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Abstract 

National policy supports the production of renewable energy from cellulosic feedstocks such as corn stover and 
switchgrass. These feedstocks have contrasting impacts on water quality. In this study, the regional supply 
response for cellulosic biofuel from these two feedstocks is estimated for the Le Sueur Watershed in 
South-Central Minnesota. The impacts of the resulting agricultural production activities on water quality in this 
northern corn belt watershed are also estimated. The Le Sueur River is a tributary of the Minnesota River, which 
in turn feeds into the Mississippi. The analysis is conducted with a multi-region, endogenous supply, 
mathematical programming model of the agriculture sector in the watershed. A unique aspect of the analysis is 
the spatial detail used in the production model. Results from a previous simulation analysis conducted with the 
Soil Water Assessment Tool (SWAT) model are used in the economic model to simulate the effects of the 
feedstock supply response on water quality in the Le Sueur. Sediment and nutrient losses from corn stover 
production make switchgrass more promising on environmental grounds, but the relatively high cost of 
production causes switchgrass to cover only a small part of crop land if farmers have unrestricted choice about 
how to supply cellulosic feedstocks. 
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1. Introduction 

Interest in alternative energy sources has been growing for a variety of reasons, including volatile oil prices, 
recognition of the harmful effects of greenhouse gases and national security concerns over oil imports from 
politically unstable regions (Hill et al., 2009). Recent policy initiatives reflect this concern. For example, the 
Energy Security and Independence Act of 2007 sets a goal of producing 36 billion gallons of ethanol and other 
renewable biofuels by 2022. The Act sets a cap of 15 billion gallons of ethanol produced with corn grain, 
requiring the remaining production to come from advanced renewable biofuels such as cellulosic ethanol. There 
is a large potential for the U.S. agricultural sector to provide biomass (Hoekman, 2009). However, trade-offs 
related to the environment, economic cost and food security are major concerns (Khanna et al., 2009). 

Cellulosic feedstocks are composed of cellulose, hemicellulose and lignin, which comprise a significant 
proportion of the biomass of plants. The cellulose and hemicellulose can be converted into ethanol by chemical 
or biochemical reactions and lignin can be used through combustion or gasification in order to produce steam 
and electricity (Huang et al., 2009). Various cellulosic feedstocks are being considered for producing cellulosic 
ethanol, including corn stover, wheat straw, switchgrass and woodchips. Though currently most ethanol 
refineries use corn grain as a feedstock, cellulosic ethanol has advantages over grain ethanol. Using corn grain 
for ethanol creates direct competition between fuel and food production (Runge & Senauer, 2007). Some sources 
of cellulosic feedstock, such as corn stover, are co-products of grain production. And cellulosic ethanol has been 
estimated to reduce greenhouse gases more than corn ethanol. Farrell et al. (2006) predict that corn ethanol 
would reduce greenhouse gas (GHG) emissions by about 13% relative to gasoline. Hill et al. (2009) predict that 
cellulosic ethanol production would lead to lower GHG emissions than corn ethanol or gasoline. Their results 
indicate that corn ethanol has more life-cycle GHG emissions than gasoline when emissions resulting from 
changes in land use are included and corn ethanol process heat is from natural gas or coal. Fargione et al. (2008) 
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2. Background 

A wide range of research has been conducted on the production economics of cellulosic feedstock production. 
Petrolia (2008) compares two collection technologies, round bales and square bales, to derive an estimate of corn 
stover delivered cost for a proposed biomass-to-ethanol conversion facility located in southern Minnesota. The 
paper assumes that all baled stover is staged at the field edge then hauled to storage by semi-trucks. The study 
does not consider alternative stover harvest rates and assumes average corn grain and stover yields for each 
county within the study region. Brechbill and Tyner (2008) compute corn stover and switchgrass production 
costs and estimate biomass supply curves for three Indiana coal-fired electric utilities from county-level 
production data. They estimate biomass production cost by considering whether equipment is owned or custom 
hired, what baling options are used, the size of the farm, and the transport distance. Payments for extended 
storage and a profit premium are introduced to compensate producers for providing biomass to plant. They found 
the total cost per ton for a 48 km (30 mile) radius around the plant ranged between $39 and $46 for corn stover 
and $57 and $63 for switchgrass. 

In a national level study, Gallagher et al. (2003) examine biomass supply from crop residues. The estimates span 
major crops and agricultural regions of the United States. While the paper allows yields and nutrient-replacement 
costs to vary across counties, it uses the same cost parameters for all counties and crops. Chen and Önal (2012) 
develop a dynamic mathematical programming model and estimate the impact of U.S. biofuels mandates. To 
consider cropland allocation, they use historical crop mixes augmented by crop mixes estimated using acreage 
elasticities with respect to crop prices and lagged crop acreage. They find using historical and expanded crop 
mixes together reduces the inflexibility of supply response from using historical crop mixes alone. 

Khanna et al. (2008) develop a dynamic land use allocation model that determines the profit maximizing land 
use choices to meet a targeted level of corn grain and cellulosic ethanol output in Illinois over the 16-year 
planning horizon of 2007-2022. The study includes corn stover, miscanthus and switchgrass as alternative 
cellulosic feedstocks. The model includes historical and hypothetical crop mixes to analyze future increases in 
crop land for feedstock production. The paper shows total greenhouse gas emissions over the period are reduced 
by 54% from the replacement of gasoline and total nitrogen use is increased by 25% from intensive corn 
production to produce stover. 

Using a spatial equilibrium, non-linear programming model, Taylor and Koo (2010) determine the optimal 
number, locations and sizes of cellulosic ethanol processing plants in North Dakota. They use three feedstocks, 
wheat straw, corn stover and conservation reserve program (CRP) grasses, and consider 50%, 65% and 80% of 
available biomass is used for ethanol production. The model minimizes the sum of processing costs of biomass 
for ethanol, transportation costs of biomass from producing regions to ethanol plants and transportation costs of 
ethanol from processing plants to blending facilities. Results show that average plant size ranges from 75 to 110 
million gallons per year and average total cost varies from $1.28 to $1.95 dollar per gallon of ethanol with three 
cases of biomass availability.  

As in the study reported here, several papers use integrated economic and biophysical models to analyze the 
environmental impacts of crop production. In these studies, biophysical models such as the Soil and Water 
Assessment Tool (SWAT) (Arnold et al., 1998) and the Environmental Policy Integrated Climate (EPIC) model 
(Williams, 1995) are used to estimate the environmental impacts associated with changes in land use.  

Nelson et al. (2006) analyze production of switchgrass on land used for grain production. Using SWAT model, 
they evaluate the impact of switchgrass production on water quality indicators, sediment yield, surface runoff 
and edge-of field erosion in the Delaware Basin in Northeast Kansas. The study finds the break-even receipts of 
$184 to $363 per hectare for switchgrass production, depending on the rate of nitrogen application, when 
replacing four conventional crop rotations. Using switchgrass yields from SWAT, they estimate the changes in 
crop mix associated with switchgrass production and the payments to switchgrass necessary to decrease 
sediment loads by 10%, 25% and 40%.  

Adams et al. (2005) integrate SWAT and a linear programming model of crop production including wheat, 
sorghum and peanut. Effluent levels estimated with SWAT are used in a mathematical programming model to 
measure the trade-off between farm income and levels of three pollutants, sediment, phosphorus and nitrogen, in 
the Ft. Cobb watershed in Southwestern Oklahoma. They estimate that reductions of 10% and 20% in sediment 
and nutrient runoff would decrease farm income by 2.3% and 4.7%, respectively. 

Kurkalova et al. (2010) integrate economic and environmental models to examine how alternative crop and corn 
stover prices affect the crop mix and stover availability in Iowa. They use the EPIC model to estimate the impact 
of stover removal on nutrient runoff and soil erosion. They show land use changes and environmental impacts 
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for stover prices ranging from $0 to $100/metric ton. Kurkalova et al. (2010) is similar to our study in that the 
impacts of stover harvest on environmental outcomes and crop mixes are included. They use a single stover 
removal rate (50%) and do not include other cellulosic feedstocks. 

Egbendewe-Mondzozo et al. (2010) examines the land use change and environmental consequences from 
cellulosic feedstock production. They use EPIC and a regional economic model to study cellulosic biomass 
production in nine counties in Southern Michigan. EPIC is used to generate crop yields and environmental 
outcomes of water quality, soil erosion and greenhouse gas emissions. The regional economic model maximizes 
profit for a representative producer with nine biomass and 74 cropping systems including alternative crop 
rotations, tillage practices, land fertilities and residue removal rate. The model defines 71 regions by subdividing 
37 watersheds into good and poor crop land. They show how cellulosic biomass production and crop land use 
change by increasing biomass price to $200/metric ton. Corn stover production starts at $21/metric ton and 
switchgrass becomes profitable at $46/metric ton. Their approach is similar to our analysis in that they consider 
alternative crop mixes in a regional economic model. The analysis includes a single 50% rate of stover harvest 
and does not consider crop price changes. 

3. The Economic Model, Data and Analysis 

The economic model used for the study is a multi-region, linear programming model of the agriculture sector in 
the Le Sueur Watershed. The multi-region economic model captures a spatial market equilibrium by maximizing 
consumer plus producer surplus subject to market clearing constraints. Crop production activities for the sector 
allow the model to estimate supply behavior for grain and cellulosic biofuel feedstocks endogenously. The 
following linear programming model of an economic sector with multiple regions, multiple products and 
multiple variable and fixed inputs will illustrate the mathematical structure of the economic model. 

 

Maximize: ෍ ෍ PgiYgi

i∈ΩYg∈ΩG

 - ෍ ෍ RgkZgk

k∈ΩZg∈ΩG

 - ෍ ෍ ෍ tyghiTYghi

i∈ΩYh∈ΩG
h≠g 

g∈ΩG

 - ෍ ෍ ෍ tzghkTZghk

k∈ΩZh∈ΩG
h≠g

g∈ΩG

 
 (1)

Subject to:	 Ygi - ෍  ෍ agljiXglj

j∈ΩXHl∈ΩGH

 - ෍ TYhgi

h∈ΩG
h≠g

+ ෍ TYghi

h∈ΩG
h≠g

≤  0 	 g∈ΩG,	 i∈ΩY  
(2)

									 ෍  ෍ egljkXglj 
j∈ΩXl∈ΩGH

- Zgk - ෍ TZhgk

h∈ΩG
h≠g

+ ෍ TZghk

h∈ΩG
h≠g

 ≤  0 	 g∈ΩG,  k∈ΩZ  
(3)

									 ෍ Xglj

j∈ΩX

	=  Qgl  g∈ΩG,  l∈ΩGH (4)

									 Ygi, Xglj, Zgk, TYghi , TYghi  ≥ 0 		g∈ΩG;  i∈ΩY;  l∈ΩGL;  j∈ΩX;  k∈ΩZ; h∈ΩG, h≠g (5)

Where ΩG is the set of regions, and ΩY and ΩZ are the product and input sets, respectively. ΩGH is the set of 
HRU’s mapped to regions, and ΩHX is the set of crop production activities mapped to HRU’s. Variables include 
Ygi, the quantity demanded of product i in region g, Zgk, the quantity supplied of variable input k in region g, and 
Xglj is the level of crop production activity j on hydrologic unit l in region g. Qgl is the supply of cropland in 
hydrologic response unit l and region g. TYghi is the quantity of product i shipped from region g to region h, and 
TZghk is the quantity of input k shipped from region g to region h. egij is the output of product i per unit of 
production activity j in region g, and egkj is the requirement of variable input k per unit of production activity j. 
For each product and region, constraint [1] balances net production in the region plus shipments from other 
regions with regional demand plus shipments to other regions. Constraint [2] balances net use of variable input k 
in region g plus out-shipments with variable input supply plus in-shipments. Constraint [3] limits the sum of crop 
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production activities in HRU l and region g to no more than the area of that HRU, Qgl. tyghi and tzghk are the unit 
transportation costs from region g to region h for product i and input k, respectively, and F is fixed cost. In sector 
models covering a broad geographic region, such as national economic sectors, product demand and input supply 
are very often price responsive and prices are endogenous. As a small producing region, grain and input prices 
here, Pgi and Rgk, respectively, are exogenous. However, since crop prices are critical to feedstock supply 
economics and a critical topic in much of the biofuels literature, the impacts of grain prices were considered here 
using alternative market price scenarios.  

A multi-region framework is necessary to estimate feedstock transportation costs and their impacts on feedstock 
supply at the processing plant. Portions of five southern Minnesota counties and 47 townships fall within the Le 
Sueur Watershed. Township borders form a grid of six-mile by six-mile areas that are used as production and 
processing locations or regions in the model. Grain and cellulosic feedstock crop production activities were 
constructed for each region. The biofuels processing plant was assumed to be in a region central to the watershed. 
To derive the cellulosic feedstock supply response for the watershed, demand at the processing plant was fixed 
and the model was solved with the fixed demand parametrically increased from zero to near the capacity of the 
watershed. The optimal value of the dual variable for the feedstock constraint, then, provided the corresponding 
supply price for each quantity – a point on the estimated feedstock supply curve for the watershed. 

In an endogenous supply, mathematical programming sector model, a key challenge is to characterize production 
so as to adequately capture the economic behavior reflected in the supply response of the firms in the sector. 
Disaggregating crop production according to homogeneous land types is critical both to expressing the economic 
outcomes and reflecting the impacts of feedstock production on water quality. To this end, the hydrologic 
response units defined in a study by Folle (2010) were used as land types in the economic model with unique 
technical coefficients for the crop production activities. A set of crop production activities was defined for each 
HRU or land type in a particular region. For the economic model of the Le Sueur, crop production activities were 
derived from a joint-product crop system based on a two-year rotation of corn and soybeans – the dominant 
cropping system in the region. Alternative production activities were constructed as variations of the prevailing 
cropping system (Note 1). As corn stover is one of the alternative feedstocks in the study, likely producer 
responses to the emergence of an expanding biofuels market would include both removing more of the available 
residue, corn stover, from corn acreage and expanding corn acreage within the region. Following the biophysical 
simulation results from Folle (2010), production activities for a three-year, corn-corn-soybean rotation were 
included. For each rotation, four rates of stover removal were included – no stover removal, 10%, 30% and 60%. 
Assumed fertilization rates for corn were representative of actual practices in the watershed (Folle, 2010). 182.7 
kg/ha of ammonium phosphate was applied to first and second year corn. Anhydrous ammonia was applied at 
134.5 kg/ha for first year cost and 177.5 kg/ha for second year corn, when stover was not harvested. When stover 
was collected, anhydrous ammonia rates were increased by 6, 18 and 36 kg/ha when stover harvest rates were 
10%, 30% and 60%, respectively. In line with assumptions made for the SWAT analysis, switchgrass was 
included as an alternative feedstock crop on three categories of crop land: HRU’s with low productivity as 
measured by corn yields, steep land with slopes greater than two percent, and environmentally sensitive lands 
with relatively high effluent levels. The final alternative for producers was to idle crop land by participating in 
the Conservation Reserve Program (CRP). In all, there are up to ten crop production activities on each HRU land 
type – two corn-soybean rotations without stover harvest and with three alternative rates of stover removal, 
switchgrass as an energy crop, and CRP land. When the 4178 HRU’s defined for the SWAT simulations are 
mapped to the regions in the economic model, there are a total of 9251 combinations of land types and regions, 
and a total of 92510 crop production activities. 

Technical coefficients for the production activities are based on enterprise records for farms in the area, 
akgronomic recommendations, research trials and the biophysical simulation results. Most input requirements 
and production costs are based on farm records for south central Minnesota as reported by Lazarus (2011). 
Fertilizer and chemical use is based on assumptions for the SWAT analysis, which are representative of 
production practices in the Le Sueur (Folle, 2010). Each cropping system was simulated over a 13 year period 
from 1994 to 2006 generating estimated crop yields and effluent levels for each cropping system in each HRU 
(Folle, 2010). The Le Sueur basin (285 thousand ha) has a continental climate with cold dry winters and warm 
wet summers. Based on long term weather averages recorded at the Southern Research and Outreach Center of 
Waseca, the average monthly temperature ranged from 11°F in January to 71°F in July. The average annual 
precipitation ranged from 737 mm to 838 mm. The Le Sueur basin has flat topography (0-2% slope) with poorly 
drained mollisols formed in lacustrine deposits over 80% of its area, while the remainder is rolling topography 
with loamy soils formed in glacial moraines on slopes between 2-6%. The SWAT model was calibrated using 
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measured water quality and discharge data for the year 2000 from the 2096 ha Beauford watershed within the Le 
Sueur watershed. The model was then validated using measured water quality and discharge data from the years 
2001-2004 from the Maple (88 thousand ha), Big Cobb (80 thousand ha) and Upper Le Sueur (117 thousand ha) 
watersheds within the Le Sueur Basin. Calibrated coefficients used in SWAT for the Le Sueur watershed are 
provided in Table 1, which also lists related default parameter values. Model performance during calibration and 
validation was very good, with Nash Sutcliffe efficiency values of 0.77 during calibration and 0.73 during 
validation. 

Average annual grain and cellulosic feedstock yields and sediment, nitrate-nitrogen and phosphorus loads were 
used as technical coefficients for the crop production activities in the economic model. Technical coefficients for 
stover harvest were derived using conventional budgeting procedures and machine costs reported by Lazarus 
(2011). Parameters for the three-year corn soybean rotation are based on those for the two-year rotation. The 
economic model used in this study was constructed using the GAMS (Generalized Algebraic Modeling System) 
mathematical programming software (Rosenthal, 2010). The mathematical model presented earlier provides a 
conceptual framework for the sector model used in this study and the GAMS model as it was used here, with 
some practical differences. In the GAMS model, inputs and products may be classified as regional or 
non-regional as a means of managing essential spatial aspects of the markets. Effluents considered in the analysis, 
sediment, N-nitrate and phosphorus, were treated as products in the model, with zero prices, allowing their 
aggregated, watershed levels to be determined for each market equilibrium. Sediment, N-nitrate and phosphorus, 
along with corn stover and switchgrass, were classified as regional products and crop land by type was classified 
as a regional input. Other products, including corn grain and soybeans, and other inputs were classified as 
non-regional, implying uniform prices across the watershed. For each market and technical scenario considered, 
the model was solved with various levels of cellulosic feedstock demand at a hypothetical biofuels processing 
plant in a central region of the watershed. The optimal values of the dual variable for the demand constraint, then, 
provided an estimate of the equilibrium supply price at the plant. 

Three grain market scenarios were defined to demonstrate cross price effects in the cellulosic feedstock supply 
response. For the base price scenario, the corn price was set at the average price paid to farmers in Minnesota 
from October 2010 through March 2011 of $4.62 per bushel using USDA-NASS data. Ten years of monthly 
grain price data were used to calculate an average corn-soybean price ratio of 0.378, which was used to calculate 
a baseline soybean price of $12.22. Low and high soybean price scenarios were defined using corn-soybean 
price ratios one standard deviation below and above the ten year average price ratio. The resulting soybean prices 
were $10.83 and $14.02. In addition to grain price scenarios, limits on the rate of stover harvest were analyzed to 
evaluate the environmental impacts of this production decision. The four scenarios for corn stover removal were 
based on the alternative removal rates considered in the SWAT analysis. The base rate was assumed to be 60% of 
the collectable stover. Then stover removal was limited to 30%, 10% and 0% in order to limit water quality 
degradation. For the stover harvest rate scenarios, baseline grain prices were assumed. 

 

Table 1. SWAT calibration of parameters governing surface and subsurface hydrology 

Parameter  Range Default Value Final Calibrated Value

Curve Number  ± 10 – -6 

Soil Available Water Capacity 0.00 – 1.00 – variable 

Base-Flow Alpha Factor, Days 0.10 – 1.00 0.025 0.2 

Groundwater Revap. Coefficient 0.02 – 0.20 0.02 0.02 

Groundwater Delay Time, Days 0.00 – 100 40 20 

Time to Drain Soil to Field Capacity, Hours  24 48 

Drain Tile Lag Time, Hours – 96 96 

Depth to Subsurface Drain, mm – 1200 1200 

 

4. Results 

For each grain market and stover harvest rate scenario, equilibrium solutions were found for nine annual demand 
levels at the processing plant of 0 to 800 thousand metric tons – near the stover production capacity of the 
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Table 3. Crop rotations, crop mixes and CRP participation in hectares by grain price scenario 

  ––––––––––––––  Cellulosic Feedstock Production, 1000 MT  
–––––––––––––– 

  0 100 200 300 400 500 600 700 800 

 –––––––––––––––  Low Soybean Price  ––––––––––––––– 

Corn-Soy Rotation, No Stover 125 564 100 486 84 334 70 265 56 990 40 376 27 063 11 663 0 

Corn-Soy Rotation, 60% Stover Removal 0 23 373 33 972 48 770 54 975 71 524 77 880 88 632 56 002 

Corn-Corn-Soy Rotation, No Stover 119 178 110 287 95 215 76 610 59 440 43 115 25 779 9 278 0 

Corn-Corn-Soy Rotation, 60% Stover Removal 0 10 596 31 385 49 277 73 698 90 100 114 587 135 890 191 678

Total Corn 142 234 142 518 143 552 143 442 144 741 144 760 146 049 146 926 155 786

Total Soybeans 102 508 102 224 101 353 101 480 100 362 100 355 99 260 98 537 91 894 

Switchgrass 0 0 0 0 0 0 0 0 0 

Conservation Reserve Program 25 015 25 015 24 852 24 835 24 654 24 642 24 448 24 294 22 077 

 –––––––––––––––  Base Grain Prices  ––––––––––––––– 

Corn-Soy Rotation, No Stover 246 178 209 265 172 252 133 999 97 232 59 562 22 376 0 0 

Corn-Soy Rotation, 60% Stover Removal 0 36 907 73 874 111 976 148 743 186 244 223 240 198 189 73 367 

Corn-Corn-Soy Rotation, No Stover 1 648 1 647 1 593 1 384 1 383 850 304 0 0 

Corn-Corn-Soy Rotation, 60% Stover Removal 0 7 106 466 467 1 252 2 193 51 778 179 161

Total Corn 124 187 124 188 124 196 124 221 124 221 124 305 124 473 133 613 156 124

Total Soybeans 123 638 123 637 123 630 123 604 123 604 123 604 123 640 116 354 96 404 

Switchgrass 0 0 0 0 0 0 0 0 61 

Conservation Reserve Program 21 931 21 931 21 931 21 931 21 931 21 848 21 643 19 790 17 168 

 –––––––––––––––  High Soybean Price  ––––––––––––––– 

Corn-Soy Rotation, No Stover 251 251 214 312 177 193 138 577 101 789 63 229 24 815 0 0 

Corn-Soy Rotation, 60% Stover Removal 0 36 940 74 058 112 657 149 446 187 995 226 419 218 411 115 972

Corn-Corn-Soy Rotation, No Stover 139 138 136 112 112 102 89 0 0 

Corn-Corn-Soy Rotation, 60% Stover Removal 0 1 4 47 47 107 120 37 749 139 410

Total Corn 125 719 125 719 125 719 125 723 125 723 125 751 125 756 134 372 150 926

Total Soybeans 125 672 125 672 125 672 125 670 125 670 125 682 125 686 121 789 104 456

Switchgrass 0 0 0 0 0 0 0 66 2 833 

Conservation Reserve Program 18 366 18 366 18 366 18 363 18 363 18 324 18 314 13 530 11 543 

 
Changes in the price of soybeans have little impact on the marginal cost of feedstock supply until shifts occur in 
the crop mix at production levels above 600 thousand metric tons. With a low soybean price and no feedstock 
demand, more corn grain is produced and the potential exists to harvest more stover from the greater corn 
acreage within the watershed. A small increase in corn acreage occurs as feedstock production increases from 
700 to 800 thousand metric tons and the supply price increases to $72.08. With high soybean prices, corn acreage 
and marginal feedstock costs are again very similar to those under low soybean prices and base grain prices for 
feedstock demands from 0 to 600. When feedstock production increases further to 700 thousand metric tons, 
marginal cost increases sharply to $109.04 since increased corn area is required and the opportunity cost of 
expanding corn acreage is greater due to the high relative price of soybeans. A small area of switchgrass is 
produced. As demand increases to 800 thousand metric tons, marginal cost rises further to $124.25, with corn 
area increasing to 151 thousand hectares and 28 hundred hectares of switchgrass produced.  

The economic model accounts for total effluent levels in each region and the watershed as a whole. The average 
annual loads of nitrate-N, phosphorus and sediment are reported in Table 4 and shown in Figure 4. The effluent 
levels are reported in rates per hectare for the watershed – kilograms per hectare for nitrate-N and phosphorus, 
and metric tons per hectare for sediment. Nutrient loads are influenced by the mix of production activities in 
each HRU. Changes in water quality, then, result from changes in the crop mix and the rate and area of stover 
removal. For the results discussed so far, all corn stover is harvested at the highest rate included among the 
production activities, or 60%. This is because the harvest cost per ton of stover increases slightly when the rate 
of stover removal declines (Note 2). The nitrate load per hectare increases very gradually as more feedstock is 
produced. The rate increases sharply, however, when increased stover production is accomplished in part by 
expanded corn production. The large increase in nitrate loads occurs sooner, at a demand level of 600 thousand 
tons, when the price of soybeans is relatively low and the opportunity cost of increasing stover supply near the 
plant by expanding corn acreage is lower. Notably, as supply reaches 800 thousand metric tons, nitrate loads 
spike to over 23 kg/ha at both low soybean prices and base grain prices – 46% and 38% greater, respectively, 
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Table 4. Effluent levels per hectare of crop land by grain price scenario 

––––––––––––  Cellulosic Feedstock Production, 1000 Mt  ––––––––––––
Scenario 0 100 200 300 400 500 600 700 800 

–––––––––––––––––  Nitrate-N Load, kg/ha  ––––––––––––––––– 
Low Soybean Price 16.86 17.02 17.31 17.53 18.01 18.24 19.25 19.96 24.64

Base Grain Prices 17.10 17.19 17.29 17.38 17.52 17.64 17.77 18.32 23.59

High Soybean Price 17.37 17.46 17.56 17.65 17.80 17.90 18.02 18.74 20.11

–––––––––––––––––  Phosphorus Load, kg/ha  ––––––––––––––––– 
Low Soybean Price 0.48 0.50 0.52 0.54 0.56 0.58 0.62 0.65 0.72

Base Grain Prices 0.51 0.53 0.56 0.59 0.63 0.67 0.71 0.73 0.76

High Soybean Price 0.54 0.56 0.59 0.62 0.66 0.70 0.74 0.81 0.79

 –––––––––––––––––  Sediment Load, Mt/ha  ––––––––––––––––– 
Low Soybean Price 1.20 1.25 1.33 1.40 1.50 1.56 1.69 1.82 2.04

Base Grain Prices 1.21 1.28 1.38 1.48 1.59 1.72 1.86 2.01 2.18

High Soybean Price 1.29 1.36 1.46 1.56 1.67 1.80 1.95 2.26 2.28

 
than the loads when no feedstock is produced. The increase is less when the soybean price is high, because the 
higher feedstock demand is met in part by a small area of switchgrass production, which contributes less to 
nitrate loads than corn. In the high soybean price scenario, nitrate-N load per hectare increases from 17.4 kg 
when no feedstock market exists to 20.1 when 800 thousand metric tons is produced in the watershed – an 
increase of 16%. Again, the largest jump in N load occurs when demand increases from 700 to 800 thousand tons 
and total corn acreage expands by 12%. 

Sediment yields and phosphorus loads are correlated and respond similarly to increased biofuel feedstock 
demand. With no feedstock production, average phosphorus load is 0.48 to 0.54 kg/ha, depending on the grain 
price scenario, and sediment yield is 1.20 to 1.29 metric tons/ha. Both effluents increase substantially as 
feedstock demand increases. The sediment yield is 1.82 to 2.26 metric tons/ha when feedstock supply reaches 
700 and phosphorus load increases to 0.65 to 0.81 kg/ha. With both base and low soybean prices, phosphorus 
and sediment losses continue to increase significantly as production expands from 700 to 800 thousand tons. 
However, as was noted with nitrate load, when the soybean price is high and the increase in feedstock supply is 
met partially with switchgrass, sediment loss increases only slightly from 2.26 to 2.28 metric tons/ha, and 
phosphorus load declines form 0.81 to 0.79 kg/ha. Since corn stover removal has both environmental and 
agronomic costs not explicitly accounted for here, an analysis was conducted of the impacts of restrictions on the 
corn stover harvest rate on feedstock supply costs and water quality. 

The base rate of stover removal assumed in this study is 60%. Following the analysis by Folle (2010), alternative 
rates used in the construction of the crop production activities were 30% and 10%, as well as no stover removal. 
The economic model of crop production in the watershed was used to derive the feedstock supply response with 
stover removal limited to 30% and 10% of the collectable cellulose, as well as a no corn stover removal scenario. 
Base grain prices were assumed. The results are reported in Tables 5-7 and Figures 5-7. For comparison, results 
for the base stover removal rate of 60% are repeated in the Tables and Figures. 

Table 5 and Figure 5 show the dual values of the feedstock demand constraint as before, for eight demand levels 
from 100 to 800 thousand metric tons. Because the feedstock supply area for the plant would likely extend 
beyond the watershed that is the focus of this analysis, it is useful to interpret the results from the dual 
perspective. That is, the results show the supply response within the watershed to various prices at the plant. As 
expected, restricting the rate of corn stover harvest increases the marginal cost since the feedstock must be 
transported larger distances and higher cost production activities must be used. Recall that under base grain 
prices and with corn stover harvested at a 60% rate, stover is collected from all corn acreage and total corn area 
expands as supply within the watershed increases from 600 to 700 thousand tons. The implicit cost of the shift in 
the crop rotation is reflected in a sharp increase in the marginal cost of production. A still larger increase in 
marginal cost occurs when production increases to 800 thousand tons, as corn acreage is further expanded and 
some feedstock comes from switchgrass production. When the rate of stover harvest is restricted, these shifts in 
production activities occur at lower levels of feedstock supply in the watershed.  
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stover harvest and base grain prices, nitrate-N loads increase gradually from 17.10 kilograms per hectare when 
feedstock demand is zero to 18.32 kilograms per hectare at a demand of 700 thousand metric tons. A spike in N 
load to 23.59 kg/ha occurs when demand reaches 800 thousand tons, reflecting the expansion of corn production 
and N fertilizer application in the watershed. When the stover harvest rate is restricted to 30%, the impacts of 
feedstock production are similar up to 700 thousand tons, but slightly higher from 400 to 600 thousand tons as 
the lower harvest rate leads to more corn production and slightly higher nitrate-N loads. However, with a 30% 
stover harvest rate, the increase in feedstock production in the watershed from 700 to 800 thousand tons is 
accomplished with more switchgrass production rather than increased corn area, so the spike in N-nitrate load no 
longer occurs. A further decrease in the stover removal rate to 10% leads to even earlier reliance on switchgrass 
production for feedstock supply. As a consequence, the nitrate-N load increases only slightly from 17.10 to 17.11 
kg/ha as production goes from 0 to 100 thousand tons. Beyond 100 thousand metric tons of feedstock production, 
nitrogen loads in the watershed decline steadily as switchgrass production expands, for the most part displacing 
corn and soybean production. When feedstock production reaches 800 thousand tons, nitrate-N loads fall to 
16.11 kg/ha – 6.4% lower than the level when no cellulosic feedstock market exists. 

 

Table 6. Crop rotations, crop mixes and CRP participation in hectares with restrictions on the maximum stover 
harvest rate 

 ––––––––––––––  Cellulosic Feedstock Production, 1000 MT  ––––––––––––––
0 100 200 300 400 500 600 700 800 

 –––––––––––––––  Base, 30% Stover Removal Rate  ––––––––––––––– 

Corn-Soy Rotation, No Stover 246 178 172 289 97 259 22 155 0 0 0 0 0

Corn-Soy Rotation, 30% Stover Removal 0 73 845 148 775 223 807 137 403 114 399 110 290 102 980 92 544

Corn-Corn-Soy Rotation, No Stover 1 648 1 593 1 383 295 0 0 0 0 0

Corn-Corn-Soy Rotation, 30% Stover Removal 0 98 409 1 639 110 094 124 826 120 359 119 081 119 957

Total Corn 124 187 124 195 124 212 124 270 142 097 140 417 135 385 130 877 126 244

Total Soybeans 123 638 123 631 123 614 123 626 105 399 98 808 95 265 91 184 86 258

Switchgrass 0 0 0 0 3 220 12 128 21 410 30 949 40 930

Conservation Reserve Program 21 931 21 931 21 931 21 860 19 040 18 403 17 697 16 747 16 325

 –––––––––––––––  10% Maximum Stover Removal  ––––––––––––––– 

Corn-Soy Rotation, No Stover 246 178 22 242 0 0 0 0 0 0 0

Corn-Soy Rotation, 10% Stover Removal 0 223 887 237 776 229 883 222 377 214 829 206 704 197 934 189 003

Corn-Corn-Soy Rotation, No Stover 1 648 598 0 0 0 0 0 0 0

Corn-Corn-Soy Rotation, 10% Stover Removal 0 1 099 2 717 2 672 1 993 1 150 984 860 808

Total Corn 124 187 124 196 120 700 116 723 112 518 108 181 104 008 99 540 95 040

Total Soybeans 123 638 123 630 119 794 115 832 111 853 107 798 103 680 99 254 94 771

Switchgrass 0 0 8 629 17 016 25 691 34 720 43 682 53 434 63 849

Conservation Reserve Program 21 931 21 931 20 634 20 185 19 695 19 058 18 387 17 529 16 097

 –––––––––––––––  Switchgrass Only No Stover  ––––––––––––––– 

Corn-Soy Rotation, No Stover 246 178 237 584 229 845 222 495 214 965 207 148 198 877 190 418 181 979

Corn-Corn-Soy Rotation, No Stover 1 648 1 630 1 513 1 012 623 491 332 269 103

Total Corn 124 187 119 878 115 931 111 922 107 898 103 901 99 660 95 388 91 058

Total Soybeans 123 638 119 335 115 427 111 585 107 690 103 737 99 549 95 299 91 024

Switchgrass 0 9 151 17 319 25 605 34 025 42 863 52 226 62 080 73 952

Conservation Reserve Program 21 931 21 393 21 080 20 645 20 143 19 255 18 322 16 989 13 722
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Table 7. Effluent levels per hectare of crop land with restrictions on stover harvest rate 

–––––––  Cellulosic Feedstock Production, 1000 Mt  ––––––– 
Scenario 0 100 200 300 400 500 600 700 800

–––––––––––––––––  Nitrate-N Load, kg/ha  ––––––––––––––––– 
Base, 60% Stover Removal Rate 17.10 17.19 17.29 17.38 17.52 17.64 17.77 18.32 23.59

30% Maximum Stover Removal 17.10 17.17 17.25 17.34 18.06 18.00 17.91 18.28 18.63

10% Maximum Stover Removal 17.10 17.11 17.02 16.86 16.69 16.55 16.41 16.24 16.11

Switchgrass Only, No Stover 17.10 16.94 16.78 16.63 16.49 16.35 16.20 16.05 16.01

––––––––––––––––  Phosphorus Load, kg/ha  –––––––––––––––– 
Base, 60% Stover Removal Rate 0.507 0.530 0.559 0.592 0.625 0.666 0.705 0.732 0.757

30% Maximum Stover Removal 0.507 0.530 0.558 0.592 0.619 0.589 0.567 0.539 0.502

10% Maximum Stover Removal 0.507 0.529 0.503 0.482 0.459 0.429 0.410 0.381 0.350

Switchgrass Only, No Stover 0.507 0.473 0.452 0.432 0.409 0.390 0.364 0.337 0.309

 –––––––––––––––––  Sediment Load, Mt/ha  ––––––––––––––––– 
Base, 60% Stover Removal Rate 1.213 1.285 1.375 1.479 1.588 1.723 1.865 2.015 2.177

30% Maximum Stover Removal 1.213 1.302 1.419 1.568 1.723 1.646 1.587 1.503 1.389

10% Maximum Stover Removal 1.213 1.284 1.222 1.173 1.116 1.039 0.988 0.909 0.817

Switchgrass Only, No Stover 1.213 1.125 1.074 1.027 0.968 0.921 0.851 0.776 0.695

 
The impacts of restrictions on corn stover harvest rates on phosphorus loads and sediment yield are even more 
pronounced than the impacts on nitrate-N loads. As noted before, with a 60% stover harvest rate, phosphorus 
loads increase from 0.51 kg/ha when no feedstock is produced to 0.76 kg/ha when production reaches 800 
thousand tons – an increase of 49 percent. With the harvest rate limited to 30%, phosphorus loads increase as 
production expands to 400 thousand tons, but then decline as further feedstock production involves more land in 
switchgrass. When production in the watershed reaches 800 thousand tons, phosphorus loads have fallen to 0.50 
kg/ha – just below the level for no feedstock production. Limiting the stover removal rate to 10%, phosphorus 
loads increase initially as production of feedstock goes from 0 to 100 thousand tons, then steadily declines with 
the expansion of switchgrass. Eventually, when production is 800 thousand tons, the phosphorus load has 
declined to 0.35 kg/ha – 31.0% less than when no feedstock is produced. With switchgrass as the only feedstock, 
phosphorus loads decline steadily as feedstock production expands, eventually declining to 0.31 kg/ha when 
production is 800 thousand tons. Because phosphorus loads are related to soil loss, the sediment yield results 
largely mirror the phosphorus load results. With no restrictions on the stover harvest rate, sediment loss reaches 
2.18 metric tons per hectare when feedstock production is 800 thousand metric tons, compared to 1.21 when no 
feedstock is produced. When switchgrass is the only feedstock, sediment yield declines by 42.7% to 0.70 metric 
tons/ha when production goes from 0 to 800 thousand metric tons. Each equilibrium solution yields marginal 
values or penalty costs associated with production activities that are non-basic in the optimal solution. These 
marginal values provide economic insights into how the sector may respond to exogenous shocks such as 
technological change or public policies and may provide valuable policy insights. In this study, penalty costs for 
switchgrass, the energy crop alternative in the analysis, is a good example. The sector model includes 6140 
switchgrass production activities, each for a combination of HRU and region of the watershed. For many of the 
63 optimal solutions (nine feedstock supply levels and six scenarios), all of the switchgrass activities have 
negative penalty costs and are non-basic. These margins represent the rate at which farm profit would decline if 
the switchgrass production activity increased. They reflect the direct costs of switchgrass production, the implicit 
values of the switchgrass feedstock yields, and the opportunity costs associated with the displacement of 
alternative crop production activities in the HRU’s and regions. As an example, consider the base grain price 
scenario, the base rate of corn stover removal of 60%, and a feedstock supply of 700 thousand metric tons. All 
6140 switchgrass activities are non-basic and the average marginal value is -$335.50 per hectare. With the same 
grain prices and feedstock supply, when the corn stover harvest rate is limited to 30%, switchgrass production 
becomes economical and the average marginal value for the 4539 non-basic switchgrass production activities 
declines to -$137.37 per hectare. More detailed results can be seen in Figure 8, which shows the frequency 
distributions of penalty costs for both scenarios. When the rate of corn stover removal is restricted, the implicit 
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5. Conclusions 

A regional economic model of agricultural production in the Le Sueur Watershed in South Central Minnesota is 
constructed to analyze the economic and environmental impacts of cellulosic feedstock production. Production 
of two feedstocks, corn stover and switchgrass, is included in the model. Detailed production and environmental 
coefficients for the crop production activities in the sector model were based on a biophysical simulation 
analysis of the watershed with 4178 homogeneous areas of crop land – HRU’s or hydrologic response units. 
Various market and production scenarios are considered in the analysis to identify the crop mix changes 
associated with feedstock production and to evaluate the impacts of the production on sediment, phosphorus and 
nitrogen losses.  

As cellulosic feedstock production increases, production of corn stover expands farther from the biorefinery 
plant over an increasing proportion of the watershed and ultimately leads to an expansion of corn production in 
the watershed. A low relative soybean price reduces the opportunity cost associated with shifting land to corn 
production and reduces the marginal cost of supplying stover. As intensive corn production expands, water 
quality worsens, particularly from increased nitrogen loads. Switchgrass production appears when there are 
restrictions on the rate of stover harvest. The scenario allowing only a 10% stover harvest rate shows a 
significant decrease in nitrate-N losses owing to switchgrass production. However, if switchgrass is the only 
biofuel feedstock, the marginal cost of feedstock supply increases to over $100/metric tons. While corn stover 
has a relatively low marginal cost compared to switchgrass, the sediment and nutrient losses associated with corn 
production make switchgrass more promising on environmental grounds. As a co-product of corn grain 
production, corn stover is an even more attractive cellulosic feedstock when grain prices are high. With current 
crop technologies and market conditions, and in the absence of policy incentives, the marginal cost of 
switchgrass will limit its use as a feedstock.  

By integrating biophysical simulation analyses of cropping systems at the watershed level with economic models 
of the agriculture sector, it is possible to determine efficient tradeoffs between cellulosic feedstock production 
and various measures of water quality. Such tradeoffs will be critical to the analysis of bioenergy and 
environmental policies. The framework used in this study could be extended to include a broader range of 
production practices and cropping technologies that have the potential to reduce feedstock supply costs and 
improve environmental outcomes. Mitigation of the water quality impacts of feedstock production through 
investments in watershed infrastructure, such as buffer strips along streams or bank stabilization structures, could 
be evaluated, also, to determine the social costs of such investments endogenously along with the most efficient 
feedstock production alternatives.  

The paper analyzes the impact of cellulosic feedstock production in a typical watershed in the corn-belt region. 
The knowledge gained and the methodologies used in this paper can be applied to other regions, feedstocks and 
biofuels. Cropland use and environmental impacts of feedstock production would be different if alternative 
feedstocks and crop production technologies are considered. The focus of the analysis reported here is on 
feedstock supply. The demand side of feedstock markets could be addressed by including biofuel processing in 
the sector model, making the derived demand for feedstock endogenous. By including detailed processing 
alternatives, important economic questions such as the substitution of alternative feedstocks and the optimal use 
of biofuel co-products could be studied. This framework would support the study of organizational aspects of the 
biofuels industry, also, including optimal conversion technologies, logistics, plant size and plant location, given 
market conditions, and energy and environmental policies. The analysis here presumes a competitive biofuels 
market. The model could be adapted to look at the impacts of imperfect competition in cellulosic feedstock 
markets, also. Linking of the economic model with a biophysical simulation model like SWAT, as was done in 
this study, could support an analysis of the risk associated with fluctuations in feedstock supply as a result of 
yield variability. Strategies to manage such risk, such as diversifying the types of feedstocks or developing 
flexible production contracts with feedstock producers could also be examined. 
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Notes 

Note 1. For a general discussion of the approach used here to model crop production, see McCarl (1982), 
and Chen and Önal (2012).  

Note 2. With the large round baling system of harvest assumed here, when stover is collected at a lower rate 
per hectare, the raking operation must be completed over a larger area for a given quantity of stover, 
resulting in a somewhat greater harvest cost per ton. 
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