























Crop Residues and the Introduction
of Cellulosic Ethanol

Field residues from agricultural crop production represent a potential source
of cellulosic feedstock to meet growing ethanol demand. Crop residues may
be a particularly important feedstock in the coming years, as technologies
and commercial markets continue to develop for cellulosic feedstocks. Crop
residues may also provide an additional revenue source for crop farmers,
although returns will depend on interactions in crop and residue markets.

In this section, we evaluate potential sector impacts of crop residue harvest
to meet policy targets for ethanol produced from cellulosic feedstocks and
implications for resource use and environmental quality.

Crops that could provide above-ground crop residue for cellulosic ethanol
production include corn, wheat, soybeans, barley, and oats. The quantity

of residue produced per unit of yield varies by crop (table 12). The amount
of sustainable residue that can be recovered from a field for a given crop

is determined by harvest technology, soil nutrients, water availability, and
erosion potential, among other factors. Crop residues provide soil nutrients
and organic matter, but also prevent soil erosion and retain moisture. In this
analysis, we assume that 50 percent of crop residues left on the fields can

be harvested from fields that use no-till systems, 30 percent of the residues
can be harvested from fields that use reduced tillage systems, and 10 percent
of the residues can be harvested from fields that use conventional systems
without adversely affecting soil productivity. These figures are intended only
as a starting point and represent one possible residue collection scenario;
future research will refine these values. Ongoing research analyzes how
much residue can be harvested while maintaining soil productivity and crop
yield, and removal rates used in this report may be higher than optimal given
soil organic carbon requirements (Wilhelm et al., 2007). Because of erosion
considerations, this analysis assumes that residue harvest is not permitted on
land classified as highly erodible.

Residue harvest costs vary by region, crop, and the amount collected. In
addition to the direct cost of collection, handling, and storage, harvest costs
may also include the foregone value of nutrients, soil, and future yield lost.
Typical nutrient content for crop residues 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).

Table 12
Residue-to-grain ratio for selected residue-producing crops

Residue-to-grain ratio

Crop (dry weight)
Corn 1.0
Soybeans 1.5
Wheat 1.3
Oats 1.4
Barley 1.5
Sorghum 1.0

Source: Graham et al., 2007.
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Wortmann et al. place 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 collec-
tion cost 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 the process by imposing a representative $40/ton cost of
residue harvest across regions and crops. This value represents the midpoint
of the curves in Graham et al., adjusted by the higher replacement cost of the
Wortmann et al. analysis.

Effect of Crop Residue Feedstocks
on Environmental Resources Is Mixed

To measure the effects of an increasing share of cellulosic ethanol in the
analysis, crop residue-based ethanol production ranges from 3 billion gallons
to 6 billion gallons, with corn-based ethanol making up the difference (i.e.,
15 billion gallons down to 12 billion gallons). This scenario represents the
possibility for accelerated development of cellulosic ethanol conversion tech-
nology, but keeps total ethanol demand constant. Below 6 billion gallons of
cellulosic ethanol production, crop residue availability (after accounting for
rate of removal by tillage system) exceeds demand by ethanol producers in
most regions. At around 6 billion gallons of cellulosic production, all avail-
able crop residues are used in some regions, increasing the economic value
of residue and causing primary crop production to increase, which puts
downward pressure on the price of the primary crop. The higher price of
crop residue would, in turn, provide production incentives for other sources
of cellulosic feedstock that would also compete for land with the residue-
producing crops. At 3 billion gallons of cellulosic production, the Northern
Plains manufactures the most.

Crop prices relative to production levels, when 3 billion gallons of cellu-
losic ethanol replace corn ethanol in 2015 (i.e., corn ethanol production is
reduced from 15 billion gallons to 12 billion gallons), are shown in figure
14. Prices for major crops vary considerably over the range of cellulosic
production due to the different levels of assumed corn-based ethanol across
the cellulosic scenarios. Corn shows the largest decline in price, dropping
4.2 percent as cellulosic production increases from 3 to 6 billion gallons,
with steady price declines over the entire range. Less corn for ethanol and
lower corn prices lead to more corn used for food and feed. In contrast,
wheat prices decline only slightly over the whole range. The fraction of the
corn crop used for ethanol declines from 37 percent to 31 percent as corn
used for ethanol falls from 15 billion gallons to 12 billion gallons. The
amount of corn used for food, feed, and exports increases from 9.3 billion
bushels to 9.7 billion bushels.

Once the RFS15 target of 15 billion gallons of corn ethanol and 3 billion
gallons of cellulosic ethanol is reached, total land planted to major crops will
be 318.7 million acres. As crop residue-based cellulosic ethanol is substi-
tuted for increasing amounts of corn ethanol, less total land is planted to
traditional crops. The decline in traditional planted crops is dominated by a
large reduction in corn acreage, along with small reductions in soybeans and
hay. Other crops show a slight increase in acreage as land is freed from corn
production. The rate that acreage reduces as cellulosic production increases
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and corn ethanol production declines is about 1.7 million acres per billion-
gallon reduction in corn ethanol. Acreage response varies across regions.
Total planted acres decline in all major corn producing areas, as illustrated

in figure 15, but at different rates. This decline is mainly driven by a greater
reduction in corn acres in the Northern Plains, compared with other regions,
as crop-residue demand increases. As crop residues gain economic value, the
Northern Plains adds wheat acres, contributing to an increase in total cropped
acreage in the region. Once over the 3 to 6 billion-gallons range in cellulosic
production (and corresponding decrease in corn ethanol production), corn
acres decrease by 5.8 percent, from 94.7 to 89.2 million acres. Reduced corn

Figure 14
Crop prices relative to 3 billion gallons of cellulosic ethanol production
Price index (3bg=100)
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Source: USDA, Economic Research Service calculations based on Regional Environment
and Agriculture Programming (REAP) model data.

Figure 15

Total acreage relative to 3 billion gallons of cellulosic
ethanol production
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Source: USDA, Economic Research Service calculations based on Regional Environment
and Agriculture Programming (REAP) model data.
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area in the major corn-producing regions of the Corn Belt, Lake States, and
Northern Plains drives the decline in overall acreage.

Although total acreage is reduced at higher levels of cellulosic ethanol
production, aggregate environmental effects may not be reduced when addi-
tional fertilizer is applied to replace the nutrients removed with the harvested
residue. We examined the response of four critical environmental measures:

* Nitrogen leaching to groundwater;
* Nitrogen runoff to estuaries;
* Nitrogen runoff to surface water; and

e Soil erosion.

Figure 16 shows how these measures change relative to the baseline target
across the range of cellulosic ethanol demand. To measure the effect of
changes in production practices on environmental performance, independent
of the direct effect of fewer acres planted, we divided the environmental
impacts by the change in total acres for the given level of cellulosic produc-
tion. In general, net levels of environmental impacts increase, even after
accounting for the reduction in planted acres. Nitrogen leached to ground-
water increased steadily up to 6 billion gallons of cellulosic ethanol produc-
tion. Not all regions, however, exhibit an increase in all measures, as shown
in figure 17 (also adjusted for changes in total acreage). High levels of runoff
in the Corn Belt drive an increase in national levels of nitrogen lost to surface
water. Reductions in leaching to groundwater in all other regions offset this
high level of leaching in the Corn Belt, largely due to fertilizer replacement
that compensates for the nutrient value of the harvested residue.

The potential for increased soil erosion from residue harvesting is an impor-
tant policy concern. Findings suggest, however, that residue harvest could be

Figure 16

Changes in environmental indictors relative to 3 billion gallons
of cellulosic ethanol production
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Source: USDA, Economic Research Service calculations based on Regional Environment
and Agriculture Programming (REAP) model data.
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Figure 17

Change in nitrogen leaching to groundwater and nitrogen runoff
to surface water from an increase of 3 to 6 billion gallons of
cellulosic ethanol production and a reduction of corn ethanol from
15 to 12 billion gallons, by region
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Source: USDA, Economic Research Service calculations based on Regional Environment
and Agriculture Programming (REAP) model data.

accompanied by changes in management regimes, contributing to a net reduc-
tion in soil erosion. As cellulosic production increases from 3 to 6 billion
gallons and corn-based ethanol production falls from 15 to 12 billion gallons,
acres planted to continuous corn decline, particularly in the Corn Belt, while
the use of no-till systems expands. Use of no-till systems increases from 11
percent to 21 percent of national cropland in production, while use of conven-
tional tillage systems declines from 72 percent to 53 percent. Wider adoption
of no-till systems is driven by the economic value of crop residues, more of
which can be harvested from no-till systems.

Production of feedstocks to supply the emerging cellulosic ethanol industry
will become increasingly important to the agricultural landscape. The abun-
dant supply of existing crop residues will play a large role, especially as
dedicated energy crops begin to enter the picture. Harvesting crop residues
as an ethanol feedstock, however, is not without consequences. Nutrients and
organic matter left in the soil would need to be replaced if the residue was
not harvested. Application of additional fertilizer has consequences to envi-
ronmental measures, although the extent to which residues may be harvested
while minimizing environmental effects is a topic of additional research.
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Research and Policy Options To Mitigate
the Impact of Biofuel Feedstock Production

Increased agricultural feedstock production to support the biofuels industry
will reshape the U.S. farm sector through changes in commodity markets,
land allocations, and production systems. As this study suggests, the implica-
tions for resource use and environmental quality are potentially far reaching.
Technological advances at different stages of the biofuel production chain can
improve the efficiency and cost-effectiveness of conventional and emerging
technologies. At the same time, greater understanding of the complex
biophysical and economic linkages may lessen the impact of unintended
consequences on human and natural systems. Public and private research is
underway on new technologies and the infrastructure needed to support an
evolving biofuels sector. Research may inform policy design by improving
our understanding of potential outcomes and tradeoffs for agriculture, energy,
and the environment.

Increased Productivity Can Reduce
Pressure on Land Resources

Rising demand for corn, the primary feedstock for ethanol processing under
conventional technology, has increased competition for land resources in
food and feed production. Research to increase corn productivity may reduce
pressure on cropland by increasing ethanol output per acre of corn feedstock.
Increased productivity supports both corn producers (through higher returns
per unit yield) and consumers (through lower grain prices). Environmental
indicators are also enhanced once higher corn yields can be achieved without
commensurate increases in chemical and carbon-based inputs. Rates of yield
growth will depend on the availability of higher yielding varieties (including
new cultivars with higher starch content), the use and sustainability of irriga-
tion and other yield-enhancing practices, and the distribution of new corn
acreage across regions and land-quality classes. Additionally, improved
crop-ethanol conversion efficiencies through updated fermentation and distil-
lation technology or new crop varieties with higher starch content could also
reduce cropland demand, although with differing impacts on product markets
and resource use. Results suggest that increased productivity in the produc-
tion and conversion of corn feedstock can enhance food and energy security,
while lessening adverse effects on the environment.

Crop residues, such as corn stover and wheat straw, may serve as important
feedstock sources to meet targets for cellulosic production. Crop residues are
already widely available as biomass alternatives to corn feedstock, although
significant markets and processing capacity do not currently exist. Once
cellulosic technologies develop on a commercial scale, crop residues could
provide an additional revenue source for grain producers. Residues, however,
play an important role in managing soil erosion, nutrient loss, soil carbon,
and soil moisture. Thus, residues are not “free”—there are costs associated
with harvesting—and soil productivity and environmental quality could be
adversely impacted. The amount of residue that can be harvested while main-
taining productivity—based on the erodibility of the soil and tillage regime
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used—is an important policy concern and the focus of ongoing research
(USDA-NRCS, 2006; Wilhelm et al., 2004).

Improved Assessment Capabilities Needed

As U.S. biofuel demand expands, many uncertainties remain regarding the
implications of domestic production for resource use and environmental
quality. Production of energy feedstock crops is projected to be much larger,
while regional feedstock sources and technologies are still evolving. Basic
research is needed to better understand the underlying mechanisms and
processes that drive resource and environmental outcomes, both at the field
level and at more aggregate regional scales. Linkages between agricultural
economic sectors, the energy sector, and the broader economy are also
complex, and the effects of market, technology, and infrastructure develop-
ment are not clearly understood. Continuing research is needed to examine
dynamic adjustments within the U.S. farm sector and their effect on ecologic
processes and environmental outcomes across the agricultural landscape.

Improved assessment of biofuel sector impacts involves developing new
analytic tools and supporting databases. Analysis at multiple scales—farm-
level, watershed/regional, national, and international—would address the
range of factors and outcomes likely to shape future biofuels policy. Linkages
across agricultural and energy models are increasingly important as energy
markets drive returns to agricultural feedstocks, with impacts across the
farm economy. Assessment of the full range of resource impacts will depend
on improved integration of bio-physical and economic models that capture
dynamic linkages across human and natural systems. Comprehensive data
on farm-level land use and resource management decisions under various
agronomic conditions, and their impact on ecologic processes, is critical to
assess environmental effects. Probability distributions for key model assump-
tions would help address uncertainty inherent in human and natural systems.
Monitoring is also needed to support basic conclusions regarding environ-
mental outcomes.

One facet of biofuels policy that has received considerable attention recently
is the extent to which U.S biofuel policies influence land-use changes and

the consequent changes in GHG emissions, both domestically and abroad.
Accounting for international land-use change is beyond the scope of this
study. Global land-use implications and feedbacks in international feedstock
markets, however, remain an important unknown regarding the net benefits of
biofuel policies.

Reducing GHG emissions, relative to the fossil fuels they are meant to
replace, is an important part of current biofuel policy and a factor in deter-
mining which biofuels will qualify toward meeting the RFS. GHG emissions
include those caused by growing, processing, and transporting the feedstock
and production and transport of the biofuel itself. A major component of the
GHG calculation is the additional land used to grow the feedstock. Land-use
changes are often categorized into direct and indirect components. Although
the distinction between direct and indirect land-use change blurs in a biofuel
context, it is easiest to think of direct land use as the land used to produce the
biofuel feedstock. This effect is mainly driven by the policy target, crop yield,
and the ethanol conversion rate. Indirect land-use change results from land
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planted to other crops and conversion of pasture and forests that is induced—
generally by price shifts—by the biofuel policy.

In this report, the additional 3.25 million acres of cropland devoted to corn
production is considered direct land-use change and will factor into the direct
GHG emissions calculation. The reduction in soybean acres for more corn
acres could also be considered a direct land-use change. But, as illustrated

in the section “Expanding Corn Acreage Drives Market and Environmental
Outcomes,” those production shifts lead to price shifts that echo through the
crop and livestock sector, changing land use as farmers adjust to take advan-
tage of price shifts. Those adjustments would be considered indirect land-use
change. In a global economy, price and production shifts in the United States
can also lead to indirect land-use change internationally. Indeed, two 2008
studies published in Science (Fargione et al., 2008; Searchinger et al., 2008)
concluded that if GHG emissions from indirect land use changes were taken
into account, GHG emissions from biofuel production could be far larger than
previously estimated.

The Fargione and Searchinger articles effectively brought the potential impli-
cations of indirect land-use change into the public spotlight. Where, how
much, and what type of land will be introduced into agriculture is a topic of
considerable debate. Modeling the land-use change caused by agricultural
policy requires projections about future values of parameters that cannot be
known with certainty. Therefore, judgments and assumptions must be made
about the likely values for this uncertain data. The bottom line of an inte-
grated agriculture sector and GHG lifecycle model is, to a greater or lesser
degree, sensitive to the values chosen and to the underlying structure of the
model. Since the future cannot be measured, assumptions must be made
regarding many factors, such as energy prices, rate of technological change,
GHG policy (e.g., taxes, permit trading, offset markets, etc.), and macroeco-
nomic indicators. Each assumption, whether made explicitly or implicitly

in the structure and data of the model, will influence the outcome. Table 13
lists some modeling elements subject to uncertainty and how each element
influences measurement of land-use change in agricultural sector models.
Research leading to a better understanding and possible scientific consensus
of these factors would improve analysis of climate change mitigation and
adaptation policies.

Conservation Programs Can Reduce
Potential Environmental Effects

Conservation programs can play an important role in mitigating the adverse
environmental effects of biofuel feedstock production. USDA provides cost-
sharing and technical assistance to those who adopt improved agricultural
practices through the Environmental Quality Incentives Program (EQIP)
and other conservation programs for working farms. Conservation practices
widely used in fieldcrop production, and eligible for conservation payments,
could be applied to corn production and other potential energy crops to
enhance environmental stewardship, such as:

* Nutrient management measures, including soil testing, application
regimes, and filter strips, can mitigate potential increases in nutrient
runoff and leaching.
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Table 13

Key uncertainties in measuring land-use change

Source of uncertainty

Impact on land use

Why is it uncertain?

Range of values

Productivity (yield) growth of
corn—domestic and interna-
tional

As productivity increases, less
land is required to grow the
same amount of crop.

Yield trends change over
time with research innova-
tions. Actual realized yields
will be dependent on weather
and soil quality, and thus will
change with the location of
converted lands.

Some studies assume yield
growth high enough to
eliminate land-use change
impacts.

Displacement of corn-based
feed by distiller’s grains
(DDGS)

Distiller’s grains are a coproduct
of corn-ethanol production and
can partially substitute for corn
as feed, reducing the demand
for corn that goes directly to
livestock feed.

The amount of displaced corn
and soybeans in animal feed
is subject to debate; availability
and cost are partially depen-
dent on proximity of livestock
to ethanol plants. An animals’
capacity for digesting DDGS
varies.

Estimates range from a credit
of 0.3 acre to 0.7 acre per
acre of corn for biofuels.

Rate and cost of develop-
ment, deployment, and con-
version efficiency of cellulosic
biofuel production

Higher yields (gallons/acre)
are anticipated for cellulosic
production, which would then
require less land to produce
the same amount of biofuel.

Cellulosic conversion technol-
ogy is not yet operated on a
commercial scale. Technolo-
gies with the greatest conver-
sion potential may not be first
to emerge.

Dependent on break-even

cost of production estimates.
Estimates range from $1 per
gallon up to values consider-
ably higher (not economical).

Amount of cropland shifting
tillage practice (adopting or
retaining conservation tillage)

Tillage affects carbon seques-
tration rates and GHG produc-
ing input use.

Incentives to switch tillage
(carbon taxes, fuel and input
prices) are subject to uncer-
tainty.

Assumptions typically based on
current practice. Some studies
assume all new cropland is
conventionally tilled.

Elasticity of supply and de-
mand for biomass crops

More inelastic demand will
require more land since there
is less substitution by other
commodities.

Imperfect knowledge of substi-
tutes; technology changes over
time that affect demand.

Usually not explicit in study, but
implicit in the supply/demand
structure of the model.

Yield and distribution of dedi-
cated energy crops (switch-
grass)

Growing energy crops will
require conversion of crop-
land, pasture and/or forests,
potentially diverting crop
production.

Yields for energy crops are
only beginning to be es-
tablished in field trials—no
production yet on a commer-
cial scale. The land that will
actually be used for produc-
tion is unknown.

Values vary by region, but
generally from 4-10 tons per
acre. Fertilizer application and
active management typically
not factored in.

» Water-conserving technologies can enhance irrigation conveyance and
field application efficiency, while water-supply enhancements, such as
rainfall harvesting and wastewater reuse, can reduce demands on existing

water resources.

* Conservation tillage systems can reduce erosion, while enhancing soil

carbon, nutrients, and moisture.

Expanded use of crop residues as a biofuel feedstock would likely encourage
conservation tillage systems, if guidelines can ensure sustainable residue-

removal limits.

USDA conservation compliance provisions, which withhold Federal farm
payments to producers who convert highly erodible soils or wetlands for crop-
land use, may limit cropland expansion on environmentally sensitive lands.
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In some cases, production on highly erodible soils may be permitted with an
approved conservation plan that limits potential erosion through conserva-
tion tillage and other measures. Conservation compliance provisions may be
less useful in diverting second-generation energy crops from environmentally
sensitive land, as these crops are not currently eligible for farm payments.
The effectiveness of conservation compliance in providing environmental
safeguards will depend on whether cellulosic feedstock producers receive
Government payments through other farming enterprises.
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Appendix: The Modeling Framework

Empirical findings for this study are based on the Regional Environment and
Agriculture Programming (REAP) model (Johansson et al., 2007). REAP is a
mathematical optimization model that quantifies agricultural production and
its associated environmental outcomes for 50 regions in the conterminous
United States. The regions are defined by the intersection of the USDA’s
Farm Production Regions (10 groups of States with similar agri-economic
characteristics!) and the Natural Resources Conservation Service’s Land
Resource Regions (defined by predominant soil type and geography).

Regional production levels are determined in the model for 10 crops and

13 livestock categories, with national production levels determined for 20
processed products. REAP explicitly models regional differences in crop
rotations, tillage practices, and input use, such as fertilizer and pesticides.
Commodity prices and input use are determined endogenously. REAP
employs detailed data (derived from USDA’s Agricultural Resource and
Management Survey (ARMS) that is conducted by the National Agricultural
Statistics Service and the Economic Research Service and the Environmental
Productivity and Integrated Climate (EPIC) model) at the regional level on
crop yields, input requirements, costs and returns, and environmental param-
eters to estimate long-run equilibrium outcomes.

For the analysis in this report, the model is calibrated to prices and quanti-
ties for 2015 of the 2008 USDA baseline. Changes in agricultural production
from this baseline can be assessed for a wide range of policy, market, or envi-
ronmental shocks. The model has been widely applied to address agri-envi-
ronmental issues, such as soil conservation and environmental policy design,
environmental credit trading, climate change mitigation policy, and regional
effects of trade agreements (Johansson et al., 2007).

REAP is implemented as a nonlinear mathematical program using the
General Algebraic Modeling System (GAMS) programming environment.
The goal of the model is to find the competitive equilibrium (welfare-maxi-
mizing) of production levels subject to land constraints and processing and
production balance requirements. Production activities for crops within a
region (defined by crop rotation and tillage) behave according to a constant
elasticity of transformation (CET) relationship. The CET specification allows
for a solution away from “corner points,” thus allowing the solution to reflect
a realistic variety of producer behavior.

The model is calibrated to national production levels given by the USDA
baseline and the Positive Math Programming (PMP) method. This method
introduces the baseline levels as calibration constraints, and the resulting
marginal costs are used to modify the objective function that adjusts for
discrepancies between the original model output and the baseline values.
The modified model, without the calibration constraints, will solve to the
precise levels specified by the baseline. Shocks based on policy, technical,

or environmental scenarios can be introduced as adjustments to constraints,
modifications of baseline data assumptions, addition of terms to the objective
function, or a combination of approaches. This permits the model to evaluate
deviations from the baseline.
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IThere are 10 Farm Production
Regions; each consists of 3 to 11 States.



It should be noted that REAP holds many factors unchanged that influence
planting decisions and the markets for agricultural commodities. Weather
and pest conditions are assumed to be average for the growing season. REAP
does, however, provide an economics-based framework for analyzing how
agricultural markets respond to shocks to the production environment created
by policy or technology on both the supply side and demand side.
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