline in corn ethanol production.

Table 5. Market Effects of Corn Biotechnology Scenarios in a World with No RFS
Annual Corn Yield Increase:
Annual Conversion Yield Increase:
Planted Area

1.8%
0.5%
0%

4.0%
0.5%
-1%

1.8%
1.0%
0%

4.0%
1.0%
-1%

Production

2%

15%

2%

15%

Domestic Use

2%

11%

2%

11%

Exports

4%

27%

4%

28%

Soybean

Price ($/bu.)
Planted Area

-3%
0%

-19%
1%

-3%
0%

-19%
2%

Sorghum

Soybeans ($/bu.)
Planted Area

0%
-2%

2%
-8%

0%
-2%

2%
-8%

Ethanol

Sorghum ($/bu.)
Production

-2%
2%

-11%
13%

-2%
5%

-12%
15%

Corn Dry Milled

2%

14%

2%

14%

Corn Cost of Ethanol

-3%

-18%

-6%

-21%

Ethanol ($/gallon)

0%

-3%

-1%

-4%

Distillers Grains ($/ton)

-4%

-23%

-7%

-25%

Net Operating Return

6%

41%

11%

47%

Net Imports (Ethyl Alcohol)

2%

10%

4%

11%

Corn

4. Concluding Comments
Our analysis suggests that significant benefits may be possible from corn yield increases and
reductions in input use derived from biotech traits. These include large reductions in the amount
of petroleum used for crop production; meaningful reductions in gross energy use and certain
greenhouse gas emissions; as well as decreased costs and increased revenue of ethanol
production that stem from a more efficient feedstock and processing system. Favorable plant
economics coupled with the increased corn production have the potential to significantly increase
ethanol production in the US.
We also find that the magnitudes of these benefits are influenced by government policies
and market structure. The RFS, for example, would limit the utilization of corn for ethanol in
favor of other fuels despite the efficiency improvements from the biotech pipeline. This may be
justified as cellulosic fuels appear to offer reductions in energy consumption and greenhouse gas
emissions. However, the cost competitiveness of cellulosic biofuels is currently unclear and so is
the industry’s ability to develop a system that can effectively produce and handle the vast
amounts of feedstock necessary to fulfill the RFS. Given the early stages of development we
expect that government policies will continue to evolve along with technological innovation.
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Weaning Off Corn: Crop Residues and the Transition to Cellulosic Ethanol
Scott A. Malcolm

1

Abstract: Recent legislation has set ambitious targets for cellulosic ethanol to be realized in the
not-too-distant future. While corn-based ethanol will continue to be the most important supply, its
share—but not the quantity—will diminish over time. How agriculture responds to market and
environmental challenges will be in large part governed by the evolution and adoption of
cellulosic ethanol production technology. One possible scenario is that development of cellulosic
production technology occurs more rapidly than expected, before the establishment of alternative
cellulosic feedstocks, enabling crop residues to be used in lieu of corn during the transition to
dedicated energy crops. This article examines the market and environmental consequences of
shifting biofuel production from corn to cellulosic production technology fed by crop residues.
Results show that reducing corn required for ethanol by increasing production of crop residuebased cellulosic ethanol shifts crop production and changes tillage and rotation choice. These
changes demonstrate mixed effects on key environmental indicators, with benefits and adverse
consequences varying regionally.

Recent and recurring episodes in energy markets, environmental concerns, and growing
concerns about dependency on oil imports have fueled great interest in biofuels. Demand for
biofuels has expanded the market for agricultural products, putting pressure on the land base and
squeezing competitive demands for corn. Emerging biofuel production technologies will in fact
create new agricultural products, which will compete for land and resources with traditional
crops. These new products, while promising for the long-term, are not yet planted in commercial
quantities, and are unlikely to be major components of the first wave of cellulosic ethanol
production. Concurrently, high prices for food and feed have led to calls for reduced reliance on
traditional crops for the production of biofuels.
Recent legislation has set ambitious targets for cellulosic ethanol to be realized in the nottoo-distant future. Throughout the duration of the legislation, corn-based ethanol will continue to
be the most important supply, but its share—not its quantity—will diminish over time. How
agriculture responds to market and environmental challenges will be in large part governed by
the evolution of cellulosic ethanol. One possible scenario is that development of cellulosic
production technology occurs more rapidly than expected, before the establishment of alternative
cellulosic feedstocks, enabling crop residues to be used in lieu of corn during the transition to
dedicated energy crops. This article examines the market and environmental consequences of
shifting biofuel production from corn to nascent cellulosic production technology fed by crop
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residues. Results show that taking pressure off corn by encouraging crop residue-based cellulosic
ethanol provides some environmental gains.
Over the history of domestic biofuel production the predominant feedstock has been corn.
During most of that time, ethanol has been a small market for corn growers. Recently, however,
the share of total domestic corn production supplying the ethanol market has grown, rising from
7.5% (705 million bushels) in 2001 to 22.6% (2950 million bushels) in 2007 (USDA-ERS,
2008). This share is expected to climb even further, to around 35%, when corn ethanol
production reaches 15 billion gallons. This diversion of a significant portion of the corn crop for
energy uses has sparked a wide debate on its effects on food and feed prices, both domestically
and internationally. Also, because of the relatively intensive nature of corn production, the
effects on the environment of greater corn production at the expense of other, less intensive crops
are of concern.
Technological advances in production of ethanol from cellulosic feedstocks promise to be
commercially realized in the near future. Recent policy initiatives, such as the Energy
Independence and Security Act of 2007 (EISA), are founded on the premise that such technology
will come online soon and grow at a rate that will make cellulosic-based ethanol a majority of
production by 2022. While there is a provision in the legislation for waivers of mandated levels
for cellulosic-based biofuels, predictions about when and how much cellulosic capacity will
actually be available range from very pessimistic to very optimistic.
As new technologies emerge, corn will remain the predominant feedstock for ethanol
production, but different cellulosic feedstocks will compete to supply the new refineries. Crop
residues, such as corn stover and wheat straw, are already widely available, although significant
markets for residues do not currently exist. Crop residues do, however, play an important role in
nutrient, erosion, and carbon levels in the soil, and the amount of residue that can be harvested
while maintaining soil productivity is affected by tillage regime and other factors (USDA-NRCS,
2006). Switchgrass and other perennial grasses present high-yielding alternatives to crop
residues. While they show promise in field trials, these grasses are not yet grown on a
commercial scale, and issues of farmer adoption, logistics, and market institutions will need to be
resolved before large-scale production of these crops takes place. Since the management
practices that will prevail are unknown, the consequences to the environment of large-scale
production of perennial grasses are difficult to assess. Short-rotation woody crops, such as
willow and poplar, are another feedstock option. These are fast growing trees that produce
sufficient biomass for harvest in a few years, rather than the decades common in traditional
forestry. These crops are also not currently grown on a wide scale. While it is impossible to
forecast the supply of each feedstock with certainty, it is reasonable to assume that crop residues
will factor prominently in the early phases of cellulosic production.
EISA is the latest step on a policy pathway to stimulate greater production and use of
biofuels. The legislation sets separate targets for two major categories: “conventional” ethanol,
principally from corn; and “advanced” biofuels, which includes ethanol from cellulosic sources.
Since the end product—ethanol—is the same for both processes and the production costs are
likely to be different, there is no reason to believe that the pre-ordained quantity levels specified
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by legislation will be the most economically efficient. Production of ethanol from corn is a
mature technology but there are likely to be many competing cellulosic conversion systems,
some of which may not prove to be commercially sustainable in the long-run. Predicting capacity
levels for cellulosic ethanol production is difficult, though it is possible to analyze the
consequences of various production levels of crop residue-based systems.
Using a regional partial-equilibrium model of agricultural supply and demand in the
United States, we assess the implications of cellulosic ethanol being allowed to substitute on a
gallon-for-gallon basis for corn-based ethanol, thus reducing the amount of corn necessary for
ethanol production. The results show that there are both market and environmental benefits to
accelerating the development of crop residue-based cellulosic biofuel production, primarily due
to the reduced need for corn and taking advantage of existing residue supply. The increasing
economic value of residue drives movement into no-till systems, reducing soil erosion and
improving nutrient deposition. This indicates a need to spur research into crop residue
management and cellulosic ethanol technologies to use them.

2. Modeling Framework and Data
The Regional Environment and Agriculture Programming Model (REAP) is a mathematical
optimization model that quantifies agricultural production and its associated environmental
outcomes for 50 regions in the United States (Johansson, et al., 2007). The regions are defined by
the intersection of the USDA’s Farm Production Regions (10 groups of states with similar agroeconomic characteristics) and the Natural Resource Conservation Service’s Land Resource
Regions (defined by predominant soil type and geography). Production levels are also
determined for livestock and processed products, which are integrated with the crop production
system. Regional differences in crop rotations, tillage practices, and input use such as fertilizer
and pesticides are explicitly accounted for. Input use and national product prices are determined
endogenously. Data on crop yields, input requirements, costs and returns, and environmental
indicators are derived from the USDA Agricultural Resource and Management Survey (ARMS)
and the Environmental Productivity and Integrated Climate (EPIC) model. The model is
calibrated to prices and quantities established by the 2008 USDA Baseline (USDA, 2008). REAP
has been widely applied to address agro-environmental issues such as water quality and
environmental policy design (Johansson and Kaplan, 2004), environmental credit trading
(Ribaudo et al., 2005), climate change mitigation policy (Faeth and Greenhalgh, 2002), and
regional effects of trade agreements (Cooper et al., 2005)
REAP is implemented as a non-linear mathematical program using the General Algebraic
Modeling System (GAMS) programming environment. The goal of the model is to find the
competitive equilibrium (welfare-maximizing) outcome of production levels subject to land
constraints and processing and production balance requirements. The model is calibrated to
production levels for 2016 given by the 2008 USDA baseline. It should be noted that REAP
holds constant many factors that influence planting decisions and the markets for agricultural
commodities. Weather and pest conditions are assumed to be average for the growing season.
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Total ethanol production for 2016 is taken to be 19.25 billion gallons (15 billion from
corn, 4.25 billion from cellulosic in the base scenario) as specified in EISA. Both corn-based and
cellulosic ethanol demand are modeled as perfectly inelastic; there are no explicit factors in the
model to generate the market-based allocation of the two quantities. To measure the effects of a
different proportion of corn to cellulosic ethanol, crop residue-based ethanol production is
ranged from 2.0 billion gallons to 8.5 billion gallons with corn-based ethanol making up the
difference. So that corn-based ethanol production is capped at 15 billion gallons, crop residue
ethanol production less than 4.25 billion gallons is complemented by switchgrass production. For
the purpose of this analysis, switchgrass is modeled as a continuous hay rotation with similar
production, cost, and environmental parameters.
Crops that provide residue for cellulosic ethanol production are corn, wheat, soybeans,
barley, and oats. The quantity of residue produced per bushel of crop is taken from Graham et al.
(2007) (Table 1). The amount of residue that can be recovered from a field is determined by
harvest technology, soil nutrients, water availability, and erosion potential, among other factors.
While there has been much research examining the relationship (Wilhelm et al., 2004), much is
yet unknown about the effects of removing residue on soil productivity. In this analysis, we
assume that 50% can be harvested from fields using no-till systems, 30% from fields using
reduced tillage systems, and 10% from systems using conventional systems. These figures are
meant as a starting point, and are meant to represent one possible residue collection scenario.
Future research will refine these values. Residue harvest costs vary by crop, amount collected,
the value of nutrients, and soil and future yield lost. Nutrient loss depends on the crop and
amount harvested. Typical nutrient contents are about 17 pounds of nitrogen and 4 pounds of
phosphate per ton of corn residue, and 11 pounds of nitrogen and 3 pounds of phosphate per ton
of wheat residue. Wortmann et al. (2008) places the value of nutrients lost per ton of corn residue
at $17.93. Graham et al. (2007) provide a set of curves that estimate the cost of collection as a
function of stover collected per acre and collection method, including the cost of nutrient
replacement (given as $6.50 per ton). For this analysis we simplify by imposing a constant
$40/ton cost across regions and crop residue. This value represents the midpoint of the curves in
Graham et al. adjusted by the higher replacement cost of the Wortmann et al. analysis. There is
much ongoing research into how much residue can be harvested to maintain soil productivity,
and the removal rates used in this analysis may be higher than optimal given soil organic carbon
requirements (Wilhelm et al., 2007). Because of erosion considerations, no residue is allowed to
be harvested from land classified as highly erodible.

Table 1. Residue to grain ratio (pounds of residue per pound of grain, dry mass)
Corn
Soybeans
Wheat
Oats
Barley
Sorghum

Residue-to-grain
ratio
1.0
1.5
1.3
1.4
1.5
1.0
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To eliminate harvest of residues where transportation costs are likely to be too high and
where there is insufficient economically retrievable material to support a commercially-sized
biofuel plant, collection of crop residues is further limited to regions where at least 769,000 tons
can be harvested—sufficient to produce 50 million gallons at 65 gallons per ton of residue. This
is implemented as an endogenous constraint, so conceivably some regions could produce more
crops than they otherwise would if the value of residue made it feasible to do so.

3. Results
Of the 42 REAP regions that grow the residue-producing crops, 13 produce quantities sufficient
to meet the 50 million gallon minimum. The total production of cellulosic ethanol from crop
residues in each region estimated to be produced under alternative scenarios for cellulosic
ethanol demand is shown in Table 2. (Note that the results are reported by Farm Production
Region, which are aggregates of REAP model regions). Below 4.5 billion gallons of cellulosic
ethanol production, supply of crop residue exceeds the demand by ethanol producers in most
regions. There are some regions where all available crop residues are used, after accounting for
rate of removal by tillage, thereby inducing a marginal value for the residue. Above 4.5 billion
gallons of cellulosic demand, all available residue is consumed in each region where the 50
million gallon requirement is met, effectively creating a national market value for residue. The
shadow price for residue reaches $38.83 per ton at a demand of 8.5 billion gallons.

Table 2. Cellulosic ethanol production from crop residues, by region
Cellulosic production (million gallons)
Farm Production
Region
Northeast
Lake States
Corn Belt
Northern Plains
Appalachian

2082
100.0
352.4
503.3
965.1
161.6

4250
100.0
502.6
2471.8
1010.1
165.5

5525
106.7
635.4
3156.8
1403.9
222.2

7012.5
133.0
802.5
3915.0
1864.7
297.3

8500
157.6
966.1
4749.6
2254.6
372.1

Crop prices relative to the 4.25 billion gallon cellulosic demand are shown in Figure 1.
Prices for all major crops vary considerably over the range of cellulosic production. Corn shows
the largest decline in price, dropping 6.5% as cellulosic production increases from 4.25 to 8.5
billion gallons. The price decline for corn is steady over the whole range. Less corn for ethanol
and lower prices lead to more corn for food and feed. Wheat prices decline slightly over the
whole range. Over the range of analysis, the fraction of the corn crop used for ethanol declines
from 36.3% to 27.3% while the amount of corn available for food, feed, and exports increases
from 9.4 billion bushels to 10.2 billion bushels.
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Figure 1. Prices for crops, relative to 4.25 billion gallon cellulosic demand
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Figure 2. Change in total planted acreage and acres planted to corn
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At the target level of 15 billion gallons of ethanol from corn and 4.25 billion gallons of
cellulosic ethanol, total land planted to major crops is 317.7 million acres. As cellulosic demand
increases, less total land is planted to traditional crops. The rate of decline in acreage as
cellulosic demand increases is about 700,000 acres per billion gallon demand increase (Figure 2).
The Corn Belt and Lake States show declines in total acreage as cellulosic demand is increased
but the Northern Plains shows an increase, as illustrated in Figure 3. As crop residues gain
economic value, the Northern Plains adds wheat acres, contributing to an increase in acreage in
the region. Land for corn in the major corn producing regions of the Corn Belt, Lake States, and
Northern Plains are the principal components of the decline in acreage. Over the 4.25 to 8.5
billion gallon range, corn acres decline from 94.3 to 89.1 million acres (Figure 2).

Figure 3. Change in total planted acreage for major crop producing regions, relative
to 4.25 billion gallon cellulosic ethanol demand
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Even though total acreage is reduced at higher levels of cellulosic ethanol demand,
aggregate environmental effects are not reduced. In general, this is due to the fertilizer that needs
to be applied to replace the nutrients removed with the harvested residue. We examine the levels
of four critical environmental measures – nitrogen deposited to groundwater, nitrogen deposited
to estuaries, nitrogen deposited to surface water, and soil erosion. Figure 4 shows how these
measures change across the range of cellulosic ethanol demand relative to the baseline target. To
remove the direct effect of the contribution of fewer acres, the values have been adjusted by
dividing by the change in total acres for the given demand level. Net levels of the environmental
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measures generally increase despite the reduction in total land. Nitrogen deposited to
groundwater holds fairly steady up to about 6 billion gallons of cellulosic demand, and increases
as demand increases. However, not all regions exhibit an increase in this measure, as shown in
figure 5 (also adjusted for changes in total acreage). The increase in the national level of nitrogen
lost by surface runoff at lower cellulosic demands is mainly caused by high levels of runoff in
the corn producing regions. The Delta and Southeast regions show a decrease in nitrogen
deposition to groundwater, demonstrating that environmental consequences do not appear
uniformly among regions. Shifting ethanol demand from corn to residue based systems increases
nitrogen fertilizer requirements, although the effect of potentially applying less fertilizer and
settling for lower yields has not been examined. Changes in management practices contribute to
lower levels of soil erosion. The major management changes that happen over this range are a
reduction in acres planted to continuous corn, particularly in the Corn Belt, and a national
movement into no till systems (figure 6). No till systems grow from 11% to 21% and
conventional systems decline from 72% to 53%. This is driven by the economic value for crop
residues, more of which can be harvested from no till systems.

Figure 4. Change in selected national environmental measures, relative to 4.25 billion
gallon cellulosic ethanol demand
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Figure 5. Index of nitrogen deposition to groundwater, by region, relative to 4.25 billion
gallon cellulosic ethanol demand
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Figure 6. National planted acreage by tillage system (million acres)
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5. Discussion
Unless and until alternative cellulosic crops like switchgrass and short-rotation woody crops are
planted on a large scale, it is likely that the first wave of cellulosic production capacity will be
attracted to those regions already planting residue-producing crops—namely the Corn Belt, Lake
States, and Northern Plains. A sufficient supply of economically recoverable crop-residues will
be available in 2016 to meet feedstock requirements at the EISA target of 4.25 billion gallons. If
corn ethanol production is able to shift to crop residue-based cellulosic production, it will mean a
greater need for crop residues, but the crop production system would not be significantly stressed
by that need. Greater demand for crop residue would further concentrate cellulosic capacity in
the major crop producing regions, rather than increase residue producing plantings in other
regions.
Shifting away from corn and using more crop residues in place of corn provides mixed
results on the environment. On the one hand, the reduced need for corn coupled with an ample
supply of residues means less land is needed to meet agricultural market needs. Much of the
reduction in corn acres is manifest in a move away from intensive continuous corn rotations.
More use of nitrogen fertilizer leads to greater nutrient loadings. Change on a broad scale away
from conventional tillage and into conservation tillage improves soil erosion. Since crops,
practices, and growing conditions are widely distributed, the environmental outcomes vary by
region.
One consequence of pricing crop residues is that with accelerated and localized use,
producers in regions where the source of residue is too far from ethanol plants to be
commercially viable will suffer lower returns relative to their colleagues nearer to ethanol plants.
This is due to the lower price for the crop and the inability to sell the residue. This especially
holds true for corn, which shows the largest drop in price as cellulosic demand is ramped up and
demand for corn ethanol is reduced. Overall, returns to crop production increase as cellulosic
demand increases beyond 4.25 billion gallons since returns from crop residues make up for the
losses in crop production that result from lower crop prices. Regionally, returns to residues are
not proportional to returns to crops; the major crop producing regions garner a relatively greater
fraction.
Critical to the economic development of crop residues for biofuels is a thorough
understanding of the implications of removal of residues on the land that produces them.
Removal of residue affects soil nutrient content, erosion, and water retention. The REAP model
accounts for these factors through tillage and rotation choice in each region. However, the
possibility exists that in an environment where residues have real economic value there will be
an incentive to remove residues in excess of the amount optimal to maintain soil productivity.
Sensitivity analysis around the removal rates (which are likely to be different for each crop) and
the implications for excess removal are topics for further research.
One of the challenging aspects of analyzing the costs and benefits of biofuels is to assess
their life cycle carbon footprint. While beyond the scope of this study, this framework can be
extended to account for sector-wide changes in carbon sequestration and greenhouse gas
emissions. Changes in management practice that lead to changes in carbon sequestration and
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GHG factors can be quantified under a set of policies, such as carbon prices, emissions trading
programs, and incentives (green payments, cost sharing).
This analysis has focused on the near-term use of crop residues as the transitional
feedstock. Alternative cellulosic crops will make an appearance once demand for such products
is in place and issues have been resolved surrounding best management practices, market
institutions, and protection from risk. Any analysis that looks further into the future must
consider these alternative crops even though there is much uncertainty regarding how and where
they will, or most economically, be grown and marketed.
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Expected Changes in Farm Landscape with the Introduction of a Biomass
Market
Michael Popp, Lanier Nalley, and Gina Vickery1
Abstract: This study examines how the introduction of dedicated energy crops—switchgrass
and forage sorghum—may affect Arkansas’ crop allocation decisions. The study captures crop
production practices at the county or crop reporting district level. Results are in a static
equilibrium framework and limited to a one-year ahead forecast. The model’s predictive success
was evaluated by comparing 2007 model results with no energy crop production to actual
acreages harvested. Switchgrass entered land use at approximately $25 and $35/dry ton in 2007
and 2008, respectively. Higher 2008 commodity prices for traditional crops caused lower
switchgrass acreage peaks compared to 2007. Further, at higher biomass price levels—$45 to
$55/dry ton depending on year and whether or not land charges were applied—the annual energy
crop, forage sorghum, surpassed switchgrass acreage primarily as a result of its higher yield.
Since acreage supply response is quite elastic, biorefineries will be exposed to significant price
risk, especially at higher biomass prices, when the annual energy crop exceeds perennial
switchgrass in acreage. Finally, the study examined impacts of biomass production on resource
use. Regardless of ownership scenario, in 2007 and 2008, a 13 and 10 percent reduction,
respectively, in irrigation water per acre occurred when the price of switchgrass increases from
$25 to $65. Labor and fuel use showed no such trends. This is a significant finding, given
diminishing water resources for a large portion of the Arkansas crop producing region.

As second generation biofuel production becomes an increasing reality, it is anticipated that a
percentage of traditional farmland will shift to the production of biomass in the form of
dedicated energy crops. This study examines potential changes to Arkansas’ farm crop allocation
decisions by simulating to what extent crop, hay, and pasture land are affected by the
introduction of two potential biomass crops—switchgrass and forage sorghum. Historical
minimum and maximum harvested acres and yields, cooperative extension information on cost
of production, and expected production cost information for biomass crops are used in a
constrained optimization problem. Significant changes in fuel (and thereby irrigation cost),
commodity, and fertilizer prices demonstrate how changes in production cost and revenue
experienced from 2007 to 2008 may affect resource allocation decisions.
Modeling efforts of a similar type have been conducted at the national level (Walsh et al.,
2003; English et al., 2006) to determine the potential supply and location of biomass crops.
These efforts utilize regional cost of production information at the Agricultural Statistical
District (ASD) level. A weakness of these national models is that county-level details regarding,
for example, double cropping practices or technology-driven changes in production costs are
overlooked. In contrast, this modeling effort uses expert opinion to determine costs of production
on a county or crop reporting district level for the state of Arkansas. While most national models
make broad assumptions and disaggregate down, this model incorporates county level detail and
aggregates up. By surveying county level crop extension agents a more precise representation of
1
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the production nuances of each county can be captured. This modeling effort also differs from
previous studies by including forage sorghum as a bioenergy crop and—for switchgrass—
estimating the opportunity cost of missed crop production for the first year of switchgrass
establishment. Switchgrass and forage sorghum were chosen as the alternative crops since i) they
represent a continuum of low to high input in terms of irrigation water and fertilizer use; ii) they
differ in yield potential and seasonal yield availability (a perennial cut late season with a
significant stand establishment period required vs. an annual with as many as two cuttings); and
iii) different modes of storage due to likely moisture content differences at time of harvest.
These crops thus represent the expected spectrum of choices for producers interested in
participating in either the short or long term production of biofuels.
One weakness of this modeling effort is the static equilibrium framework where results
are limited to a one-year ahead forecast without detail on the dynamics of changes in land use.
Switchgrass, for example, enters the solution at its prorated cost of production and yield as
estimated for the eight to ten year useful life of the stand.
The objective of the paper is therefore to develop i) a 2007 land allocation baseline with
and without land charges as a means to validate the model against actual acreage allocations as
reported in 2007; ii) a 2008 land use baseline using fall 2007 costs of production and commodity
futures prices; iii) estimation of biomass supply functions under varying output price scenarios;
and iv) impacts of biomass production on resource use (labor, fuel, and irrigation water).

2. Data and Methods
Cost of production information, as reported by the cooperative extension service of the
University of Arkansas, was entered into an EXCEL spreadsheet for all traditional crops of
cotton, corn, rice, sorghum, soybeans, and wheat. These data are summarized in Table 1 and
indicate average and range of costs for irrigated, non-irrigated and double cropped production
across technology and soil type parameters (University of Arkansas Cooperative Extension
Service, 2008). Fuel, labor, fertilizer, and irrigation water use were recorded both in terms of
quantity and cost to allow for sensitivity analyses. Table 2 summarizes similar information for
the expected cost of production of dedicated bioenergy crops using expert opinion.
Crop specific extension experts were also consulted on various production technology
methods implemented within the nine crop reporting districts (CRD) as defined by the Arkansas
Agricultural Statistics Service. That is, cotton extension experts were asked to assign percentages
to each of the 28 possible cotton production methods in Arkansas within each CRD. This effort
resulted in CRD-specific cost of production estimates. County level average 2004-2007 yields
(USDA NASS, 2008) helped determine returns above total specified expenses for the 75 counties
in Arkansas. This spatial differentiation on the basis of cost and yield was not possible for the
dedicated energy crops – forage sorghum and switchgrass—as production methods are still
somewhat new and county-specific yield data were not available.
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Table 1. Summary of average and range of per acre estimated total specified expenses for
traditional crops of corn, cotton, grain sorghum, rice, soybean and wheat across reported
production practices using input costs as of November, 2007, Arkansas
Corn
Description
Fertilizer (N-P-K-S-B)
Urea (46-0-0)
Liq. Nitrogen (32-0-0)
Amm. Nitrate (34-0-0)
D. Phos. (18-46-0)
Phosphate (0-45-0)
Potash (0-0-60)
Sulfur (0-0-0-90)
Boron (0-0-0-0-15)
Irrigation
Labor
Operator
Hired
Fuel (incl. custom hire)
Cost of Production
Seed (incl.fees)
Chemicals1
Custom hire (no fuel)
Repair & Maint.
Ownership Charges2
Operating Interest3
Total Specified Exp.4
Average
Range (Max – Min)
# of Prod. Methods
Land Charge5

Grain
Sorghum

Cotton

Rice

Soybean

Units

Irr.

Irr.

lb
lb
lb
lb
lb
lb
lb
lb
inch

215
405
--163
125
--12

218
---130
200
11
7
10

174
---130
200
11
7
0

293
---130
117
--6

239
---109
100
--0

329
---98
113
--32

----80
120
--12

----70
75
--10

----80
120
--0

290
--150
----0

hrs
hrs
gal

0.72
0.39
22.08

1.11
0.68
28.30

1.58
0.66
18.96

0.59
0.19
15.46

0.55
0.10
7.06

0.92
0.58
43.55

0.54
0.31
21.94

0.49
0.26
19.09

0.39
0.11
6.30

0.40
0.09
5.67

$
$
$
$
$
$

60.72
16.19
10.52
14.23
71.48
11.46

99.71
96.54
55.56
25.71
133.1
19.17

72.67
80.84
51.01
23.22
104.6
13.60

14.82
24.68
16.67
11.20
72.40
7.61

10.26
24.68
16.67
7.14
31.35
5.84

48.96
71.92
45.08
17.48
80.04
14.10

22.95
41.59
24.91
11.78
70.15
6.98

32.16
38.77
26.09
11.25
70.91
6.90

22.95
41.59
24.91
6.25
26.79
5.23

29.70
7.23
24.41
6.09
25.61
6.27

$
$

410.5
80.35
7
69.23

623.2
135.3
28
92.31

506.8
9.33
3
64.17

297.6
62.99
3
80.77

204.1 496.9 276.7
-200.5 68.33
1
8
8
64.17 115.38 92.31

275.1
93.20
10
40.83

181.3
12.62
2
52.50

211.0
24.14
4
40.83

$

Irr.

Non
-Irr.

Irr.

Irr.

Wheat

NonIrr.

Dbl. NonCrop
Irr.

Winter

Notes:
1
Chemicals include herbicide, insecticide, fungicides, surfactants, adjuvants, harvest aides and growth regulators.
2
Ownership charges include depreciation and capital costs but not housing, insurance and taxes.
3
Operating interest (7%) is based on half of total specified expenses less ownership charges.
4
A number of different crop production methods exist for each crop. Expert opinion was used to determine which of the reported methods was
most relevant for each of the crop reporting districts.
5
Land charges were based on reported charges for irrigated and non-irrigated acres as per Arkansas Agricultural Statistic Service (USDA
NASS, 2008). These charges were further differentiated by crop using information from a focus group study conducted in 2001 (Hill, Popp
and Manning, 2003).
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Table 2. Summary of per acre estimated total specified expenses for alternative crops of
switchgrass and forage sorghum across expected production practices using input costs as
of November, 2007, Arkansas
Switchgrass
Forage Sorghum
1
2
2
Description
Units
Crop
Hayland
Pasture
Irr.
Non-Irr.
Fertilizer (N - P - K - S)
Urea (46-0-0)
Ammonium Nitrate (34-0-0)
Phosphate (0-45-0)
Potash (0-0-60)
Lime
Irrigation
Labor
Operator
Hired
Fuel (incl. custom hire)
Cost of Production
Seed (incl. seed treatment & tech. fees)
Chemicals7
Custom hire (excl. fuel)
Bale Wrap
Repair & Maintenance
Ownership Charges8
Operating Interest9
Total Specified Expenses10
Land Charge11

lb
lb
lb
lb
ton
inch

-1983
444
775
0.106
0

-1933
444
765
0.136
0

-1933
444
765
0.136
0

300
-110
235
-6

220
-110
235
-0

hrs
hrs
gal

0.92
0.02
5.08

0.84
0.02
4.68

0.77
0.02
4.33

0.55
0.25
12.81

0.45
0.10
5.80

$
$
$
$
$
$
$
$
$

8.40
4.29
3.97
10.68
6.83
18.49
3.22
104.80
56.00

10.50
3.80
8.06
9.89
6.44
17.40
3.45
109.94
35.00

10.50
3.80
8.01
8.93
5.91
15.89
3.35
105.73
25.00

22.53
25.71
17.89
-7.24
51.49
8.33
297.69
80.77

15.17
25.71
17.89
-4.67
21.77
6.41
211.28
64.17

Notes:
1,2
All costs and quantities are prorated over the useful life of 10 and 8 years, respectively, for establishing switchgrass on crop
vs. hay or pasture land. For both establishment practices, 8 lb of pure live seed are applied per acre and cost of harvest is yield
dependent. Note that chemical costs for establishment on hay or pasture land are based on the use of Atrazine, which is
currently not licensed. Using alternatives would add an additional $3.99 prorated cost per acre.
3
Assumes 0 pounds per acre in the establishment year and 220 pounds per acre thereafter. The amounts differ between crop
and hay land due to the difference in useful life.
4
Assumes approximately 20 lbs of phosphate fertilizer per acre per year. This amount is an estimate as current
recommendations are to apply 40 lbs of fertilizer if soil P tests are medium +. Since P yield responses have been
demonstrated to be insignificant (Parrish et al, 2003), we assume that the above fertilizer rate is adequate given Arkansas
soils. Removal is also significantly affected by time of harvest.
5
Assumes approximately 45 lbs of potash fertilizer per acre per year. Again estimate is based on current recommendation to
apply 80 lbs of potash fertilizer per acre per year based on soil tests. Same caveats as for P.
6
Assumes 1 ton per acre in the establishment year only.
7
Chemicals include herbicide, insecticide, fungicides, surfactants, adjuvants, harvest aides and growth regulators. Chemicals
are only applied in year one for switchgrass and thus numbers represent prorated amounts.
8
Ownership charges include depreciation and capital costs but not housing, insurance and taxes.
9
Operating interest (7%) is based on half of total specified expenses less ownership charges.
10
Opportunity costs per acre for the establishment year are not included in total specified expenses and amount to $25 and $35
per acre for pasture and hay land prorated over 8 years and $52.21 per acre and $98.71 per acre for 2007 and 2008,
respectively, on crop land prorated over 10 years.
11
State-wide average non-irrigated land charges are a conservative estimate for switchgrass on cropland. Forage sorghums are
charged the same rate as grain sorghums due to similarities in production. Land charges for switchgrass on hay and pasture
land reflect profitability of hay land and pasture land, respectively.
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Historical harvested crop land information (including all crops, fruits, vegetables, hay
land, and hay yield), pasture and irrigated acres were collected from agricultural census data for
1987, 1992, 1997 and 2002 (USDA Census of Agriculture). Conservation Reserve Program
(CRP) acreage, as well as average county specific payments for 2007, were obtained from the
USDA’s Farm Service Agency (FSA, 2008). Annual harvested acres for the traditional crops
were also available electronically by county from the Arkansas Agricultural Statistics Service
from 1975 to 2007 (USDA NASS, 2008). Variation in pasture and hay land nutrient management
systems (e.g. poultry litter or use of nitrogen fixing companion crops), number of harvests,
grazing methods and operator rental arrangements proved too cumbersome to model. Hence
pasture rental rates and hay land returns were set to reflect surrounding states’ cash rental returns
to pasture at $25/acre (USDA, 2008 Pasture Cash Rent) and hay land returns were set higher at
$35/acre to reflect more productive land that could be harvested with conventional haying
equipment. Since land rental arrangements vary significantly across Arkansas, cash rental rates
by crop were used to differentiate between ownership (no land charges and thereby land
allocation on the basis of relative profitability only) and cash rent only, where land allocation
includes a proxy for ownership costs via cash rent. While neither extreme applies to Arkansas
conditions, the two scenarios are expected to provide a reasonable range of estimates.
The net return (NR) of Arkansas crop, hay, and pasture land could then be maximized by
choosing crop acres (x) on the basis of expected commodity prices (p), county relevant yield (y)
and cost of production information (c) as follows:
Maximize NR =

∑∑ ( p
75

18

i =1 j =1

j

⋅ yij − cij ) ⋅xij

(1)

Subject to:
xmin ij ≤ xij ≤ xmaxij
irrmini ≤ ∑irrij ≤ irrmaxi
iacresmini ≤ ∑xij ≤ iacresmaxi
acresmini ≤ ∑xij ≤ acresmaxi

for irrigated crops only
for all crops except pasture and CRP

where i denotes each of the 75 counties of production and j denotes the 18 land management
choices. Xmin and xmax are historically reported county acreage minima and maxima over the
harvest years 2000 through 2007 for each crop (USDA NASS, 2008). The model was also run
using historical minima and maxima reaching back to 1975 when cotton acreage was very small
in Arkansas. The model predicted large acreage shifts from cotton to biomass. This was
considered unrealistic given Arkansas’ investment in cotton gins and specialized harvesting
equipment. Energy crops had zero minima. Switchgrass on crop land was limited to a maximum
of 10% of total harvested land to reflect an expected farmer adoption lag for a new crop.
Switchgrass on hay and pasture land was limited to a maximum of 10% of the sum of hay and
pasture land so as not to encroach on current livestock production. Cattle and calf numbers for
the census years corresponding to hay and pasture land numbers were used to determine average
acreage per head of livestock. The January 1, 2008, inventory numbers were subsequently
multiplied by the average acreage per head to determine how much hay and pasture land were
required to maintain the current herd of cattle. In the most restricted county, Faulkner, the
minimum was 90% of the maximum and hence the 10% of maximum constraint. Because forage
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sorghum is similar in production technology to grain sorghum, it was not curtailed, except to
historically reported maximum irrigated county crop acres (iacresmax) and harvested county
crop land (acresmax) for irrigated and non-irrigated production, respectively. Irrmin and irrmax
restricted the amount of water (irr) that can be used across crops and county. Restrictions were
based on initial base model runs primarily for purposes of analyzing a hypothetical restriction of
water use to sustainable levels (not reported here). Iacresmin and iacresmax are the 1987 to 2007
census-based reported irrigated acres that reflect technological, socioeconomic, and capital
barriers to irrigation, again at the county level. Acresmin and acresmax are total harvested acres
at the county level, as collected by the Census, and were amended by adding 10% of county CRP
enrollments to the maximum harvested acre totals to reflect the potential for added acres from
land coming out of CRP and the typical ten year enrollment horizon of CRP acreage. Note that
winter wheat was considered as part of harvested acres even though this crop is usually
entertained in double crop rotations with soybean, corn, or sorghum crops.
Crop price information (pj) was based on the July futures prices as of December of the
previous year and no commodity price program support with the exception of wheat where May
futures prices as of September of the previous year were used to reflect different planting times
(Great Pacific Trading Company, 2008). Basis expectations, defined as the local cash price less
the nearby futures contract to account for time, location, and quality differences, were set to zero
for all crops and prices were adjusted for hauling, drying and commodity board check off
charges as appropriate (Table 3).
Switchgrass and forage sorghum prices were then modified over a range of $25 to $65
per dry ton (dt) to estimate the supply response functions under various input cost scenarios
(2007 vs 2008). With the recent rise in fertilizer prices, local startup companies interested in
collecting rice and wheat straw were bidding $40 to $50 to encourage farmer participation at the
time of this writing. The range of prices chosen reflects the authors’ best guess as to prices
biorefineries may be willing to entertain to obtain adequate biomass supply. A discount of $5 per
dt relative to baled switchgrass stored at the side of the field was applied to forage sorghum as it
was assumed to be sold standing in the field for forage chopping and direct hauling to the
processing facility where it would be artificially dried. This discount is an estimate given a lack
of accurate available cost information on relative harvest, storage, packaging, drying, transport
and processing costs for switchgrass and forage sorghum. Per acre yields (yij) are county
averages for most crops. Because double cropped soybean yields are only reported at the CRD
level for Arkansas and not separated by irrigation management, this crop was assumed to be
exclusively irrigated within minimum and maximum county acreage restrictions prorated on the
basis of irrigated full season soybean county acreage information. For Arkansas grain sorghum,
NASS does not separate yields by irrigated management, so county extension agents were asked
to provide a breakdown of irrigated vs. non-irrigated production by CRD. A yield increase
(decrease) of 17.5 bushels from the overall average was then applied to irrigated (non-irrigated)
grain sorghum based on 2000-2007 NASS data for the state of Kansas where yield differences
are tracked (NASS, 2007). Per acre cost of production estimates (cij) were developed as reported
above, and depending on the model run, estimates either included or excluded cash rent.
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Table 3. Summary of 2007 and 2008 commodity price, yield, and input cost information
Commodity Prices and Yields
Commodity

Unit

Futures Prices1
2007
2008

Custom Hauling2 /
Drying3 and
Checkoff / Other4

2007 baseline
average yield5
(2004-2007)
151.5
51.9
40.6
26.8
32.7
6,896.3
1,099.7
888.8
105.2
70.0

Corn
Wheat

bu
bu

$4.00
$4.60

$4.25
$7.00

$0.35
$0.16

Beans

bu

$7.10

$11.00

$0.186 (2007)
$0.205 (2008)

Rice

lb

$0.11

$0.14

$0.01

Cotton

lb

$0.58

$0.67

-$0.04

Grain Sorghum

bu

$3.80

$4.04

$0.16

CRP

acre

Forage Sorghum

dt

Switchgrass

dt

Production
Method /
Region

9.75
6.50

Irrigated
Irrigated
Irrigated
Non-irrigated
Double cropped
Irrigated
Irrigated
Non-irrigated
Irrigated
Non-irrigated
State average
Irrigated
Non-irrigated

5.20
4.56
4.13

Cropland
Hay
Pasture

$52.00

Input Prices
Fertilizer (N - P - K - S)
Urea (46-0-0)
Liquid Nitrogen (32-0-0)
Ammonium Nitrate (34-0-0)
Diammonium Phosphate (18-46-0)
Phosphate (0-45-0)
Potash (0-0-60)
Sulfur (0-0-0-90)
Boron (0-0-0-0-15)
Lime
Labor
Operator
Hired
Fuel
Operating Interest

Units

2007

2008

lb
lb
lb
lb
lb
lb
lb
lb
ton

0.18
0.12
0.12
0.14
0.14
0.13
0.23
0.53
33.00

0.20
0.15
0.15
0.24
0.22
0.14
0.20
0.40
33.00

hrs
hrs
gal
%

9.45
8.19
2.20
7.75

9.45
8.19
2.33
7.00

Notes:
1
Futures prices were for the July contract month as of December of the previous year except for wheat where May futures prices as of
September were used to reflect a different planting period (GPTC, 2008).
2
Custom hauling charges amounted to $0.15 per bushel for all commodities except cotton.
3
Drying charges were $0.19 per bushel on corn and $0.30 per bushel on rice.
4
Commodity check off was ½% of price on soybean, $0.01 per bushel on grain sorghum, corn, cotton and wheat and $0.0135 per bushel on
rice. Cotton ginning returns of $0.05 per lb were added for cotton.
5
Average yields are for the 2007 baseline scenario without alternative energy crops using per acre county average yields reported by NASS for
2004 through 2007. Forage sorghum yields did not vary by county due to lack of information. Switchgrass yields are prorated and a result of
0, 4 and 6 dt/acre in years 1, 2 and 3 through 10 on crop land, 0, 3.5 and 5.5 dt/acre in years 1, 2 and 3 through 8 on hay land, and 0, 3 and 5
dt/acre in years 1, 2 and 3 through 8 on pasture land.
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All model runs were estimated in a linear programming context using the Premium
Solver Plus software add-in to EXCEL (Frontline, 2008) as the model required in excess of
3,000 adjustable variables to maximize NR subject to an even larger number of constraints, as
described in Equation 1. The 2007 baseline was executed using zero prices for alternative energy
crops to see how accurately the model would predict observed total harvested land allocations in
2007 on the basis of 2006 input cost and 2007 commodity price expectations. The baseline
results were also used to provide an estimate of per acre opportunity costs that would be incurred
in the year of establishment for switchgrass, a crop that does not yield to its full potential until
year three with zero saleable product in year one. This opportunity cost (oi) was added to the
prorated net returns above total specified expenses for switchgrass (nr) as follows:
t
⎛k
⎞
⎜
nri,switchgrass = ⎜ ∑ [(( p ⋅ y nt ) − cnt ) /(1 + r ) n ] ⎟⎟ − oi / k t
(2)
⎝ n=1
⎠
where n is the production year in the useful life (kt) of switchgrass with useful life varying by
land type (t – crop, hay, or pasture land), p is the price per dt of switchgrass, ynt and cnt are the
production year-dependent yield and cost of production by land type, r is the capital recovery
rate (6%) and oi are the average county net return estimates to pasture, hay, or conventional
crops observed in the base run with switchgrass and forage sorghum prices set to zero.

To conduct the sensitivity analyses surrounding commodity and input costs, the 2007
baseline was updated to 2008 by using fall of 2007 commodity price expectations and input costs
as shown in Table 3.

3. Results
Comparing the 2007 baseline prediction (2007 Base—no rent and 2007 Base—with rent) to
actual acreage of harvested crop land suggested that the model was slightly conservative in crop
production (-2.4% and -7.1%) for the entire state (Table 4). The largest prediction errors amongst
land use choices varied depending on whether or not land charges were included. Perhaps the
profitability of hay land was set too low and/or zero basis assumptions were optimistic for rice
and wheat. Nonetheless, the range of baseline expectations with and without land charges was
deemed sufficiently representative to allow for the estimation of biomass supply functions and
sensitivity analyses on crop and input prices.

The bottom four rows of Table 4 show acreage allocation changes due to changes in
commodity and input prices between 2007 and 2008. A brief review and comparison of the
futures prices of 2007 and 2008 (Table 3) explains the baseline acreage increases primarily in
soybeans and wheat as their prices relative to other commodities experienced greater increases
(Table 4).
Adding switchgrass production at $5 increments in switchgrass price to the above model
runs resulted in significant changes in acreage allocations. In the no-rent scenarios for 2007 and
2008, switchgrass entered the crop mix at relatively low switchgrass prices (Ps) of $25 and $35,
respectively. In 2007 switchgrass acreage peaked at or near $40 (no rent—483 thousand acres)
and $45 (with rent—674 thousand acres). Given higher commodity prices in 2008, biomass
acreage decreased with switchgrass acreage peaking at or near $45 (no rent—368 thousand
acres) and $50 (with rent—374 thousand acres).
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Table 4. 2007 and 2008 baseline crop acreage allocation in thousands of acres—predicted vs. actual
and year to year changes
Description

Wheat
700.0

Grain
Sorghum
215.0

Hayland
Pasture
1,580.0 1,977.1

Total
(Excl.
Pasture
8,031.0
7,837.0

2007 Actual Harvested Acres

Corn
590.0

Cotton
850.0

Soybean
2,790.0

Rice
1,325.0

2007 Base – no rent

543.7

868.9

2,532.5

1,464.4

801.3

216.5

1,409.8 2,036.8

% deviation from actual

-7.8%

2.2%

-9.2%

10.5%

14.5%

0.7%

-10.8%

2007 Base – with rent

543.2

732.7

2,480.3

1,459.2

607.9

204.3

1,434.8 2,036.8

% deviation from actual

-7.9%

-13.8%

-11.1%

10.1%

-13.2%

5.0%

2008 Base – no rent

321.7

805.7

2,778.1

1,550.9

1,009.8

70.4

% change from 2007

-40.8%

-7.3%

9.7%

5.9%

26.0%

-67.5%

2008 Base – with rent

329.2

756.6

2,686.9

1,547.1

1,029.4

108.1

% change from 2007

-39.4%

3.3%

8.3%

6.0%

69.3%

-47.1%

9.2%

3.0%
3.0%

1,340.9 2,036.8
-4.9%

0.0%

1,383.1 2,036.8
-3.6%

0.0%

-2.4%

7,462.4
-7.1%

7,877.4
0.5%

7,840.4
5.1%

Table 5. Profit per acre of switchgrass and forage sorghum under different pricing levels and
production methods with and without land charges
Switchgrass Price1
Year

Land Use

$25

$30

$35

$40

$45

$50

$55

$60

$65

------------------------------ Profit Per Acre2 -----------------------------Switchgrass on Crop Land

-$13

$7

$26

$46

$65

$85

$104

$124

$143

-$66

-$46

-$27

-$7

$12

$32

$51

$70

$90

Switchgrass on Hay Land

-$24

-$6

$12

$30

$48

$66

$84

$102

$120

Switchgrass on Pasture

-$28

-$11

$5

$21

$38

$54

$70

$86

$103

Non-irrigated Forage Sorghum

-$63

-$31

$2

$34

$67

$99

$132

$164

$197

-$127

-$95

-$62

-$30

$3

$35

$68

$100

$133

with rent

2007

with rent
Irrigated Forage Sorghum

-$82

-$33

$16

$64

$113

$162

$211

$259

$308

-$163

-$114

-$65

-$17

$32

$81

$130

$178

$227

-$26

-$6

$13

$32

$52

$71

$91

$110

$130

-$84

-$64

-$45

-$25

-$6

$14

$33

$53

$72

Switchgrass on Hay Land

-$33

-$15

$3

$21

$39

$57

$75

$93

$111

Switchgrass on Pasture

-$36

-$20

-$4

$12

$29

$45

$61

$77

$94

Non-irrigated Forage Sorghum

-$81

-$49

-$16

$16

$49

$81

$114

$146

$179

-$151

-$119

-$86

-$54

-$21

$11

$44

$76

$109

with rent
Switchgrass on Crop Land
with rent

2008

with rent
Irrigated Forage Sorghum
with rent

-$103

-$54

-$5

$44

$92

$141

$190

$239

$287

-$187

-$138

-$90

-$41

$8

$57

$105

$154

$203

Notes:
1

2

Note that forage sorghum was priced at a constant 5 per dry ton less than switchgrass for all switchgrass price levels and that average yields for
switchgrass on crop, hay and pasture land, non-irrigated and irrigated forage sorghum were 5.2, 4.56, 4.125, 6.5 and 9.75 dry tons per acre,
respectively.
Profit per acre figures include opportunity cost for the year of establishment for switchgrass and amounted to 3.13, 4.38, 5.22 and 9.88 per acre on hay,
pasture, 2007crop and 2008 crop land, respectively. Forage sorghum is not expected to be grown on pasture land. Non-irrigated forage sorghum as well
as other non-irrigated crops of grain sorghum, soybean, wheat and cotton can be established on hayland with the cost of preparing a seedbed allocated
to the haying enterprise.
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In 2007, forage sorghum surpassed switchgrass acreage at Ps near $50 (with rent) and $45
(no rent) with that price threshold increasing to $55 for 2008 (with rent) and remaining at $45
(no rent). This is likely a function of forage sorghum’s profitability, relative to switchgrass
(Table 5). Given forage sorghum’s yield advantage over switchgrass, its profitability increased
by approximately $30 and $50 per $5 increase in Ps in 2007 and 2008, respectively (Table 5).
Hence, forage sorghum reaches acreage in excess of 2.2 million at the high end of Ps in 2007
(regardless of land charges).
At relatively low biomass prices, marginal soybean, wheat, grain sorghum and hay land
are replaced to provide the initial increases in biomass acreage (namely, switchgrass acreage). At
higher biomass prices, however, the profitability of annually grown forage sorghum drives large
increases in production, allowing forage sorghum to surpass even rice in acreage totals and rise
to the number two crop behind soybeans in 2007 and 2008 albeit at the high end of biomass
prices.
The top panel in Figure 1 shows the above mentioned biomass acreage response for 2007
and 2008 with and without land charges. As expected, higher commodity prices for traditional
crops in 2008, compared to 2007, shift the supply function of biomass to the left. Similarly, the
inclusion of land charges raises the threshold price level for significant production of biomass,
given the increased opportunity cost of growing switchgrass. Given the modeling framework
presented here, biorefineries interested in a given level of production (drawing a vertical line
through the graph at some desired output level) to fill the needs of their plant will likely
experience relatively large changes in the price they need to pay for biomass either from year to
year or whether land charges are included. The vertical gap between supply functions shown for
2007 and 2008 in the bottom panel of Figure 1 is approximately $10 per ton when comparing
supply responses with or without rent. Also, for production levels between ¼ and 2 million
acres, the supply response to $1 changes in Ps is approaching 120,000 and 80,000 acres in 2007
and 2008, respectively. This suggests that biorefineries are exposed to a significant amount of
price risk especially at higher biomass prices when producers are expected to and can readily
switch in and out of annual forage sorghum production.
With the introduction of any new alternative cropping decision, tracking the change in
input use is imperative. A major finding in this study is that estimated irrigation water use per
acre declines as alternative biofuel crops take on a larger role. Regardless of land charges, both
in 2007 and 2008, a 13% and 10% reduction in water usage per acre occurred as Ps increased
from $25 to $65, respectively (Table 6). Average irrigation water savings of 0.73 ac-inch per
acre or 3.83% per $10 increase in Ps (between $35 and $65) can be expected across 2007 and
2008 commodity and input price conditions. Given diminishing water resources in the Arkansas
Delta, these findings are significant for maintaining profitable crop production with anticipated
irrigation restrictions.
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Figure 1. Estimated Combined Switchgrass and Forage Sorghum Acreage (A) and Production
(B) with Changes in Input and Output Prices as well as Land Charges.
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Table 6. Resource use with biomass crop activity, 2007 and 2008, Arkansas
Year

Land
Charge

$25
2

Yes

2007

No

Yes

2008

No

Fuel Use (000s gal)
Fuel Use/ac
Irrigation (000s ac-inch)
Irrigation (ac-inch/ac)
Labor Use2 (000s hrs)
Labor/ac
Fuel Use2 (000s gal)
Fuel Use/ac
Irrigation (000s ac-inch)
Irrigation (ac-inch/ac)
Labor Use2 (000s hrs)
Labor/ac
Fuel Use2 (000s gal)
Fuel Use/ac
Irrigation (000s ac-inch)
Irrigation (ac-inch/ac)
Labor Use2 (000s hrs)
Labor/ac
Fuel Use2 (000s gal)
Fuel Use/ac
Irrigation (000s ac-inch)
Irrigation (ac-inch/ac)
Labor Use2 (000s hrs)
Labor/ac

148,015
19.83
83,950
18.74
6,703
0.90
151,981
19.39
84,420
18.74
7,077
0.90
149,750
19.10
84,229
19.50
6,795
0.87
151,075
19.18
84,489
19.58
6,903
0.88

Price of Switchgrass1
$35
$45
$55
147,994
19.83
83,950
18.74
6,719
0.90
152,721
19.09
84,436
18.72
7,232
0.90
149,747
19.10
84,229
19.50
6,796
0.87
151,463
19.04
84,489
19.58
6,975
0.88

151,791
18.98
83,957
17.82
7,302
0.91
155,850
19.48
84,302
17.76
7,608
0.95
151,295
19.29
84,245
19.48
7,074
0.90
154,849
19.36
84,473
19.59
7,418
0.93

148,913
18.62
79,052
16.51
7,354
0.92
151,178
18.90
80,777
16.87
7,359
0.92
153,330
19.17
84,220
18.41
7,295
0.91
153,731
19.22
84,209
18.01
7,300
0.91

$65
147,863
18.48
78,101
16.31
7,257
0.91
148,089
18.51
78,284
16.35
7,268
0.91
153,709
19.22
83,890
17.52
7,374
0.92
154,692
19.34
84,147
17.58
7,392
0.92

Notes:
1
Note that forage sorghum was priced at a constant $5 per dry ton less than switchgrass for all switchgrass price levels.
2
Fuel and labor use exclude hay, pasture and CRP land due to lack of data. Forage sorghum harvest is also not included.

Per acre fuel and labor use fluctuated up and down as Ps increased. 2007 results
demonstrated a moderate reduction (2%) in per acre fuel usage as Ps increased from $25 to $65,
but with higher commodity prices in 2008, fuel usage per acre remained nearly constant. Labor
use in both 2007 and 2008 was also relatively stable per acre (+/- 4% deviation from average
across price scenarios) with some increases in total hours observed primarily at the mid price
range of Ps. A caveat for these findings is that fuel and labor use on hay, pasture and CRP land
could not be tracked and forage sorghum harvest is not modeled as the crop is sold standing in
the field.

4. Summary and Conclusions
A model for Arkansas crop, hay, and pasture land allocation was developed to estimate potential
acreage allocation decisions with varying assumptions on land charges as biomass crops such as
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forage sorghum and switchgrass are anticipated to provide a portion of the feedstock for second
generation biofuels. Given acreage restrictions based on historical minimum and maximum acres
of traditional crops for each county in Arkansas, the model results suggest that significant
acreage of both switchgrass, at low biomass prices, and forage sorghum, at higher biomass
prices, enter land use allocations, even with high commodity prices for traditional crops.
Predictions of exact acreage and location will remain a challenge, however, as supply response is
deemed quite elastic at switchgrass prices above $35 per dry ton. Of significant importance to
Arkansas producers, facing declines in aquifer water supply, is the decline in per acre irrigation
water use with the adoption of biomass crops.
Shortcomings of the model are its static nature, as well as the need for a best guess on
price differentials among biomass crops given uncertainty in desired end product characteristics,
harvest, storage, preprocessing, and transportation costs. Inclusion of crop residue from
conventional crops would also add to providing a clearer picture of spatial biomass supply.
Finally, because of the lack of spatial yield histories on forage sorghum and switchgrass, the
above results are subject to considerable error on yield potential. Additional errors are possible
as differences in harvest and storage technology could lead to significant differences in yield
losses between time of harvest and biorefinery processing.
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Optimal Biorefinery Locations and Transportation Network for the
Future Biofuels Industry in Illinois
Ümit Deniz Tursun, Seungmo Kang, Hayri Önal, Yanfeng Ouyang, Jürgen Scheffran 1
Abstract: This article addresses development of the Illinois ethanol industry through the period
2007-2022, responding to the ethanol production mandates of the Renewable Fuel Standard by
the U.S. Environmental Protection Agency. The planning for corn-based and cellulosic ethanol
production requires integrated decisions on transportation, plant location, and capacity. The
objective is to minimize the total system costs for transportation and processing of biomass,
transportation of ethanol from refineries to the blending terminals and demand destinations,
capital investment in refineries, and by-product credits. A multi-year transshipment and facility
location model is presented to determine the optimal size and time to build each plant in the
system, the amount of raw material processed by individual plants, and the distribution of
bioenergy crops and ethanol.

Currently corn ethanol is the major type of renewable fuel that is extensively used as an
additive in the United States. Ethanol is now sold across the country and is blended in 50% of the
nation’s gasoline at varying percentages between 10% and 85%, and its usage continues to
increase. Ethanol blends at higher volumes, such as 85% (E85), are available especially in
Midwestern states for use in flex-fuel vehicles. Given such demand, the ethanol production
facilities and capacity expansion projects are booming. U.S. ethanol production increased from
about 1.6 billion gallons in 2000 to 6.5 billion gallons in 2007. In January 2007 the number of
ethanol plants was 110; by November 21, 2008 there were 180 operating biorefineries, with a
total production capacity of 11 billion gallons per year. Twenty-one additional refineries are
currently under construction, which will further expand the total capacity by 1.6 billion gallons
each year (RFA 2008). In the long-run the existence and competitiveness of the ethanol industry
depend on economic and strategic plans for facility location, transportation infrastructure, and
logistics.
In order to achieve a sustainable supply of transportation fuels through renewable energy
sources, particularly from ethanol, the Renewable Fuel Standard (RFS) established by the U.S.
Environmental Protection Agency mandates production targets for both corn-based and
cellulosic ethanol. The RFS requires increasing the use of renewable fuels every year through
2022. By 2012, at least 7.5 billion gallons of renewable fuel must be blended into motor-vehicle
fuel (EPA, 2008). The program targets producing 36 billion gallons of biofuels by 2022,
including 15 billion gallons of corn ethanol and 21 billion gallons of advance biofuels derived
1
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from renewable sources other than corn (which comprises 16 billion gallons of cellulosic ethanol
derived from corn, stover, perennial grasses, and woody biomass, and 5 billion gallons of
biofuels from undifferentiated sources). This raises complex issues regarding the production and
processing of raw materials, logistics and facility location, and the distribution of a substantial
amount of biofuel in the entire U.S.
In preparation for an extensive and comprehensive analysis, this article describes the
basic methodology and presents some preliminary results of an ongoing research effort. A
mathematical programming framework is developed to determine the optimal transportation and
processing of raw materials, delivery of the end product, selection of the biorefinery types, and
capacity and location decisions to meet the mandated ethanol targets throughout the 2007-2022
planning horizon.
In this exploratory study, our analysis on transportation logistics and refinery location
focuses on the State of Illinois as a test bed. This is because of three reasons. First, Illinois is a
major corn producing state, producing nearly 20% of the corn grain used for ethanol production.
Second, Illinois is also a major ethanol consumption region, including some of the largest
metropolitan areas such as Chicago. Finally, Illinois is one of the major hubs for various modes
of freight transportation such as rail and highway, and the transportation of raw materials and
end products constitutes a crucial component of cost in the bioenergy industry.

2. The Corn and Biomass Transportation and Biorefinery Location Problem
Transportation of corn and cellulosic biomass feedstocks to biorefineries is an important cost
factor in the integrated regional biofuel assessment. Field harvested corn and cellulosic biomass
has a low energy density in comparison with solid fossil fuel sources such as coal, requiring
large amounts of feedstock to be transported. To address the problem, Sokhansanj et al. (2006)
developed a logistics model for an integrated supply analysis that simulates the collection,
storage, and transportation of corn and cellulosic biomass supply to a biorefinery. Using time
dependent discrete event simulation and queuing analysis that represent the entire network of
material flow from the field to a biorefinery, they predicted the number and size of equipment
needed to meet the biorefinery demand for feedstock. Mapemba (2006) and Mapemba et al.
(2007) estimated the cost to deliver feedstock to a biorefinery as a function of the biorefinery
size, the number of harvest days, and the harvest frequency. The results showed that increasing
the biorefinery capacity would require larger transportation distances, thus increasing the
expected delivery cost.
Kumar et al. (2006) provided a ranking of biomass collection systems based on the cost
of delivered biomass, quality of biomass supplied, emissions during collection, energy input, and
maturity of supply system technologies. For a given capacity, rail transport of biomass was
shown to be the best option, followed by truck transport and pipeline transport, the latter of
which is not appropriate for ethanol transport due to water contamination. Rail transshipment
may also be preferable in cases where road congestion precludes truck delivery. Mahmudi and
Flynn (2006) suggested that a combined truck-and-train transport system would be more
economical than truck delivery only. There is a minimum shipping distance for rail transport
above which lower costs per mile offset incremental fixed costs.
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Location models of ethanol plants and biorefineries incorporate and integrate factors
such as land use, transportation and optimal plant size. The problem is to locate the processing
facilities so as to minimize the total transportation cost adjusted by the returns from by-product
sales, such as corn distillers dried grains with solubles (DDGS). This type of facility-location
problem has typically been solved using integer-programming (Daskin, 1995, Drezner, 1995)
which searches for an optimal network configuration (Fuller et al., 1976; Hilger et al., 1977),
selecting biorefinery locations from a set of candidates, according to some specified criteria such
as water availability or distance to the transportation network (Peluso et al., 1998). Kaylen et al.
(2000) built a mathematical programming model to analyze the economic feasibility of
producing ethanol from lignocellulosic feedstocks at minimal cost, distinguishing between
capital cost, operating cost, feedstock cost, and transportation cost. As plant size increases
marginal operating cost declines with plant capacity due to economies of scale but transportation
cost increases because feedstock will have to be shipped from greater distances. Under these
conditions, improved feedstock logistics is essential (Hess et al., 2007).
Ethanol becomes more competitive if DDGS and higher valued chemicals are produced
as co-products. Several competing conversion technologies that enable the use of lignocellulosic
biomass as biorefinery feedstock are under development, including gasification, pyrolysis,
liquefaction, hydrolysis, fermentation, and anaerobic digestion. Finding the best mix can lead to
significant cost reductions for the future biorefinery (Wright and Brown, 2007).
The challenge is to develop integrated models that incorporate the selection of the
feedstock, farm, biorefinery site, size, and technology under market conditions as an instrument
of decision-making. For instance, Eathington and Swenson (2007) have developed a GIS-based
decision tool for the selection of optimal site, size, and technology of ethanol plants to assess
different policy and economic scenarios, including biofuels-related job impacts, local demand,
and growth of the industry. Building on our research on biofuels and land use in Illinois (Khanna
et al., 2008a; Scheffran and Bendor, 2008) we are expanding this analysis by including modeling
of optimal feedstock transportation and biorefinery location.

3. An Overview of the Model
The development of the future ethanol industry, including both production and distribution,
involves several integrated decision layers that must be addressed simultaneously. These include:
i) the type of processing facilities, their capacities, years in which they are built, and locations; ii)
amount of raw materials (corn, stover, and perennial grasses) transported from production
regions to biorefineries; and iii) amount of ethanol deliveries to blending facilities and then to
final demand destinations. This is a typical transshipment problem with network flows including
yes/no type facility location selection decisions (Dantzig and Thapa, 2003). We formulated the
problem as a linear mixed-integer programming model where the transportation decisions are
defined as non-negative variables while the decision to build a biorefinery in a given year and at
a given location is defined as a binary variable. The capacity of each biorefinery is also defined
as a nonnegative variable. A schematic representation of the problem is shown in Figure 1.
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Figure 1. A schematic representation of ethanol production and distribution

The objective of the model is to minimize the total cost of all operations, including the
transportation costs of raw materials and the end product (ethanol), costs of processing, and fixed
investment costs associated with building refineries, minus byproduct credits (namely the values
of DDGS produced as a byproduct of corn ethanol processing and electricity generated by
burning wastes of cellulosic biomass).
A supply constraint in the model, defined for each production region and each year,
ensures that the amount of corn and biomass shipped from any given region to all biorefineries in
the system cannot exceed the available supply in that region. An in/out constraint, defined for
each processing facility and each year, restricts the amount of ethanol produced and shipped out
by any biorefinery to the corresponding amount of raw inputs coming into that facility. The
amount of ethanol produced by any facility is also restricted by the processing capacity of that
plant specified at the time of construction, which is also determined by the model as a decision
variable. The model allows expanding the capacity of a previously built biorefinery over time,
but this may occur at additional investment costs. We assume that once a biorefinery is built at a
given location and in a given year, then it remains operational in the following years throughout
the planning horizon (i.e. closing and reopening the plant in a later year is not allowed). The
capacity of any plant at construction time cannot fall below a minimum and cannot exceed a
maximum capacity, both of which are specified a priori (based on the sizes of existing processing
plants and capacities of the plants currently being built). We also restrict the capacity utilization
in any processing facility to a specified minimum percentage of the construction capacity (if that
facility is included in the system). The ethanol produced by all refineries (both corn-based and
cellulosic) is delivered first to blending facilities (terminals) and then to final demand
destinations after blending with gasoline. An in/out constraint balances the incoming and
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outgoing amount of ethanol to each blending facility. Finally, a demand constraint ensures that
the ethanol demand of each demand location (specified a priori) is met.
The facility location component of the model identifies the optimal locations of both
corn-based and cellulosic ethanol plants based on the transportation costs, fixed and variable
costs associated with building and operating biorefineries. If a location is selected for a particular
type of processing facility, then processing (up to the construction capacity) can occur at that
location, otherwise no input/output can be delivered to/from that location. This is reflected in the
model by a technical constraint relating the processing capacity variables to the location
selection variables for individual plants.
The model described above requires several sets of input data. The amounts of energy
crops supplied by each production region are specified exogenously for each year of the planning
horizon. These are pre-determined by use of the supply response model by Khanna et al.
(2008b). Since the fermentation processes of cellulose and glucose vary significantly from each
other, we consider corn-based and cellulosic ethanol plants separately with varying fixed costs,
processing costs and other operational costs. We assume that the ethanol produced by all
biorefineries is delivered to the existing terminals in Illinois where it is blended to gasoline. We
used the centroids of the counties where existing terminals are located as ethanol transshipment
points. Finally, based on the population shares of Illinois counties and the aggregate ethanol
consumption target for the State, the ethanol demand of each county is specified for each year of
the planning horizon. Therefore, in parallel to the growth of national ethanol production targets
(Figure 2), the annual ethanol demands of individual counties also exhibit an increasing pattern
throughout the planning horizon.

Figure 2. Ethanol production mandates of the Renewable Fuel Standard
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The transportation costs between production regions and potential refinery locations,
between refineries and blenders, and between blending facilities and final demand destinations
(county centroids) are determined based on the minimum costs of delivery via available
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transportation modes (highway or railway, see Figure 3) through the multimodal transportation
network, including any costs incurred from transshipment, loading/unloading and handling
operations. The transportation costs are generated by shortest-path algorithms with shipping cost
functions.
Figure 3. Illinois county centroids with highway and railroad network
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The cost components at the biorefinery level include annualized fixed investment costs,
processing costs, and other operational costs. The procedures and assumptions used for obtaining
these cost figures will be discussed in the following section. The by-product credits are based on
the current market price of DDGS and the value of electricity generated by burning processed
biomass. Fixed conversion factors determine the amount of ethanol produced by each facility
processing and converting corn and/or biomass into ethanol.

4. Model Implementation and Data
The model described above is applied to the State of Illinois for the period of 2007-2022, which
is consistent with the time frame considered in the RFS program. Each of the 102 counties in
Illinois is considered as a producer region that can supply one or more of the bioenergy crops.
Each county centroid is assumed to be a candidate plant location where a corn-based biorefinery,
or a cellulosic biorefinery, or both, can be built in any given year. Seventeen existing blending
terminals in Illinois are considered, assuming that all ethanol produced in Illinois will be
processed by those facilities. We also assume that 19% of the nation’s ethanol targets, for both
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corn-based and cellulosic ethanol, would be produced and consumed in the State (based on the
current share of Illinois in the total corn-based ethanol supply).
Several data sets are needed as model input, including the supplies of bioenergy crops,
costs of transportation from production regions to plant locations and then to blending facilities
and demand locations, and the costs for different types of ethanol plants. The procedures used to
generate these data are explained below.
Supply of Bioenergy Inputs
A key data set needed in the facility location model involves the spatial and temporal distribution
of bioenergy input supplies, i.e., the amounts of corn and cellulosic biomass supplied by each
county in each year of the planning horizon. We generated these by using the supply response
component of the Agricultural Policy Analysis Model (APAM), a spatial and temporal resource
allocation model for U.S. agriculture developed in the Department of Agricultural and Consumer
Economics at the University of Illinois. In the present study we modified the model according to
the particular purposes of this research and restricted its coverage to Illinois only. For the
methodological and algebraic details of this model see Khanna et al. (2008).
The Multimodal Transportation Network and Cost Matrix
The main criteria for qualifying candidate locations of biorefineries include accessibility to the
transportation mode and sufficient water resources (necessary for ethanol processing). Most
counties in Illinois have access to railroad and highways within county boundaries, and water is
also widely available from major surface waters and aquifers. Hence, all counties are assumed
to be a candidate site for future biorefineries. As an approximation we treat the centroid of each
county both as an origin and destination of all types of freight.
Transportation costs for corn, biomass and ethanol are calculated based on the highway
and railroad network provided by the Bureau of Transportation Statistics National Transportation
Atlas Database. Using centroid connectors linking the centroids to their nearest node of the
highway and railroad networks, the Dijkstra’s shortest path algorithm (Dijkstra, 1959) is used to
determine the minimum network distance for each pair of centroids.
Railroad transportation has significantly lower per-mile variable cost, but transshipment
through railroad usually incurs a higher fixed cost (Mahmudi et al., 2006) because of extra
handling of the load (e.g., hauling, storage and unloading within the railroad terminal, for
transshipment between truck and railcars). Initial fixed cost for railroad transportation is assumed
such that the breakeven point of highway and railroad transportation is 200 km. The per-bushelmile delivery costs of corn and cellulosic biomass are calculated for both truck and rail
transportation, based on Sokhansanj et al. (2006). Similarly, we calculated the ethanol
transportation costs per gallon-mile as suggested by Morrow et al. (2006).

Cost Data of Biorefineries
Corn-based and cellulosic ethanol plants are associated with different cost structures. Refinery
costs for each type of plant are divided into three main components: i) annualized fixed cost,
which includes the cost of land allocated to the refinery physical structure (based on farmland
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prices and the size of required land), and the costs of construction and machinery investment; ii)
processing cost, which is proportional to the capacity utilized (i.e. the amount of corn or
cellulosic feedstock processed); and iii) other costs related to operational expenses, such as labor
and administrative expenses, which are linked not to the utilization level, but to the capacity of
the refinery. The cost parameters for corn based refineries are generated by the ‘Dry Mill
Simulator’ component of Farm Analysis and Solution Tools (FAST) developed by Ellinger
(2008) at the University of Illinois. These costs are based on the simulated performance of a 100
million gallon capacity corn ethanol plant. As the costs of cellulosic biorefineries we use the
estimates by Wallace et al. (2005) for a 25 million gallon capacity plant.
Ethanol Demand
The planning horizon of our analysis is 2007-2022. The mandated target for corn ethanol
increases monotonically in the first half of this period and then remains constant, whereas the
cellulosic ethanol demand constantly increases throughout the planning horizon. As mentioned
earlier, we assumed that the State will produce and blend 19% of the national ethanol target. For
simplicity, we assume that this share is the same for both corn-based and cellulosic ethanol and
the biofuels from undifferentiated sources in the RFS mandates (5 billion gallons) will also come
from cellulosic sources.

5. Model Results
Illinois is investigated in our case study as a pilot project because of the readily available input
data and the State’s important role in renewable energy production. The results presented below
are of preliminary nature and should not be taken literally. This is the first step of a
comprehensive modeling effort, which aims to address similar policy issues and prospects for the
entire U.S. ethanol industry. Although being rather narrow in scope, the present application may
have significant practical implications not only for Illinois but also for other major ethanol
producer states.
Figure 4 shows the projected regional production of corn, corn stover, and miscanthus in
the year 2022, which is used as exogenous input data by the transshipment-site selection model.
A similar regional production data set is generated a priori by the supply response model
(described in Section 4) for each year of the planning horizon. The model results presented
below as well as the results obtained for the remaining years are driven mainly by these data. For
space reasons here we present the results for 2022 only.
The optimum refinery locations that are consistent with the given input supplies are
shown in Figures 5a and 5b for corn-based and cellulosic ethanol plants, respectively, along with
the locations of the existing blending facilities and the top 10 major demand areas. Figure 5a
reveals quite an expected result, namely corn-based biorefineries are located in those counties
that are close to the major demand locations and also corn for ethanol is available at greater
amounts. The situation for cellulosic biorefineries is similar. Although most of the large scale
cellulosic refineries were located in southern Illinois, where much of the cellulosic biomass is
produced, several biorefineries were built in the northcentral region, surrounding the greater
Chicago area, supplying relatively large amount of corn stover. Besides the regional input
availabilities, exact locations and sizes of the biorefineries are driven by the trade-off between
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costs of transportation of corn and cellulosic biomass from production regions to processing
plants and transportation of ethanol from refineries to the major demand centers.
According to the model solutions, within the first three years of the planning horizon the
number of corn-based biorefineries would grow from 11 in 2007 to 14 in 2009. (The number of
refineries is actually the number of counties having at least one refinery. Some counties have
multiple refineries, such as Peoria and Tazewell. The refinery capacity for those counties is the
total capacity of all refineries located in the county.) After 2009, only one additional corn-based
refinery is built (in 2015, see Figure 6). Six of the existing refineries increase their capacities
(shown by the concentric circles in Figure 5a), which are in general small refineries. The three
largest refineries (located in Central Illinois, namely in Macon, Peoria, and Tazewell counties)
maintain their processing capacity. In order to satisfy the rising demand in the northern and
northeastern counties, several new refineries have to be built in that region (Ford, Iroquois, Kane,
and La Salle counties, all near the greater Chicago metropolitan area) while one large corn-based
refinery is built in the southwest (Macopin county, near St. Louis). Two of those new northern
refineries have the maximum capacity that we specified exogenously, namely 300 million
gallons per year (this limit is based on the actual sizes of the existing plants; the largest corn
ethanol plant in 2007 has the annual capacity of 274 million gallons, the ADM plant in Macon
county). The average corn-based refinery capacity thus rises from 121.1 million gallons in 2007
to 200.0 million gallons in 2022.
In contrast, the number of cellulosic biorefineries increases steadily from zero (no plant
exists in 2007) to a total of 18 plants in 2022 (Figures 5b and 6). This is also an expected result
because of the increasing trend in the RFS targets for cellulosic ethanol production (Figure 2).
The smallest cellulosic plant has an annual production capacity of 111.9 million gallons while
the average plant size is 233.3 million gallons, higher than the average corn-based ethanol plant
size. Five of those plants, all located in southern counties (Bond, Jefferson, Perry, Richland, and
Washington), hit the maximum capacity limit (300 million gallons per year), while in the north
two large scale cellulosic plants are built at near maximum capacity (in La Salle and Livingston
counties, with 292.3 and 262.9 million gallons, respectively).
Table 1 displays some summary statistics for the minimum, average, and maximum sizes
of the corn-based and cellulosic biorefineries in 2022. According to the model results there is no
observable difference between the average distances corn and biomass are transported from
production regions to processing plants. The procurement areas of individual corn-based and
cellulosic biorefineries are shown in Figures 7a and 7b, respectively. There is no apparent
relationship between the size of the procurement area and the plant size. This relationship
depends on the amount of corn and biomass input availability in the areas surrounding a given
plant. For instance, some large corn ethanol plants in central counties have relatively smaller
procurement areas compared to the plants located in southern counties because the relatively
abundant availability of corn for ethanol in those areas.
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Figure 4: Spatial distribution of projected (2022) biofuel feedstocks production in Illinois
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Figure 5a. Optimal location of corn-based ethanol refineries in 2022
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Figure 5b. Optimal location of cellulosic ethanol refineries in 2022
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Figure 6. Projected growth of Illinois ethanol industry during 2007-2022.
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Table 1. Summary statistics for biorefinery capacities and delivery distances
Capacity of Corn Refinery (mgy)
Capacity of Cel. Refinery (mgy)
Transportation Distance of Corn (km)
Transportation Distance of Biomass (km)

Min
78
112
9.6
12.3
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Average
200
233
61.2
57.3

Max
300
300
200.1
193.4
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Figure 7a. Procurement areas for corn-based biorefineries (2022)
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Figure 7b. Procurement areas for cellulosic biorefineries (2022)
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6. Summary and Conclusions
In this article we presented the preliminary results of a mathematical programming model which
aims to determine optimal locations of biorefineries in Illinois, delivery of bioenergy crops to
biorefineries, and processing and distribution of ethanol produced in those facilities.
Our results show that four new and large scale corn ethanol refineries would be built in
Illinois by the year 2022 and some of the existing plants would be expanded, increasing the
average plant size nearly 50%. Most of the new and expanded plants are in the northern and
northeastern counties, where the major demand centers are located and the increase in ethanol
demand is relatively large. In contrast, 18 cellulosic ethanol refineries would be built by 2022.
These refineries have generally larger capacities, with an average size of 233 million gallons per
year, and they are located throughout the southern and northeastern counties where cellulosic
biomass (miscanthus and corn stover) is supplied at larger amounts.
The model and application presented in this article is the first step of a comprehensive
study that will address similar issues for the entire U.S. renewable biofuel industry. In the next
step of our analysis the current coverage will be expanded to the Midwest region and later to a
total of 28 states that are likely to supply corn and cellulosic biomass to the U.S. ethanol
industry.
It would be ideal to solve the regional supply of bioenergy crops and optimal location of
processing facilities simultaneously. However, the supply response model that provides input to
the transhipment and facility location model used in the present study is already a very largescale mathematical programming model. The model used in this study is also a very large-scale
mixed integer programming model (including over 19,000 equations and 150,000 variables,
3,000 of which are binary variables). Solving mixed integer programs of this size is in general
difficult (in this particular application solving the model took nearly six hours of processing
time). Thus solving the two problems simultaneously would require a much larger-scale mixedinteger program which may be computationally intractable. This may be considered as a
drawback of the present analysis. A remedy to this deficiency is to incorporate the optimal
locations of biorefineries (obtained in the second stage) in the supply response model and solve it
again with known refinery locations. This may lead to a near-optimal solution, if not exact
optimal. We are in the process of employing this approach. Alternatively, instead of solving the
model for each and every year of the planning horizon, the model can be solved only for a few
benchmark years. This approach may result in an approximately optimal solution and may
provide an equally valuable insight to policy makers as well as the future investors in the
bioenergy industry.
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Local and Regional Economic Impacts of Biofuel Development
Larry Leistritz and Nancy Hodur 1

Abstract: Expanded processing of agricultural products in rural areas has been widely pursued
as a strategy for rural economic development. By adding value to farm products before they
leave the area, new processing plants can create new employment opportunities and generate
economic spinoffs in rural areas that have experienced economic stagnation or decline as a result
of long term trends of farm consolidation. In addition, farmer owned processing facilities
provide a way for producers to integrate forward and capture potential profits from processing
and marketing their products. Consequently, the expansion of agricultural processing in rural
areas usually receives broad-based support from commodity groups, rural development interests,
and state political leaders. In recent years, the most prevalent type of new agricultural
processing ventures in the Midwest and Great Plains states has been corn ethanol plants. Like
other types of agricultural processing, these biofuel ventures have generally received widespread
support, and numerous studies have addressed their contributions to local or regional economies.
However, while the methods employed have seemingly been quite similar, the findings have
varied widely with the impacts attributed to ethanol development differing as much as ten-fold.
The purpose of this paper is to (1) examine reasons why estimates of local or regional economic
impacts of biofuel development may vary and (2) compare the economic impacts of corn-based
ethanol production with those expected to be associated with cellulosic ethanol production.

Expanded processing of agricultural products in rural areas has been widely pursued as a
strategy for rural economic development. By adding value to farm products before they leave
the area, new processing plants can create new employment opportunities and generate economic
spinoffs in rural areas that have experienced economic stagnation or decline as a result of long
term trends of farm consolidation. In addition, farmer-owned processing facilities provide a
way for producers to integrate forward and capture potential profits from processing and
marketing their products. Consequently, the expansion of agricultural processing in rural areas
usually receives broad-based support from commodity groups, rural development interests, and
state political leaders.
In recent years, the most prevalent type of new agricultural processing ventures in the
Midwest and Great Plains states has been corn ethanol plants. Like other types of agricultural
processing, these biofuel ventures have generally received widespread support, and numerous
studies have addressed their contributions to local or regional economies. However, while the
methods employed have seemingly been quite similar, the findings have varied widely with the
impacts attributed to ethanol development differing as much as ten-fold (Schlosser et al., 2008).
The purpose of this paper is to (1) examine reasons why estimates of local or regional economic
1
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North Dakota State University, Fargo (Ph: 701-231-7455, Fax: 701-231-7400, E-mail: f.leistritz@ndsu.edu).
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impacts of biofuel development may vary and (2) compare the economic impacts of corn-based
ethanol production with those expected to be associated with cellulosic ethanol production.

2. Economic Impact Assessment for Agricultural Processing Projects
The rationale and methods for estimating the economic impact of a corn-based ethanol plant are
similar to those for assessing impacts of other agricultural processing initiatives. Processing a
commodity like corn contributes to the local or regional economy to the extent that local inputs
are used. Payments for these inputs, such as wages and salaries for plant employees, payments
for locally purchased supplies, materials, and utilities, and possibly payments to local financial
institutions, represent an addition or contribution to the local economy. These initial local
expenditures (direct impacts) then set in motion rounds of spending and respending that result in
secondary impacts (indirect and induced effects). These effects are most often estimated using
input-output models, and the IMPLAN and RIMS models appear to be the most widely used
(Leistritz, 2003).
Review of recent analyses of corn-based ethanol plants suggests that there may be a
number of reasons for the wide variance in estimates. These fall into five categories: (1) misuse
of impact models, (2) differences in unit of analysis (county vs. state), (3) nature of ownership
(local vs. corporate), (4) specific model/analysis assumptions, which in turn may result from
differences among projects, and (5) differences in study areas.
Misuse of Models
When analyzing the economic impact of an agricultural processing project, the usual assumption
is that the processed commodity is already being produced and, in the absence of the project,
would be sold to an alternative market. Thus, the direct impacts of the processing operation
include payments for locally produced inputs like labor and utilities but do not include
commodity purchases. Some ethanol impact analyses have produced impact estimates that seem
inflated when compared to those for other types of agricultural processing. When these are
examined more closely, it appears that corn purchases generally were included as part of the
direct impacts. For instance, Swenson (2006) cites a national study that indicated 114,844 jobs
were indirectly supported by the ethanol industry. This would represent a very substantial
employment multiplier, as the direct employment of the U.S. ethanol industry at the time was at
most 4,000. Closer examination of the study revealed that 85,311 of the jobs were associated
with the production of corn. If those jobs were subtracted, the secondary employment impact
would be 29,533 and the employment multiplier 8.4 – seemingly more plausible estimates.
When estimating the impacts of a corn ethanol plant, the purchases of corn should not be
included as part of the direct impacts as doing so implies that corn production in the impact area
is increased by the amount of the plant’s purchases. This is almost never the case; the corn is
simply being diverted from other markets. Even in cases where corn production does increase,
it will generally be at the expense of other crops, as the total land in crop production has been
relatively stable. (However, this may be changing somewhat as high commodity prices are
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encouraging some producers to take land out of the Conservation Reserve Program.)
Development of an ethanol plant generally means that local corn producers receive a somewhat
better price because transportation costs are reduced, that is, the local basis (difference between
local and futures price) declines. Some analyses include this price premium as part of the direct
impact, but research indicates the premium is relatively small (e.g., $0.05/bu.) (Swenson 2006).
Finally, some studies have assumed that the advent of an ethanol plant will lead local farmers to
shift acres from other crops (e.g., soybeans) to corn. As corn is more input-intensive than most
alternative crops, the shift can add to local impacts through increased input purchases (e.g.,
fertilizer) (for example, see Low and Isserman, 2008).
Unit of Analysis
Another reason why impact analysis results may differ is differences in the definition of the
study area. Some studies estimate impacts for a site county (Peters, 2007; Low and Isserman,
2008) or for a small multi-county site area (Swenson and Eathington, 2006) while others
estimate the impact for the state economy (Flanders et al., 2007; Hodur et al., 2006). None of
these approaches is more or less appropriate than another, and the definition of the study area
often depends on who constitutes the primary audience for the study (i.e., local leaders or state
decision makers). However, other things equal, the impacts measured at the state level will
always be greater than those for a single county or multi-county area within the state.
Local vs. Corporate Ownership
Another factor that can give rise to substantial differences in impact estimates is the degree of
local ownership. That is, if a plant is largely or wholly owned by farmers or other local
investors, the profits will be redistributed to these local owners, and a substantial portion may be
spent locally. If the facility is owned by a corporation headquartered elsewhere, the profits
leave the local area. In addition, some suggest that some other local expenditures are likely to
be greater for a locally owned facility; accounting, administrative, and marketing functions are
more likely to be performed locally for a locally owned plant whereas much of this activity
might be centralized off site for a corporately owned facility. (There may be some question
about the marketing aspect, as many locally owned plants are believed to have marketing
agreements with ethanol construction /management firms [Dunn et al., 2005].) Finally,
financing for locally owned firms is more likely to involve local banks (Urbanchuk, 2007).
The extent of local ownership can have a substantial influence on impact estimates.
Swenson and Eathington (2006) present estimates for a 50 million gallon per year (MGY) plant
employing 35 workers. With no local ownership, the project supports 172 secondary jobs for a
total of 207 jobs and an employment multiplier of 5.9. When local ownership was increased to
25 percent, the employment multiplier increased to 6.8. At 50 percent local ownership, the
multiplier was 7.6, and at 75 percent it was 8.4.
Model/Analysis Assumptions
Some differences in impact estimates can result from differences in assumptions incorporated in
the impact model and analysis procedure. For example, as noted previously, some analyses
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incorporate a small premium for locally supplied corn whereas others do not. Sometimes the
attributes of the project influence the specific assumptions used. For example, Hodur et al.
(2006) chose not to include a corn price premium as very little of the corn that would supply the
study plant came from the local area; most of the corn would be shipped in by unit train.
Other project attributes can substantially affect impact estimates. For example, Hodur et
al. (2006) estimated impacts of a North Dakota plant, with a resulting employment multiplier of
13.4. This estimate might appear inflated at first glance even for a state level analysis, but
closer examination reveals that the plant would be fueled by North Dakota lignite coal and that
the coal purchases would represent a net increase in coal production for the state. Coal
purchases represent 49 percent of the plant’s direct impacts. In this context, the resulting
estimates appear more reasonable.
Sometimes seemingly simple assumptions can affect the reporting of results and their
apparent reasonableness. For example, in analyzing impacts of a cellulosic ethanol plant,
Leistritz et al. (2007) assumed that persons involved in harvesting the feedstock and transporting
it to the plant would be contract workers rather than plant employees. Thus, they were not
included in the project’s direct employment but rather were shown as part of the indirect
employment.
The resulting multiplier (31) would ordinarily seem excessive, but if
transportation workers were assumed to be plant employees, the project’s direct employment
would likely be doubled and the multiplier reduced by more than half. To summarize, it is
important to review study findings in light of the assumptions incorporated in the analysis.
Differences in Study Areas
A final factor affecting impact estimates is the nature of the study area. A site area that
incorporates a substantial trade center and has a somewhat diversified, self-sufficient economy
will have larger secondary impacts, other things equal, than a sparsely populated rural site. Low
and Isserman (2008) analyze the impact of 100 MGY ethanol plants at two locations in Illinois.
One site county has a population of 109,000 and is described as mixed rural while the other has a
population of less than 9,000 and is described as rural. Secondary employment in the more
urbanized county was estimated to be 211, compared to 114 in the more rural county.

3. Comparing Economic Impacts of Corn-based and Cellulosic Ethanol Production
While the rapid growth of the corn-based ethanol industry shows the potential for biofuels and
numerous studies have estimated the related economic impacts, a broader resource base is clearly
needed in order to make a substantial contribution to the U.S. energy supply. As a result,
federal resources for R&D efforts to improve and commercialize biomass conversion processes
have been increased substantially in recent years, and several studies have examined potential
biomass feedstock supplies. However, one aspect of biomass-based industry that has received
very little attention is its potential as an economic development stimulus for rural areas with high
biomass production potential. This section addresses the rural economic development
potential of biofuels development.
170

Environmental and Rural Development Impacts

Local Economic Impact of Lignocellulosic Ethanol Production
As previously discussed, recent studies have shown that the local impacts of corn-based facilities
are moderate, as the corn they utilize would otherwise be sold to other markets and local effects
arise primarily from worker payrolls and other local expenditures for supplies and utilities.
Biomass-based plants will have substantially greater impacts as the feedstocks will typically be
from sources that do not presently have a market (e.g., agricultural residues, wood wastes) or
from biofuel crops grown on lands with limited alternative use (e.g., Conservation Reserve
Program [CRP] land). Studies recently completed in North Dakota allow a comparison of the
economic impacts of the two types of facilities. Hodur et al. (2006) examined a recently
developed corn ethanol plant; the plant had a production capacity of 50 MGY, employed 40
workers, and made annual expenditures (direct impacts) of about $16.8 million to North Dakota
entities (Table 1). Purchases of corn were not included in this total, as the corn would otherwise
have been sold to markets outside the state. On the other hand, the plant was fueled with North
Dakota coal, so the plant’s fuel costs ($8.25 million annually) were included as part of the direct
impacts.
As part of an analysis of the economic feasibility of a biorefinery using wheat straw
feedstock, Leistritz et al. (2007) estimated the economic impact of a 50 MGY facility. The base
case facility was analyzed using an update of an economic-engineering model originally
developed by the National Renewable Energy Laboratory (NREL). Plant construction cost was
estimated to be $176.5 million; during plant operation, $53 million of the plant’s $74.6 million
annual operating expenditures were estimated to be made to North Dakota entities. By far the
largest expenditure item was feedstock purchases ($36 million). The feedstock purchases
represent income for local farmers, custom baling operators, and persons involved in transporting
the feedstock to the plant. The plant would directly employ 77 workers with an estimated
payroll of $2.7 million (Table 1). Input-output analysis indicated that the $53 million of direct
expenditures would result in secondary impacts totaling $130 million for a total contribution to
the state economy of $183 million annually. The economic activity generated by the plant
would support more than 2,400 jobs in various sectors of the state economy, including persons
involved in baling and transporting feedstock.
Table 1 allows for direct comparison of the economic impacts of corn-based and
cellulosic ethanol production. The cellulosic plant has direct economic impacts (i.e.,
expenditures to in-state entities) that are more than three times those of the corn-based plant, as
well as nearly twice as many direct employees.
Given the relatively undeveloped state of technology for lignocellulosic biomass
conversion, these findings should be considered as somewhat tentative. Further, the results are
obviously somewhat sensitive to the assumptions incorporated in the analysis. For example,
increased fuel costs could lead to some increases in the cost of feedstock harvest and
transportation, while increases in conversion efficiency could reduce feedstock requirements and
costs. Also, some plant inputs may be available locally in some areas but not others, changing
the proportion of plant operating expenditures that represent payments to local or in-state
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entities. The fact that feedstock costs make up a high percentage of total operating costs for
cellulosic biorefineries, however, supports the premise that their economic development effects
will be substantial.

Table 1. Direct economic impacts of corn-based cellulosic ethanol production, North
Dakota
Sector

Corn-based Ethanol a

Cellulosic Ethanol b

$ million
Agriculture, crops

--

11.07

Construction

0.62

--

Communications and utilities

1.53

--

Transportation

1.00

8.82

Manufacturing

--

9.94

Retail trade

1.10

1.84

Finance, insurance, and real estate

0.48

2.16

Business and personal services

0.28

0.36

Professional and social services

--

0.36

Households

3.59

18.45

Coal mining

8.25

--

Total

16.84

53.01

40

77

Direct employment (FTE)c

Source: Hodur et al. (2006)
b
Source: Leistritz et al. (2007)
c
Does not include persons involved in harvesting and transporting feedstock

Rural Economic Development Implications of Meeting EISA Mandates
The recently enacted Energy Independence and Security Act (EISA) of 2007 established a
Renewable Fuel Standard (RFS) of 36 billion gallons by 2022, of which 21 billion gallons must
be advanced biofuels with a minimum of 16 billion gallons of cellulosic biofuels. If the 16
billion gallon cellulosic mandate is to be met exclusively from domestic production, a substantial
number of new biorefineries will need to be developed. If these facilities are assumed to have
an annual production capacity of 50 MGY, 320 new plants would be needed. While many
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questions remain about the conversion technologies and feedstock sources that will find the
greatest success, one aspect of the industry’s development seems virtually assured—the
conversion facilities will be located as close as possible to reliable feedstock sources.
The potential development of the cellulosic-based industry can be illustrated by assuming
that conversion facilities are located in proportion to potential supplies of major feedstocks. A
recent NREL study analyzed feedstock availability and determined that agricultural and forest
sources accounted for 97 percent of total biomass resources (Milbrandt 2005). Agricultural
feedstocks (crop residues and energy crops from CRP land) were estimated to total 241 million
tonnes nationwide while forest resources totaled 92 million tonnes, if only the unused portion of
primary mill wastes are included. The states of the North Central region account for 60 percent
of total available biomass (75 percent of agricultural biomass and 20 percent of wood)(Table 2).
If 60 percent of the 16 billion gallons of production capacity were located in the North Central
region, 9.6 billion gallons of capacity would be built. If capacity were proportional to feedstock
by state, Iowa would be the leading state with 1.7 billion gallons of capacity, followed by Illinois
(1.3) and Minnesota (1.2).
Development of a cellulosic-based industry on this scale could have major rural
economic development implications. A 9.6 billion GPY industry would be equivalent to 192
plants with 50 MGY capacity. Assuming that the values reported by Leistritz et al. (2007) are
representative of likely investment costs and operating expenditures, the initial investment in
192, 50 MGY plants would be nearly $34 billion and their annual direct expenditures to local
and regional economies would total nearly $10 billion. The processing facilities would directly
employ nearly 15,000 workers, as well as supporting many thousand additional jobs in feedstock
harvest and transportation. Feedstock payments could also represent a substantial income
supplement for agricultural producers; nearly half of a plant’s annual operating expenditures are
estimated to be for feedstock. To put the magnitude of the potential development in perspective,
if development were to occur proportionally to potential feedstock supplies, North Dakota could
be the home of 16 plants with production capacity of 826 MGY. If development were to occur on
this scale, the cellulosic ethanol industry’s annual contribution to the state economy would
exceed that of the state’s substantial coal mining and conversion industry.

4. Implications
The potential economic development contributions of an emerging biofuels industry are
particularly significant because many of the areas where such an industry could concentrate have
in the not distant past faced adverse economic and demographic trends. The rural, agricultural
counties of the western Corn Belt and northern Great Plains have experienced long term trends
of farm consolidation, leading to fewer and larger farms. In the absence of major nonfarm
employers, many counties have experienced substantial out-migration and population losses
(Rathge and Highman, 1998l; Rowley, 1998; McGranahan, 1998). Farm households have also
become more dependent on off-farm employment. In North Dakota, during the period 19932007, off-farm wages and salaries of farm households more than doubled, growing from $6,847
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in 2003 to over $16,000 in 2007 (ND Farm Management, 2007). An emerging biofuels industry
could offer the new jobs and economic stimulus that many agriculturally dependent areas have
been seeking and could also substantively change the economic and demographic makeup of
some Midwest and Great Plains counties.

Table 2. Biomass resource availability, North Central states and U.S., 2005
State

Crop
Residue

Switchgrass
from CRP

Wood
Wastesa

Total

% of U.S.

Iowa

23.6

10.2

0.7

34.5

10.4

Illinois

19.6

5.3

2.1

27.0

8.3

Minnesota

14.2

7.9

2.9

25.0

7.5

Missouri

6.0

8.5

2.7

17.2

5.3

North Dakota

6.6

10.5

0.1

17.2

5.2

Nebraska

10.9

3.3

0.3

14.5

4.4

Kansas

7.6

6.3

0.5

14.4

4.3

Indiana

9.0

1.6

1.7

12.3

3.7

Wisconsin

4.4

3.1

2.7

10.2

3.1

South Dakota

5.1

4.8

0.2

10.1

3.0

Ohio

5.0

1.6

2.2

8.8

2.6

Michigan

3.6

1.5

2.6

7.7

2.3

North Central Region

115.6

64.6

18.6

198.8

59.8

U.S.

157.2

83.6

91.7

332.5

100.0

North Central Region
as percent of U.S.

73.5

77.3

20.2

59.8

a

Includes only the unused portion of primary mill residues. Source: Milbrandt (2005)
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Financing Growth of Cellulosic Ethanol
Dr. Cole R. Gustafson 1

Abstract: The corn grain ethanol industry experienced rapid growth from 2005- 07. U.S.
financial markets obliged and supplied credit at reasonable cost and terms which facilitated this
expansion. Now, the biofuel industry is being challenged to nearly triple production under
recently passed federal legislation, 2007 Energy Independence and Security Act, in the midst of a
collapse of worldwide financial markets. However, the status of U.S. financial markets is in
question. Both existing first generation and prospective next generation biofuel plants are
demanding a large influx of capital to support adoption of new technological innovations. First
generation plants require the innovations to remain low cost producers in highly competitive
commodity markets. Second generation plants seek innovations to commercialize the production
of cellulosic and advanced biofuels. In either case, the ability of financial markets to supply
needed credit is unclear due to impediments that have reduced the borrowing capacity of biofuel
firms; uncertainty surrounding future industry performance benchmarks, tax provisions, and
implementation of current biofuel legislation; and the need for new risk management strategies
which protect firm margins in volatile economic times.

The U.S. biofuel industry is striving to produce ethanol from cellulosic feedstock sources in
an effort to augment its existing corn grain-based ethanol production infrastructure. Technology to
commercially produce cellulosic ethanol is rapidly advancing due in large part to the availability of
substancial federal research and development funding. The most recent round of grant funding
awarded 10 grants totaling more than $10 million to accelerate fundamental research in the
development of cellulosic biofuels (USDA, 2008). At the moment, several firms have pilot scale
cellulosic ethanol production facilities under construction and testing.
The transition from pilot scale to full commercialization of cellulosic ethanol will be
difficult, due in large part to financial constraints being imposed both internally and externally
on the biofuels industry. This paper provides an overview of the biofuel industry’s current
financial setting and describes future challenges it faces in attempting to expand. These
challenges are rooted in lack of industry capital, limited availability of performance benchmarks,
concerns regarding future prospects of the industry, and general uncertainty in U.S. financial
markets. If the U.S. biofuels industry is unable to capitalize and develop this next phase of
growth, foreign competitors, primarily Brazil and Mexico, appear well positioned to fill U.S.
consumer’s demand for advanced biofuels.

2. Background
In 2005, the U.S. established ambitious goals for production of ethanol and other biofuels with
passage of the Renewable Fuel Standard (RFS) as part of the Energy Policy Act of 2005
(H.R.2) 2 . This legislation set a national goal of increasing the volume of renewable fuel
1

Gustafson is Professor, Biofuel Economics, Department of Agribusiness and Applied Economics, North Dakota
State University, Fargo. cole.gustafson@ndsu.edu
2
For brevity, the rest of this paper will focus on ethanol. Comments made generally apply to other biofuels as well.
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required to be blended into gasoline of 7.5 billion gallons by 2012. To achieve this goal, a
number of tax credits including $0.51 per gallon of ethanol blended, a $0.54 tariff on imported
ethanol and other incentives stimulating both ethanol supply and demand were provided. Many
states also provided incentives and mandates to complement the new federal legislation.
Following passage of this legislation, investment in new corn grain ethanol facilities
skyrocketed. Production capacity in 2005 totaled 3.9 bil. gal. (Renewable Fuel Association). In
2008, production is expected to exceed 9 bil. gal, surpassing the original RFS goal nearly four
years early.
In addition to favorable federal legislation, several positive economic factors contributed
to rapid growth of the corn grain ethanol industry. First, national corn prices averaged $2.00/bu.
(USDA/NASS, 2008), relatively low compared to both historical and current levels. Moreover,
oil prices were continuing to increase due to rising domestic and foreign demand coupled with
stagnating increases in supply (Hamilton, 2008). Consequently, ethanol plant profit margins
were very positive enabling many plants to repay their debt financing ahead of schedule and
profit from larger than expected returns to equity investors. The strong financial performance of
the industry caught the attention of Wall Street investors. In Oct. 2007, the Wall Street Journal
reported that over $3 billion has flowed from Wall Street investors to rural America. This inflow
of funds created new economic activity in rural areas of the economy that were previously quite
stressed.
The final important economic factor leading to rapid expansion of the industry was ready
access to current technology as well as the availability of production standards. When investors
were evaluating potential construction of a new corn grain ethanol production facility, they could
be assured that the plant would produce at the name plate capacity. In additional, the supply
chain and risk management support provided as part of the comprehensive investment package
yielded attractive, but more importantly, stable returns. Consequently, replication of ethanol
plant facilities rapidly advanced across the country, further heightening investor expectations.
In addition to investors, rural communities benefited from both the economic activity
associated with construction as well as on-going revenue enhancement from operations.
Urbanchuk (2008) estimated a direct increase of $1.3 billion in state and local tax revenues
attributable to the biofuel industry. These additional revenues have been invaluable to cashstrapped rural communities who face both population declines as well increasing federal and
state mandates.
While many original ethanol producing facilities were organized and financed by local
investors and cooperatives, the growth of external finance has changed the local economic
impact of these firms. Swenson and Eathington (2008) find that for each one percent reduction in
ethanol plant ownership, one less job is created in a local community. Rather than patronize
local firms and hire people from the surrounding region, externally owned plants purchase items
from national suppliers and bring in people with experience working on previous projects.
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3. Current Financial Situation
Figure 1 shows historical ethanol plant margins compiled by ProExporter. Ethanol plant margin
is defined as residual returns after all costs are subtracted from available revenues. The data
illustrate the growth of investment returns from 2002 to mid-2006. At peak profitability
investment returns spiked to over $2.25 per gallon. At the time, plant investment costs hovered
around $1.00 per gallon. Consequently, investors at that time could rapidly recover their original
investment and earn substantial returns.
Since mid-2006 though, ethanol plant margins have steadily deteriorated. Ethanol prices
have declined as the increasing number of plants entering the industry have expanded supply.
Larger supplies of ethanol have pressured ethanol prices because demand has not risen
commensurately. Likewise, the greater number of plants have bid up corn feedstock costs which
in turn has raised costs of production and lowered profitability. The effects of both changes have
resulted in ethanol plant margins being driven to near zero. When plant margins approach zero
in any industry, the point is reached where existing firms continue to operate at breakeven levels,
but new firms are not encouraged to enter. Consequently, external financial capital now has
limited interest in the industry.

Figure 1. Ethanol plant margins

Share prices of publically traded ethanol firms have declined in tandem with falling
margins. Figure 2 illustrates the negative trend in Verasun Energy Corporation’s stock price.
Verasun’s current stock price is approximately one-tenth of its peak value. This decline in firm
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value makes attraction of additional capital and expansion difficult. However, declining share
prices have minimal impact on firm operations—more important are operating margins.
One must remember that existing firms in the industry have differing financial
characteristics and profitability as they were constructed at different times, face varying input
and product price opportunities, and have made diverse strategic and risk management decisions.
Therefore, at any one time some firms are likely to be quite profitable, even in less than
favorable economic climates, while others will struggle in the best of times. Figure 2 shows that
some firms will be idle even at high profit margins (Wilson, 2008). At presently low margins,
capacity utilization declines to only 62 percent. Again, new firms have minimal incentive to
enter the industry.
In addition to margin pressures, several other industry forces are discouraging further
investment in new corn grain ethanol facilities. First, construction costs for erecting a new plant
have doubled since passage of the original RFS. Current construction costs exceed $2 per gallon
of capacity (DeVos, 2007). Second, tax credits underpinning growth of the industry are not
certain. Most were scheduled to expire at the end of 2010. However, the recently passed
Emergency Economic Stabilization Act (EESA) extends these tax provisions 1-2 years.
Although helpful, this extension is of minimal value to prospective investors because they desire
great certainty and assurances that tax benefits will continue over the lifespan of their project.
Third, the general public has raised new concerns regarding environmental impacts and resource
demands, especially water, associated with ethanol plant operations, and competition with
available food supplies. Fourth, DeVos (2007) carefully describes limitations of existing credit
programs designed to facilitate industry expansion. As individual ethanol plants increase in
physical size and capacity, size restrictions placed in legislative provisions
constrain their usefulness to plant operators and investors. Finally, one of the most important
factors is the rapid availability of new ethanol plant technology following large federal
investments in research and development. Essentially, new construction of corn grain ethanol
plants has stalled as investors wait for the availability of next generation cellulosic ethanol
plants.
In a commodity market, which both ethanol and corn are, firms must be low cost
producers in order to compete. Consequently, they most quickly adopt innovations which either
increase revenues or lower costs. In addition to potential adoption of new cellulosic feedstock
technology, the industry is striving to adopt new fractionation and gasification technology.
Fractionation is a process whereby incoming feedstock is separated into component parts prior to
entering fermenation. As a result, the enriched input provides a higher conversion rate which
expands plant capacity (e.g. less waste material needs to be handled). In addition, Gustafson and
Goel (2008) find that fractionation can also quicken fermentation which improves throughput,
again increasing capacity. Gustafson and Goel also find that the value of co-products increases
with fractionation. Since not all starch is fermented, the higher quality input results in higher
quality co-products. Finally, the other fraction, which is typically a higher protein or oil-based
product provides a new additional revenue stream. Gasification enables an ethanol plant to
either gasify a waste product or lower cost feedstock for plant heat.
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Figure 2. Ethanol plant margin vs. capacity utilization
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While investor interest in new projects is at a temporary lull, the overall health of the
industry remains positive. AgCountry, a regional Farm Credit System lender, has financed 44
ethanol plants or one-fourth of the country’s industry through direct loans, participations, and
securitization. As of Sept. 2008, only 3 plants were under “watch” due to poor financial health,
and only one plant was “a concern” (DeVos, 2008). However, the last plant’s situation is not
dire, and AgCountry does not expect to lose any portion of credit that they have extended to the
firm.

4. Collapse of International Credit Markets
The most recent development impacting financial health of the ethanol industry is the collapse of
international credit markets. Given slim industry margins and other factors prevailing in the corn
grain ethanol industry’s notably cool investment climate, financing for either new ethanol plants
or major expansion projects was virtually nonexistant prior to the collapse. Therefore, the actual
collapse of international financial markets has had a minimal effect on industry expansion.
Likewise, existing biofuel plants have only been “bruised” by the collapse given the large
impact seasonality has on the industry. Due to the seasonality of feedstock supply most
agribusinesses negotiate their credit arrangements prior to the harvest season when input supply
purchases begin. They start by forecasting peak operating credit need for the coming year
(Figure 3).
In this example, the firm’s fiscal year begins Sept. 1st. With some produce left to sell
from the previous fiscal year, they start with a small surplus. However, when feedstock
purchases begin in mid- October, their seasonal credit needs escalate to a point in April when a
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maximum of $280 million is required. To finance this need, the firm obtains either a letter of
credit or revolving loan from a lender. Given the magnitude of the credit request, the lender will
partner with other creditors and develop either a participation or securitization instrument 3 .
Larger agribusinesses typically pay a fee to obtain this line of credit, but usually do not expect to
draw upon available funds. In essence, annual letters of credit serve as a safety net and signify
creditworthiness that permits large agribusiness to borrow less expensive credit in commercial
paper markets. Credit obtained through commercial paper is lower cost, otherwise firms would
simply draw on existing letters of credit. When national credit and commercial paper markets
dried up in fall 2008, large ethanol plants had backup sources of credit (their existing formal
letters of credit), albeit at higher cost. Therefore, when commercial paper financing was
unavailable, plant operations could continue and firms drew upon letters of credit, lowering firm
profitability. Smaller firms, precluded from commercial paper markets due to size, were already
drawing upon existing lines of credit. Firms most impacted by the collapse were those that
delayed negotiating letters of credit. They did so in an attempt to lock in lower rates in an
environment of declining interest rates due to favorable monetary policy and lower credit
demand. However, they found their situation problematic as lenders had difficulty forging
participation and securitization agreements.

Figure 3. Agribusiness seasonal credit need
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The EESA provides the biofuel industry with a number of beneficial tax provisions.
Many existing biofuel tax provisions are extended for another 1-2 years, as mentioned above.
An important new addition is that cellulosic biofuel plants are now eligible for a 50 percent tax
credit. The cellulosic biofuel industry is on the verge of becoming commercially viable in the
next couple of years. Rising construction costs are an important constraint to commercialization.
3

In a participation, the lead lender has primary contact with creditor who services the loan. Under securitization, all
lenders have direct contact and service responsibility, although shares and involvment may not be equal.
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Due to their complexity and additional equipment requirements, cellulosic biofuel plants are
nearly twice as expensive as corn ethanol plants ($4 compared with $2 per gallon of capacity),
Devos (2007). The new cellulosic tax provision reduces construction costs of a new cellulosic
plant, placing it nearly on par with existing corn grain ethanol plants. Several pilot scale
facilities are operational, and construction of commercial scale plants are expected in the near
future if test runs are positive.
The 2008 EESA also provides an important glimpse into growth of the U.S. carbon
market. U.S. citizens are becoming more concerned about global warming, climate change,
greenhouse gas emissions, and carbon. Therefore, it is central to the development of recent
biofuels legislation. In addition, California, Florida and Massachusetts have passed state
legislation lowering the carbon intensity of their liquid transportation fuels. It is quite likely that
biofuels created with low carbon release processes will command a premium in the market place.
However, the economic value of carbon has been difficult to determine. The trading of
carbon on the Chicago Climate Exchange has been somewhat thin. The federal government
continues to discuss how national carbon values will be determined and controlled. One scheme
being widely debated is “cap and trade.”
In the 2008 EESA, the legislation provides a $10 credit per ton for the first 75 million
metric tons of carbon dioxide captured and transported from an industrial source for use in
enhanced oil recovery and $20 credit per ton for carbon dioxide captured and transported from
an industrial source for permanent storage in a geologic formation. Budget staff expects that
more than $1.1 billion will be spent in the next decade. With publication of these values in the
legislation, we now have a guidepost for establishing carbon values in the future. The biofuels
industry will have an important benchmark for valuing carbon when new investment budgets are
constructed. Inclusion of carbon credits in financial budgets will directly enhance both ethanol
plant profitability and investment prospects.

5. Financing Next Generation Biofuel Plants
While financial growth of the corn grain biofuel industry has been relatively straightforward to
document and track, defining financial prospects for the biofuels’ next stage of growth, primarily
into cellulosic and other advanced biofuels outlined in EISA, is not as transparent. Several key
uncertainties at the firm financial, industry, and capital market level cloud the investment
horizon.
Issue 1: Lack of Capital
Only a handful of lenders across the country have actively provided credit to the biofuels
industry. Most notable is First National Bank of Omaha. The portfolios of these lenders are
saturated (DeVos, 2008). New suppliers of credit will be required to foster additional growth of
the industry.
Likewise, existing ethanol firms have limited credit reserves. Most ethanol credit
arrangements have covenants which dictate terms of credit advancement and other loan
performance behavior. Most onerous of these is the imposition of “sweeps.” Sweeps were
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imposed during the industry’s boom period. They are designed to accelerate repayment of
principal and interest during periods of high profitability. In essence, both lenders and equity
holders share in the prosperity and overall lending risks are reduced. However, imposition of
sweeps constrains equity future growth as firms never get the chance to build equity reserves.
Now when the industry is experiencing marginal profitability but requires significant capital to
adopt new technology, firms have only modest equity to form a new borrowing base. This is
especially problematic as new technology is four times as expensive as previous investment
costs, although passage of EESA tax credits is helpful (DeVos, 2007).
Issue 2: Industry Uncertainty
Biofuel plants of the future will likely utilize a wide variety of feedstocks and conversion
technologies, given the breadth of current research projects under study. As a result, there is
likely to be wide variation in plant size and performance. Investors are going to have difficulty
evaluating new proposals if industry performance benchmarks are unavailable. Recall growth of
the industry to this point was fostered by widely available performance standards that enabled
replication of corn ethanol plants across the countryside.
While federal tax credits have been extended for 1-2 years, uncertainty still surrounds
their long term availability—especially in our country’s present financial predicament. Passage
of long-term provisions would alleviate investor concerns.
In addition, implementation of 2007 EISA, especially definition of the process for trading
of RINs, is still under development (Meyer, 2008). Specification of the RIN trading process is
required to establish and value low carbon fuels. Premiums commanded by these fuels will be a
key determinant of future cellulosic plant profitability. As mentioned earlier, market values of
carbon are not readily transparent and tradable. Consequently, investors are reluctant to advance
equity funds until these values can be capitalized.
Finally, a gap exists between producer costs for biomass collection and a cellulosic
plant’s ability to pay for feedstock supplied—without any consideration of transportation cost
(Bangsund and Leistritz, 2008; Epplin, 2008). While a $30-40 per ton cost is usually budgeted
as a feedstock cost in a cellulosic ethanol feasibility study, producer supply costs are typically
double that value.
Issue 3: Wall Street Turmoil
As this is being written, the extent of fallout from the collapse of Wall Street financial markets is
unknown. Given what has already occurred, coupled with passage of the $700 billion package of
assistance in EESA, our nation’s economy and credit markets will be affected for some time. At
the recent meeting of NC1014: Agricultural and Rural Finance Markets in Transition, Thomas
Hoening, president, Federal Reserve Bank of Kansas City indicated that the economic
performance of our country may be subdued for the next decade. When financial market crises
have recently afflicted other countries, namely Japan and Sweden, it took nearly a decade to
restore investor wealth to pre-existing levels. Throughout the recovery period, investors were
hesitant and capital availability was constrained.
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While the length of recovery can be debated, slower economic performance translates
into lower demand for products. Now that the U.S. financial crisis has affected other countries
spanning the globe, worldwide demand for oil is likely to decline. After closing NYMEX
futures closed at $77.70/barrel on Friday, Oct. 10, 2008, prices for light sweet Texas crude oil
are nearly one-half of their high last July. Consequently, prices of other liquid petroleum
products have dropped as well, lowering future profitability of all biofuel plants.
Finally, given worldwide turmoil in financial markets, investors are driving up the
exchange value of the U.S. dollar in a “flight to quality.” Given that the U.S. was the original
source of the turmoil and real investor returns have been lowered following expansionary
monetary policy, a decline in the dollar’s exchange rate would have been expected. However,
given that financial market problems are of similar concern worldwide, investors have sought out
U.S. securities and view them as most stable.
With a rising exchange value of the U.S. dollar, exports become less affordable overseas.
Since a large proportion of agricultural commodities are exported, and are now in less demand,
commodity prices have softened. Therefore, ethanol plants are striving to devise risk
management plans in an environment when both input and output prices are rapidly declining.
Increasing attention to margin protection will likely result. Nevertheless, investors will need
assurance that newly devised margin risk management schemes will protect biofuel plant
profitability and repayment capacity in whatever economic climate eventually unfolds.
If the investment pace in next generation biofuel plants slows, it appears that South American
and Mexican firms are ready to fill the supply void in meeting 2007 EESA projections. Recently
announced intentions include:
- ApexBrasil/Unica, $10 million promotion campaign
- Grupo Santos, $12 billion, 60 sugarcane plants
- BP, $60 million sugar to ethanol plant, Gaois, Brazil
- Bunge and Itochu ink Sugar-Ethanol JV in Brazil
Construction of these facilities would rapidly assist the U.S. in meeting its goal of producing
36 bgy of renewable energy.

6. Conclusion
The corn grain ethanol industry experienced rapid growth from 2005-07. U.S. financial markets
obliged and supplied credit at reasonable cost and terms which facilitated this expansion. Now,
the biofuel industry is being asked to nearly triple production under recently passed federal
legislation, the 2007 EESA.
However, the status of U.S. financial markets is in question. Both existing first
generation and prospective next generation biofuel plants are demanding a large influx of capital
to support adoption of new technological innovations. First generation plants require the
innovations to remain low cost producers in highly competitive commodity markets. Second
generation plants seek innovations to commercialize the production of cellulosic and advanced
biofuels. In either case, the ability of financial markets to supply needed credit is unclear due to
impediments that have reduced the borrowing capacity of biofuel firms; uncertainty surrounding
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future industry performance benchmarks, tax provisions, and implementation of current biofuel
legislation; and the need for new risk management strategies which protect firm margins in
volatile economic times.
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