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ABSTRACT
Greenhouse gas release from land use change (the so-called “carbon debt”) has been identified as a
potentially significant contributor to the environmental profile of biofuels. The time required for
biofuels to overcome this carbon debt due to land use change and begin providing cumulative
greenhouse gas benefits is referred to as the “payback period” and has been estimated to be 100-1000
years depending on the specific ecosystem involved in the land use change event. Two mechanisms for
land use change exist: “direct” land use change, in which the land use change occurs as part of a
specific supply chain for a specific biofuel production facility, and “indirect” land use change, in which
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market forces act to produce land use change in land that is not part of a specific biofuel supply chain,
including, for example, hypothetical land use change on another continent.
Existing land use change studies did not consider many of the potentially important variables that might
affect the greenhouse gas emissions of biofuels. We examine here several variables that have not yet
been addressed in land use change studies. Our analysis shows that cropping management is a key
factor in estimating greenhouse gas emissions associated with land use change. Sustainable cropping
management practices (no-till and no-till plus cover crops) reduce the payback period to 3 years for the
grassland conversion case and to 14 years for the forest conversion case. It is significant that no-till and
cover crop practices also yield higher soil organic carbon (SOC) levels in corn fields derived from
former grasslands or forests than the SOC levels that result if these grasslands or forests are allowed to
continue undisturbed.
The United States currently does not hold any of its domestic industries responsible for its greenhouse
gas emissions. Thus the greenhouse gas standards established for renewable fuels such as corn ethanol
in the Energy Independence and Security Act (EISA) of 2007 set a higher standard for that industry than
for any other domestic industry. Holding domestic industries responsible for the environmental
performance of their own supply chain, over which they may exert some control, is perhaps desirable
(direct land use change in this case). However, holding domestic industries responsible for greenhouse
gas emissions by their competitors worldwide through market forces (via indirect land use change in
this case) is fraught with a host of ethical and pragmatic difficulties. Greenhouse gas emissions
associated with indirect land use change depend strongly on assumptions regarding social and
environmental responsibilities for actions taken, cropping management approaches, and time frames
involved, among other issues.
KEYWORDS Biorefinery, Corn, E85, Greenhouse gas emission, Land use change, Life cycle
assessment
BRIEFS
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Appropriate cropping management strategies significantly reduce the payback period and enhance
greenhouse gas benefits associated with the E85 fuel system compared to gasoline.
Introduction
Critical political, economic and environmental security concerns are increasingly linked to petroleum
dependence. Thus finding alternatives to petroleum has become a high priority worldwide. One
proposed solution is biofuels: liquid fuels such as ethanol derived from plant biomass. Ethanol from
biomass has been viewed as a viable alternative to petroleum in part because of its projected greenhouse
gas emission benefits compared to the gasoline fuel system. The United States is expected to produce
136 billion liter (36 billion gallons) of renewable fuels by 2022, including 79 billion liter (21 billion
gallons) of cellulosic ethanol, and this is expected to reduce greenhouse gas (GHG) emissions by at
least 20% in comparison to fossil fuels (1). Approximately 57 billion liter (15 billion gallons) of ethanol
will probably be derived from corn.
While ethanol derived from corn has previously been thought to reduce GHG emissions, a recent
study has argued that ethanol from corn does not provide any GHG benefit in the foreseeable future if
the effects of land use change (LUC) are taken into account. Instead, corn ethanol is projected to
increase overall GHG emissions (2). Two different mechanisms of LUC have been identified: indirect
LUC and direct LUC. Indirect LUC analysis links (through market forces) the use of corn for ethanol
production to the conversion of undisturbed land elsewhere in the world and the resulting GHG
emissions (2). In contrast, direct LUC is supply chain oriented and links conversion of a specific piece
of land in a given biofuel supply chain to resulting GHG emissions. GHG releases due to direct LUC
within various ecosystems have also been estimated (3).
Direct LUC might well be an appropriate subject for life cycle analysis of biofuel systems. All fuel
producers could conceptually be held responsible for the performance of their own supply chains,
although this is almost never done in practice. In contrast, indirect LUC is highly controversial for many
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reasons. For example, according to Searchinger and his colleagues’ study (2), indirect LUC essentially
makes biofuel industries responsible for the environmental consequences of decisions over which they
have no control. In effect, an environmentally-conscious corn grower or ethanol producer using best
management practices may be held responsible for his own environmental impacts as well as those of a
competitor thousands of miles away who clears savannah or rain forest to plant corn or soybeans. This
outcome runs directly contrary to the “polluter pays” principle and to the “think globally, act
locally” concept that have done so much to advance environmental improvements.
Life cycle allocation issues for indirect LUC are is likewise troublesome. A fundamental assumption
behind indirect LUC is that the system in question is the entire world market for grains. Indirect LUC
analysis makes corn used for biofuel production responsible for all of the hypothetical incremental
world demand for corn without assigning any of the resulting environmental burdens to other uses of
corn. Over 70% of all corn grown worldwide is fed to animals. It does not seem intellectually justifiable
to give animal feed uses of corn this privileged position on greenhouse gas releases relative to corn used
for biofuels. Competent life cycle analysis allocates environmental burdens among all of the various
uses of a product, not just to one use.
Finally, it is overly simplistic and inaccurate to view land use change worldwide as being driven
primarily by increased agricultural production, as has been assumed (2). There is a rich academic
literature on the subject of land use change (4, 5). According to these studies, land use change is driven
by three primary forces: timber harvest, infrastructure development (e.g., road building) and agricultural
expansion. Any one of these variables taken alone explains less than 20% of documented land use
changes worldwide. Taken together, they explain over 90% of observed cases of land use change.
Agricultural expansion alone is therefore seldom the reason for land use change. Thus it is arbitrary and
unreasonable to assume that all land use change worldwide is driven primarily by agricultural expansion.
Whatever the final result of the ongoing debate about the validity and limits of the indirect land use
change analysis, both direct and indirect LUC analyses depend on a number of variables and
assumptions. The existing studies have not considered some important alternative assumptions and
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scenarios. One of the most significant sources of GHG emissions in LUC is from soil organic carbon
(SOC). Tillage methods greatly influence SOC dynamics. However, the existing studies (2, 3) did not
take into account the effects of different tillage methods on land use change. Other cropland
management approaches, such as no-tillage or the use of winter cover crops, can improve soil organic
carbon levels and increase carbon sequestration rates in comparison to plow tillage (6 - 8).
In this paper, we revisit the greenhouse gas profile of the E85 fuel system as affected by LUC by
accounting for the effect of different tillage practices on SOC carbon dynamics. In our analysis, corn
grain is used as a raw material for ethanol production. Corn stover is assumed to be harvested and
burned as a boiler fuel to replace coal at the ethanol production facility. Corn stover includes cobs,
leaves and stems; all of the above ground parts of the plant except the grain. We calculate the
cumulative GHG emissions of the E85 fuel system, including corn cultivation, biorefinery operations,
transportation and distribution of the ethanol fuel, gasoline production, E85 fueled vehicle operation,
and upstream processes, for up to 100 years after the conversion of undisturbed land (either grassland or
forest) to cropland in several corn producing states of the United States. In addition, we include gasoline
fueled vehicle operation as greenhouse gas credits in the E85 fuel system to calculate GHG benefits. We
also explore a number of other assumptions and scenarios not explored in the existing LUC studies.
These assumptions/scenarios are summarized in the next section.
Methodologies
Additional economic modeling studies (9, 10) have called into question the assumption (made without
any modeling or data) that indirect land conversion takes place primarily outside the United States (2).
Instead, if more recent global economic equilibrium studies are correct, most of the hypothetical land
use conversion will take place in the United States (9, 10). Therefore we consider U.S. grassland and
forest conversion rather than tropical or other ecosystems. Greater information availability in the United
States also permits more accurate assessment of land use change effects.
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We select forty counties from nine corn producing states (Illinois, Indiana, Iowa, Michigan,
Minnesota, Nebraska, Ohio, South Dakota, and Wisconsin) as sites for the analysis. These states
represent a wide variety of soil, climate and crop production practices. The counties selected are given
in the supporting information. The results are presented as arithmetic averages rather than weighted (by
corn production) values because the amount of land in each country that is converted into cropland is
unknown.
The reference scenario is that farmers divert existing cornfields to ethanol production and then
convert temperate grassland or forest to cornfields, i.e., this is explicitly an indirect land use change
analysis. We calculate the grassland conversion and forest conversion cases separately. Current corn
tillage practices (11) are applied to existing and newly converted cornfields in the reference scenario.
No-tillage and plow tillage practices are investigated in the analysis to determine the effects of tillage
on GHG emissions. Winter cover crop practice is also included in the analysis. A winter cover crop is
planted in the fall after harvesting the corn and killed by plowing or herbicides prior to planting corn in
the subsequent growing season. Cover crops are traditionally used to protect and improve soil quality as
well as to provide animal feed (12). Winter cover crop cultivation in combination with corn production
consumes more herbicides and more diesel fuel than does traditional corn cultivation practice (13). We
select winter wheat as the winter cover crop in this analysis. We do not include here the possibility of
harvesting the cover crop to provide animal feed protein and fiber for biofuel production or animal feed.
That analysis is left for a subsequent study.
We assume that the forest cleared for corn production consists of coniferous forest (50%) and
deciduous forest (50%). The “carbon debt” or “carbon deficit” attributed to LUC as given in previous
analyses (2, 3) is the carbon loss from biomass during the conversion event. We assume that
aboveground carbon (wood) in the forest conversion case is harvested and used as a solid fuel, replacing
coal. We use the DAYCENT model- an agroecosystem model- to predict the soil organic carbon along
with carbon in above- and belowground biomass, and nitrous oxide emissions from soil (14). The
DAYCENT model simulates soil organic carbon level in the top 20 cm depth.
6

Cumulative GHG emissions associated with LUC in a given year t [Mg of CO2 equivalent per
hectare] are defined as
GHG LUC t = Direct GHG LUC t + Indirect GHG LUC

(1)

t

Direct GHGLUC|t is cumulative GHG emissions associated with direct LUC, i.e., cultivation of an
existing cornfield to produce corn for ethanol fuel. Indirect GHGLUC|t is cumulative GHG emissions
associated with indirect LUC, i.e., conversion of grassland or forest to corn production to “replace” the
corn used for ethanol production. Direct GHGLUC|t and indirect GHGLUC|t are estimated by Equations (2)
and (3).
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where SOC t is the soil organic carbon (SOC) level in the existing cornfield diverted to ethanol
c

production at the end of year t, and SOC 0 is the initial SOC level in the existing cornfield used for
cc

ethanol production. SOC t is the SOC level in the newly converted cornfield at the end of year t, and
u

SOC 0 is the SOC level in grassland or forest before its conversion to corn production. Thus the first
term in Equations (2) and (3) is greenhouse gas emissions associated with changes in SOC levels due to

[GHG from carbon debt ]u

LUC.

is GHG emissions associated with carbon losses from existing

biomass during the land conversion event. The last term in Equation (3) is changes in SOC levels in an
ec

existing cornfield elsewhere dedicated to food (mostly as animal feed) production. SOC t is the SOC
level in an existing cornfield elsewhere dedicated to animal feed production at the end of year t, and
ec

SOC 0 is the initial SOC level in an existing cornfield elsewhere dedicated to animal feed production.
Ync is the corn yield in a newly converted cornfield, while Yec is the corn yield in an existing cornfield
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elsewhere dedicated to animal feed production. The last term in Equation (3) reflects incremental
changes due to land conversion.
Note that framing the analysis in this way makes biofuel uses of corn “responsible” for all of the
greenhouse gas emissions of the land use conversion event (referred to as GHG from carbon debt in
Equation (3)). We have taken this step so that our results can be more directly compared with existing
LUC studies (2, 3). This assumption represents a worst case for biofuels with respect to the land
conversion event. It is much more intellectually rigorous and compliant with life cycle principles to
allocate the environmental burdens of corn production in newly converted croplands among all of the
uses of corn, not just to the biofuel uses. Thus, we include animal feed production in an existing
cornfield system in Equation (3).
We assume that starch based ethanol is produced via dry milling. Dry milling is the dominant ethanol
production process in the United States. A co-product of the dry milling process, dried distiller grains
with solubles (DDGS) is used as animal feed and is a viable replacement for corn, soybean meal and
nitrogen in urea (15, 16). We adopt the assumption from the GREET model that 1 kg of DDGS
displaces 0.95 kg of dry corn grain, 0.3 kg of dry soybean meal, and 0.03 kg of nitrogen in urea (16).
Corn stover is used as an energy source in the dry milling process to generate steam. Only about 50% of
total corn stover produced from cornfields under conservation tillage is assumed to be harvested since
the balance must remain on the soil for erosion control (17 - 19). Note that it is not necessary that corn
stover is harvested in the cornfield involved in the ethanol fuel system. To allocate the environmental
burdens to corn stover, we use the ‘system expansion’ approach (17, 20).
The cumulative GHG benefit of the E85 fuel system in year t [Mg of CO2 equivalent per hectare] is
estimated as follows
⎡GHG from gasoline fueled system i − GHG from cultivation i ⎤
⎢
⎥
t ⎢ − GHG from biorefinery − GHG from gasoline production
⎥
i
i
GHG benefit t = ∑ ⎢
⎥
i ⎢ − GHG from E85 fueled vehicle operation
⎥ (4)
i
⎢
⎥
⎣⎢+ GHG DDGS i
⎦⎥
− GHG LUC

t
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where GHG LUC

t

is cumulative GHG emissions associated with LUC in a given year t, defined by

Equation (1). GHG DDGS i is the GHG credits associated with DDGS displacement in a given year.
GHG from cultivation i is GHG emissions associated with corn cultivation (e.g., fertilizers, fuels,
upstream processes, N2O emissions from soil, etc.) and also includes GHG emissions associated with
transportation of corn grain to the biorefinery in a given year. GHG from biorefinery i is the GHG
emissions

associated

with

the

biorefinery,

corn

stover

production/transportation,

transportation/distribution of ethanol in a given year. GHG from gasoline production

i

and

is GHG

emissions associated with gasoline production and transportation/distribution of gasoline involved in
the E85 fuel system in a given year. GHG from E85 fueled vehicle operation i is GHG tailpipe
emissions from driving an E85 fueled vehicle at a given year. GHG from gasoline fueled system i is
GHG emissions from gasoline production and transportation/distribution of gasoline involved in the
gasoline fueled vehicle operation in a given year.
Life cycle inventory data (e.g., biomass yield, ethanol yield, life cycle GHG emissions, etc.) are
obtained from literature (15, 21 – 24). We project the biomass yield (i.e., corn and soybean), ethanol
yield and fuel economy. Soybean yield is used in estimating the environmental burdens of soybean meal.
The most recent data for energy use in ethanol production are used (22), but we do not project any
improvements in these parameters. The parameter projections are summarized in various figures in the
supporting information. Scenario and sensitivity analyses are carried out to determine the effects of
these assumptions. We do not regard carbon dioxide derived from combusting ethanol in E85 fueled
vehicle operation or carbon dioxide released during corn stover combustion as greenhouse gases
because of the biological origin of these fuels.
To summarize, the following variables are studied in scenario (scenarios A – D) and sensitivity
(scenarios E – K) analysis:
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1. Land management post land use change was not explicitly considered in either of the existing land
use change studies (2, 3). This is an important consideration since a variety of management
practices are in fact used by corn producers. Therefore, we determine the GHG effects if the land
is managed under different practices including:
•

Current average tillage in both diverted and newly converted cornfields. (the reference
case) This represents the actual mix of tillage practices currently used in U.S. corn
agriculture. Conservation tillage accounts for about 40% of total corn acreage, and the
remaining corn acreage is grown under conventional tillage (11).

•

No-tillage practice in both diverted and newly converted cornfields. (referred to as
scenario A) About 21% of U.S. corn is grown under no-till conditions (11). Higher diesel
prices (well over $4 per gallon now versus around $2 per gallon in the recent past) are
likely to significantly increase the percentage of no-tilled corn agriculture because farmers
are now highly incentivized to make fewer trips through the field.

•

No-tillage plus a cover crop in both diverted and newly converted cornfields (referred to as
scenario B). Cover crops (annual grasses planted in the fall after the corn crop is
harvested) build soil organic matter and trap nitrogen and phosphorus that might otherwise
escape to air or water. Nitrogen leaching from corn fields is a major contributor to the
anoxic zone in the Gulf of Mexico. Increasing pressures for more sustainable agricultural
practices as well as increasing demand for cellulosic biomass for a cellulosic biofuels
industry are likely to increase the percentage of corn grown using cover crops. Thus cover
crops combined with no-tillage represent the current best management practices for corn
agriculture.

•

Plow tillage in both diverted and newly converted cornfields (referred to as scenario C).
This represents the “worst case” as far as environmental management of corn agriculture is
10

concerned. Plow tillage was apparently assumed by both of existing studies on land use
change (2, 3).
Corn production in the following scenarios occurs under current tillage practices as defined above.
2. Oil sands. The Athabasca oil sands are likely to supply an increasing fraction of U. S. petroleum
demand, but at a much higher incremental GHG emissions rate than conventional gasoline (25). It
seems more appropriate to compare the environmental performance of new, incremental biofuel
production with that of new, incremental petroleum production, rather than with the old petroleum
GHG baseline (15). Thus we compare the GHG emissions of ethanol fuel versus a baseline of the
GHG emissions of petroleum substitutes derived from the tar sands. (referred to as scenario D)
3. Energy source in the dry mill. Fossil energy (i.e., natural gas and coal) is used as an energy source in
the dry mill instead of corn stover. (referred to as scenario E)
4. Energy use efficiency in the dry mill. We do not project increases in energy use efficiency with time
in this study. The energy use data in GREET (15) instead of the most recent data is used in a
sensitivity analysis to scrutinize the effects of energy use in the dry mill process. (referred to as
scenario F)
5. DDGS displacement ratio. A report published by the U.S. EPA (26) shows that 1 kg of DDGS
displaces 0.5 kg of dry corn grain and 0.5 kg of dry soybean meal. In a sensitivity analysis, we use
this displacement ratio for DDGS. (referred to as scenario G)
6. No utilization of wood. No wood is harvested during the land conversion event for forest lands. This
analysis determines the effects of wood utilization as an energy source and applies only to the forest
conversion case. (referred to as scenario H)
7. No technology improvement in ethanol yield. We do not project increases in ethanol yield with time
in a sensitivity analysis. (referred to as scenario I)
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8. Corn yield. Recent trends in corn yield increase have been greater than historical rates of yield
increase (27). In a sensitivity analysis, we double the annual corn yield increase rates and assume that
these increases in yield continue up to a maximum of about 18 metric ton per hectare per year (285
bushels per acre per year) at which point no further increase in yield occurs. (referred to as scenario J)
9. Allocation in corn stover production. Output mass is used as an allocation factor in assigning GHG
associated with corn agriculture to corn stover. (referred to as scenario K)
The effects of these scenarios are considered individually and then in combination to explore the
range of GHG emissions attributable to land use change for corn agriculture within the forty counties of
our analysis.
Results and Discussion

The E85 fuel systems under current tillage practices (the reference case) offer cumulative GHG
benefits of 495 ~ 1236 (avg. 882) Mg of CO2 equivalent per hectare over a period of 100 years after the
conversion event in the grassland conversion case and 349 ~ 1057 (avg. 734) Mg of CO2 equivalent per
hectare in the forest conversion case. Regional variations among the forty counties are significant (up to
three fold differences) because of soil texture, climate, cropping management practices, and so on.
Mean cumulative GHG benefits of the E85 fuel systems are illustrated in Figure 1. The negative values
reflect net GHG emissions, i.e., the E85 fuel system releases more total GHG emissions than the
gasoline fuel system does. In 100 years, one hectare of cornfield produces a total of 0.42 ~ 0.78 (avg.
0.65) million liters of ethanol fuel that can propel an E85 fueled vehicle 5.3 ~ 9.7 (avg. 8.1) million km.
Figure 1. Mean cumulative greenhouse gas benefits for the E85 fuel system: (a) grassland conversion

case; (b) forest conversion case
Considering the reference case, due to the carbon debt incurred at the land conversion event and
declines in SOC, the E85 fuel system in the grassland conversion (or forest conversion) case fails to
provide any GHG benefits for 12 years (or 31 years for forest conversion) after the conversion event.
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Conversion of forest to cropland produces a greater carbon debt than the conversion of grassland by
about nine fold. The carbon density in above- and belowground biomass in both grassland and forest
plays an important role in GHG emissions associated with LUC. The DAYCENT model predicts the
average carbon density in above- and belowground forest biomass in the counties studied to be 70 ± 31
Mg of carbon per hectare, while the average carbon density of a forest in the United States is 73 Mg of
carbon per hectare (28). In comparison, the model predicts that the average grassland carbon density is
4.0 ± 1.1 Mg of carbon per hectare. This value is similar to the average carbon density of temperate
grassland (4.3 ~ 4.7 Mg of carbon per hectare (29, 30)). Higher initial carbon density could result in
more GHG emissions (a greater carbon debt), and therefore reduce the GHG benefits of the E85 fuel
system involved in LUC.
The grassland conversion case provides more cumulative GHG benefits than the forest conversion
case does. Soil organic carbon levels in a cornfield resulting from forest conversion decrease more
rapidly than do those in a cornfield converted from grassland. The DAYCENT model predicts soil
organic carbon levels of 84 ± 15 Mg of carbon per hectare in temperate zone forests and 65 ± 17 Mg of
carbon per hectare in temperate grasslands, while Pouyat and his colleagues (31) state that soil organic
carbon pools (1-m depth) in the United States are 107 Mg carbon per hectare in forests and 64 Mg
carbon per hectare in grasslands. The simulations show that the conversion of forest to corn production
under current tillage practices could reduce soil organic carbon by 22% at 30 years after the conversion
and up to by 29% at 100 years after the conversion event, while converting grassland to cornfield under
the current tillage practice reduces soil organic carbon by 15% at 30 years and by 14% at 100 years (see
supporting information). Since temperate zone forests have higher initial SOC levels, the size of the
change in the forest conversion case is greater than in the grassland conversion case. The decline in
SOC levels decreases in magnitude with the cropping year, implying that soil organic carbon levels are
approaching a steady state. Thus the effects of LUC on the GHG profile of the E85 system gradually
decrease with time.
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The payback period, or the period of time before the E85 fuel system provides cumulative GHG
benefits, for the forest conversion case under current tillage practices is 31 years, while the payback
period of the grassland conversion case is 12 years. The grassland conversion case has a shorter
payback period because a lower carbon debt at the conversion event and lower rates of SOC decrease
than the forest conversion case. Significant regional variations are also observed in the payback periods:
2 ~ 25 years in the grassland conversion case (16 ~ 52 years in the forest conversion case) under current
tillage practices.
As seen in Figure 1, plow tillage practice (scenario C) reduces cumulative GHG benefits over 100
years after the conversion event by 9% in grassland conversion case and by 10% in the forest
conversion case, compared to the reference case. Plow tillage practice extends the payback period to 18
years in grassland conversion (or 37 years in forest conversion case). Furthermore, plow tillage depletes
SOC faster than does current tillage practice because of increased soil disturbance. The DAYCENT
model predicts that plow tillage reduces SOC levels by 30% over 100 years after conversion of
grassland to cornfield, and by 39% over 100 years after the conversion of forest to cornfield. Results
from the simulations are similar to experimental results (32). The DAYCENT model predicts 21%
reduction in SOC levels during 25 years after the conversion of forest to cornfield, while 19% reduction
of SOC levels was observed in tilled cornfield converted from mixed hardwood forest in eastern Ontario
(32).
In contrast, no-tillage practices (scenario A) increase cumulative GHG benefits by 136 Mg of CO2
equivalent per hectare over 100 years in grassland conversion case, and by 127 Mg of CO2 equivalent
per hectare in the forest conversion case compared to the reference case. Under no-tillage, the SOC
level of cornfield converted from grassland increases by about 12% at 100 years after conversion.
About 27 Mg of CO2 equivalent per hectare of GHG benefit over 100 years after the conversion of
grassland to cornfield results from changes in SOC level due to no-tillage practices in newly converted
cornfield from grassland. Additionally, no-tillage practices also reduce the decline in SOC levels in a
cornfield converted from forest. After 100 years, the cornfield converted from forest averaged only an
14

11% decrease in their SOC level. The DAYCENT model predicts 2% reduction in SOC levels over 6
years under no-tillage after the conversion of forest to cornfield, while the same reduction over 6 years
is also observed when cornfield under no-tillage in West Africa is converted from forest (32). For the
grassland conversion case, the E85 fuel system under no-tillage takes 4 years to provide GHG benefits
versus 20 years in the forest conversion case.
The use of winter cover crops along with no-tillage practice (scenario B) provides the greatest
cumulative GHG benefits of all of the cropland management approaches considered in this study. This
approach provides 794 ~ 1685 (avg. 1327) Mg of CO2 equivalent per hectare of GHG benefits over 100
years in the grassland conversion case and 626 ~ 1584 (avg. 1185) Mg of CO2 equivalent per hectare in
the forest conversion case. The DAYCENT model predicts that converted cornfields following winter
cover crop practices have higher SOC levels than either grassland or forest. After an initial decrease in
SOC levels, the SOC levels in the new converted cornfield increase each year because of carbon inputs
from the cover crops. After 100 years, the SOC levels of cornfields converted from grassland increase
by 35%, and the SOC levels of cornfield converted from forest increase by 10%. The use of winter
cover crops could reduce the payback period for the forest conversion case to 14 years and the payback
periods for the grassland conversion case to 3 years.
Results from the scenario analysis show that the displacement of Athabasca tar sands based gasoline by
E85 fuel increases cumulative GHG benefits over 100 years by about 19% in the grassland conversion
case and by about 23% in the forest conversion case. The new payback time for the grassland
conversion case is 9 years, a reduction of 3 years from conventional gasoline, while the payback time is
27 years for the forest conversion cases, a reduction of 4 years. GHG emissions of Athabasca oil sands
based gasoline are assumed to about 1.6 times higher than those of regular gasoline (15). GHG
emissions of petroleum fuels or petroleum substitutes such as tar sands, oil shale or coal to liquid fuels
are likely to increase in the future rather than decrease as resource quality declines and extraction and
refining difficulty increase. Thus the greenhouse performance of E85 fuels is likely to further improve
relative to petroleum fuels.
15

The sensitivity analyses (scenarios E – K) show that the energy source in the dry mill is the most
environmentally sensitive factor for both the grassland and forest conversion cases. The utilization of
wood during the land use conversion of forest is a key factor. Using fossil energy as an energy source in
the dry mill causes a 34 to 43% reduction in cumulative GHG benefits and extends the payback period
to 17 and 43 years for grassland and forest conversion, respectively. Not utilizing wood as an energy
source for the biorefinery during forest conversion extends the payback period to 56 years and reduces
the cumulative GHG benefits of the E85 fuel system by about 33%. In contrast, other factors (e.g, the
DDGS displacement scenario, ethanol yield per bushel, and so on) alter cumulative GHG benefits of the
E85 fuel system by less than 10% versus the reference case. Results from scenario and scenario
analyses are summarized in the supporting information.
Both grassland and forest may be involved in land use conversion, but we do not know in what
relative amounts. To better understand the overall effects of LUC on GHG emissions of the E85 fuel
system, the effects of the fraction of forest converted on the payback period are determined and shown
in Figure 2. The payback period obviously increases with the fraction of forest converted. Figure 2
clearly shows that cropping management strategies are key factors in determining the payback period.
For example, Scenario B (no-tillage plus cover crop) can reduce the payback period by 9 to 17 years
compared to the reference case. The dotted lines in Figure 2 represent situations in which E85 fuel
displaces Athabasca oil sands-based gasoline.
Figure 2. Effects of the fraction of land that is forest converted to cornfield on the payback period.

Scenario L is similar to scenario D except that corn is grown under no-tillage conditions. Scenario M is
similar to scenario D except that corn is grown under no-tillage plus cover crop.
This study shows that appropriate cropland management practices can reduce the GHG emissions
associated with direct and indirect LUC. No-tillage practice combined with the use of winter cover
crops is the best cropland management practice considered here in order to maximize cumulative GHG
benefits of the E85 fuel system and to minimize the payback period. SOC levels in the top 20 cm depth
are simulated by DAYCENT and used in the analysis. Some experimental work (which is contradicted
16

by other experimental work) indicates that the SOC content at plow depth in plowed soil is greater than
in no-till soil (33). Hence, if the whole soil profile (1 m depth) is used in the analysis, the benefits of no
tillage practice may or may not be observed (34, 35). Further investigations on the effects of soil depth
on carbon accumulation with tillage practices are needed.
As mentioned above, GHG emissions associated with indirect LUC in the ethanol fuel system is a
highly controversial topic and many issues remain to be addressed. For example, who will be held
responsible for GHG emissions associated with the carbon debt – the biofuel industry or the food
(animal feed) industry. In this analysis and the previous indirect LUC analysis (2), biofuel industries are
assumed to take full responsibility for GHG emissions accompanying the land use conversion event
(referred to as GHG from carbon debt in Equation (3)). This is a “worst case” for the biofuel industries.
Explicit regulatory policy from government agencies or consensus action by international groups such
as the International Standards Organization (ISO) could resolve this issue by allocating environmental
burdens in global systems among all the industries using a particular internationally-traded commodity
such as corn. Another issue related to indirect LUC is the GHG emissions of crop cultivation for newly
converted croplands, particularly changes in SOC levels. It is unlikely that the biofuel industries have
any influence on the cropping management practices applied to newly converted croplands when newly
converted croplands are dedicated to animal feed production. Again, the fundamental question arises:
who will be held responsible for GHG emissions associated with changes in SOC levels (and the
associated GHG emissions) during crop cultivation. In this study, we assume that both the biofuel and
food (actually animal feed) industry sectors are held responsible for these GHG emissions. GHG
emissions associated with changes in SOC levels in existing cornfields elsewhere dedicated to food
(animal feed) production are included in the analysis as GHG credits. Yet another issue is the
appropriate cropping period for newly converted croplands. As shown in this study, the GHG emissions
of the indirect LUC vary with time following the LUC event. We chose a cropping period here of 100
years, but newly converted cropland could continue as cropland for more or less than 100 years after the
land use conversion event. The cropping period significantly affects GHG emissions for indirect LUC.
17

Thus, methodologies or consensus approaches on how to analyze indirect LUC for biofuel systems
should be established to clarify these and other issues.
ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support provided by the U. S. Department of Energy
and the U. S. Department of Agriculture (Grant Agreement No.: 68-3A75-6-509) and by the Great
Lakes Bioenergy Research Center (Grant No.: DE-FC02-07ER64494).
SUPPORTING INFORMATION PARAGRAPH
Farming sites, Fraction of conservation tillage in the current practice, System boundary, Results from
the DAYCENT simulations, Data sources, Parameter projection, GHG emissions associated with carbon
debt, GHG emissions associated with LUC, GHG benefits of the E85 fuel system in each county,
Cumulative GHG benefits of the E85 fuel system, Payback period, Scenario and sensitivity analyses.
REFERENCES
(1)

United States. The Energy Independence and Security Act of 2007 (H.R. 6). 2007.
http://frwebgate.access.gpo.gov/cgibin/getdoc.cgi?dbname=110_cong_bills&docid=f:h6enr.txt.pdf (accessed July, 2008).

(2)

Searchinger, T.; Heimlich, R.; Houghton, R. A.; Dong, F.; Elobeid, A.; Fabiosa, J.; Tokgoz,
S.; Hayes, D.; Yu, T. Use of U.S. Croplands for Biofuels Increases Greenhouse Gases Through
Emissions from Land-Use Change. Science. 2008, 319 (5867), 1238 – 1240.

(3)

Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land Clearing and the Biofuel
Carbon Debt. Science. 2008, 319 (5867), 1235 – 1238.

(4)

Geist, H. J.; Lambin, E. F. Proximate Causes and Underlying Driving Forces of Tropical
Deforestation. BioScience. 2002, 52 (2), 143 – 150.
18

(5)

Lambin, E. F.; Geist, H. J.; Lepers, E. Dynamics of Land-Use and Land-Cover Change in
Tropical Regions. Annu. Rev. Environ. Resour. 2003, 28, 205 – 41.

(6)

Bruce, J. P.; Frome, M.; Haites, E.; Janzen, H.; Lal, R.; Paustiain, K. Carbon Sequestration in
Soils. J. Soil Water Conserv. 1999, 54 (1), 382 – 389.

(7)

Paustian, K.; Six, J.; Elliott, E. T.; Hunt, H.W. Management options for reducing CO2
emissions from agricultural soils. Biogeochemistry. 2000, 48 (1), 147 – 163.

(8)

Smith, P.; Martino, D.; Cai, Z.; Gwary, D.; Janzen, H.; Kumar, P.; McCarl, B.; Ogle, S.;
O'Mara, F.; Rice, C.; Scholes, B.; Sirotenko, O.; Howden, M.; McAllister, T.; Pan, G.;
Romanenkov, V.; Schneider, U.; Towprayoon, S.; Wattenbach, M.; Smith, J. Greenhouse Gas
Mitigation in Agriculture. Phil. Trans. R. Soc. B. 2008, 363 (1492), 789 – 813.

(9)

Murray, B. C. Bioenergy Expansion and Indirect Land Use Change: An Application of the
FASOMGHG Model. Workshop on Measuring and Modeling the Lifecycle GHG Impacts of
Transportation

Fuels,

UC-Berkeley,

2008.

http://edf.org/documents/8138_Microsoft%20PowerPoint%20-%20Session%206_Murray.pdf
(accessed September, 2008).
(10)

Hertel, T. W.; Birur, D. K.; Taheripour, F.; Tyner, W. E. Analyzing the Implications of US
Biofuels for Global Land Use. Workshop on Measuring and Modeling the Lifecycle GHG
Impacts

of

Transportation

Fuels,

UC-Berkeley,

2008.

http://edf.org/documents/8137_Microsoft%20PowerPoint%20%20Session%206%20Hertel.pdf (accessed September, 2008).
(11)

Conservation

Technology

Information

Center.

CRM

Survey.

http://www.conservationinformation.org/?action=crm (accessed August, 2008).

19

(12)

Snapp, S. S.; Swinton, S. M.; Labarta, R.; Mutch, D.; Black, J. R.; Leep, R.; Nyiraneza, J;
O'Neil, K. Evaluating Cover Crops for Benefits, Costs And Performance within Cropping
System Niches. Agr. J. 2005, 97 (1), 322 – 332.

(13)

Kim, S.; Dale, B. E. Life Cycle Assessment of Corn Grain and Corn Stover in the United
States. Submitted to Int. J. LCA. 2007.

(14)

Del Grosso, S. J.; Parton, W. J.; Mosier, A. R.; Hartman, M. D.; Brenner, J.; Ojima, D. S.;
Schimel, D. S. Simulated Interaction of Carbon Dynamics and Nitrogen Trace Gas Fluxes
Using the DAYCENT Model, In Modeling Carbon and Nitrogen Dynamics for Soil
Management, edited by Schaffer, M.; Ma, L.; Hansen, S. CRC Press. Boca Raton, FL, 2001,
pp. 303 – 332.

(15)

Argonne National Laboratory. Greenhouse gases, regulated emissions, and energy use in
transportation

(GREET)

computer

model

1.8b.

2008.

http://www.transportation.anl.gov/software/GREET/ (accessed September, 2008).
(16)

Arora, S.; Wu, M.; Wang, M. Update of Distillers Grains Displacement Ratios for Corn
Ethanol

Life-Cycle

Analysis.

Argonne

National

Laboratory.

2008.

http://www.transportation.anl.gov/pdfs/AF/527.pdf (accessed September, 2008).
(17)

Mann, L.; Tolbert, V.; Cushman, J. Potential environmental effects of corn (Zea mays L.)
stover removal with emphasis on soil organic matter and erosion. Agr. Ecosyst. Environ. 2002,
89 (3), 149 – 166.

(18)

Nelson, R. G. Resource assessment and removal analysis for corn stover and wheat straw in
the Eastern and Midwestern United States - rainfall and wind erosion methodology. Biomass
and Bioenergy. 2002, 22, 349 – 363

(19)

Graham, R. L.; Nelson, R. G.; Sheehan, J.; Perlack, R. D.; Wright, L. L. Current and Potential
U.S. Corn Stover Supplies. Agr. J. 2007, 99 (1), 1 – 11.
20

(20)

International Organization for Standardization (ISO). International Organization for
Standardization 14041: Environmental Management – Life Cycle Assessment – Goal and
Scope Definition and Inventory Analysis. International Organization for Standardization, 1998.

(21)

National Agricultural Statistics Service (NASS). U.S. Department of Agriculture.
http://www.nass.usda.gov/index.asp (accessed December, 2007).

(22)

Wu, N.; Wang, M.; Huo, H. Fuel-cycle assessment of selected bioethanol production pathways
in

the

United

States.

ANL/ESD/06-7.

Argonne

National

Laboratory,

2006.

http://www.transportation.anl.gov/pdfs/TA/377.pdf (accessed December, 2007).
(23)

Economic Research Service (ERS). Commodity Costs and Returns. U.S. Department of
Agriculture.

http://www.ers.usda.gov/Data/CostsAndReturns/testpick.htm

(accessed

December, 2007).
(24)

Kim, S.; Dale, E. B. Effects of Nitrogen Fertilizer Application on Greenhouse Gas Emissions
and Economics of Corn Production. Environ. Sci. Technol. 2008, 42, 6028–6033.

(25)

Woynillowicz, D.; Severson-Baker, C.; Raynolds, M. Oil Sands Fever: The Environmental
Implications

of

Canada’s

Oil

Sands

Rush.

Pembina

Institute,

2005.

http://pubs.pembina.org/reports/OilSands72.pdf (accessed September, 2008).
(26)

United States Environmental Protection Agency. Regulatory Impact Analysis: Renewable Fuel
Standard Program. EPA420-R-07-004 United States Environmental Protection Agency. 2007.
http://www.epa.gov/otaq/renewablefuels/420r07004-sections.htm (accessed August, 2008).

(27)

Glass, R. Personal communication. National Corn Growers Association.

(28)

United States Environmental Protection Agency. Inventory of U.S. Greenhouse Gas Emissions
and Sinks: 1990-2006. USEPA #430-R-08-005, United States Environmental Protection

21

Agency. 2008. http://www.epa.gov/climatechange/emissions/usinventoryreport.html (accessed
July, 2008).
(29)

Olson, J. S.; Watts, J. A.; Allison, L. J. Carbon in live vegetation of major world ecosystems.
ORNL-5862, Oak Ridge National Laboratory, Oak Ridge, TN. 1983.

(30)

The Intergovernmental Panel on Climate Change. 2006 IPCC guidelines for national
greenhouse gas inventories volume 4. Agriculture, forestry and other land use. 2006.
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html (accessed July, 2008).

(31)

Pouyat, R. V.; Yesilonis, I. D.; Nowak D. J. Carbon Storage by Urban Soils in the United
States. J. Environ. Qual. 2006, 35 (4), 1566 – 1575.

(32)

Murty, D.; Kirschbaum, M. U. F.; McMurtrie, R. E.; McGilvray, H. Does conversion of forest
to agricultural land change soil carbon and nitrogen? A review of the literature. Global
Change Biol. 2002, 8 (2), 105-123.

(33)

Baker, J. M.; Ochsner, T. E.; Venterea, R. T.; Griffis, T. J. Tillage and soil carbon
sequestration—What do we really know?. Agr. Ecosyst. Environ. 2007, 118 (1-4), 1 – 5.

(34)

Blanco-Canqui, H.; Lal, R. No-Tillage and soil-profile carbon sequestration: an on-farm
assessment. Soil Sci. Soc. Am. J. 2008, 72 (3), 693 – 701.

(35)

Angers, D. A.; Eriksen-Hamel, N. S. Full-inversion tillage and organic carbon distribution in
soil profi les: A meta-analysis. Soil Sci. Soc. Am. J. 2008, 72 (5), 1370 – 1374.

22

List of Legends for Figures
Figure 1. Mean cumulative greenhouse gas benefits for the E85 fuel system: (a) grassland conversion

case; (b) forest conversion case
Figure 2. Effects of the fraction of land that is forest converted to cornfield on the payback period.

Scenario L is similar to scenario D except that corn is grown under no-tillage conditions. Scenario M is
similar to scenario D except that corn is grown under no-tillage plus cover crop.
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Figure 2. Effects of the fraction of land that is forest converted to cornfield on the payback period.

Scenario L is similar to scenario D except that corn is grown under no-tillage conditions. Scenario M is
similar to scenario D except that corn is grown under no-tillage plus cover crop.
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