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� Proposed optimization model presents trade-offs between biofuel and food production.
� Switchgrass (energy) production is more competitive than food production on cropland.
� Corn production and harvesting corn stover are not environment friendly.
� Order of total budget usage: production, harvesting, seeding, and transportation.
� Food security needs limitation of cropland use or CRP incentive on marginal land.
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a b s t r a c t

Biofuel production from food crops leads to debates about the increase in food prices and security of the
food supply. On the other hand, biofuels derived from cellulosic (energy) crops offer positive environ-
mental impacts. In this study, we develop a multi-objective mixed-integer optimization model to
investigate the trade-offs and competition between biofuel and food production using switchgrass and
corn. This model maximizes total economic and environmental benefits and provides optimal decisions
regarding land allocations to food and energy crops, seeding time, harvesting time and amount, and
budget allocations to farm operations. A piecewise linear lower approximation is developed to linearize
the nonlinear revenue curve of corn grain sales. Spatio-temporal environmental impacts such as soil
erosion prevention, carbon sequestration and emissions, and nitrogen pollution are included in the
model. The application of the model in Kansas indicates that switchgrass is more profitable than corn
in cropland, while it requires Conservation Research Program (CRP) incentives for production on marginal
land unless priority is given to the environment. In order to ensure food security, our study advises man-
agers and policy makers to provide CRP incentives or to adjust the sustainability factor, which restricts
cropland availability for biofuel production. Our spatio-temporal optimization model can also be adapted
to different regions with alternative energy and food crops under various management scenarios.

Published by Elsevier Ltd.
1. Introduction A number of sources, such as food crops, energy crops, and forest
The growing demand of energy, dependency on fossil fuels and
environmental problems motivate researchers to seek sustainable
ways of energy production. Biofuel, an environmentally friendly
renewable energy source, is considered a substitute for fossil fuels.
residues, can be used in biofuel production. In order to ensure
the transition from fossil fuels to biofuel, the Renewable Fuel
Standard (RFS2) was set by the US Congress in 2007 to provide a
strategic plan for biofuel production [1].

Biofuels help to secure energy and fight against climate change
by reducing CO2 emissions. However, they also arouse some
questions and debates. For example, biofuel production from corn
(Zea mays L.) leads to concern about security of the food supply
and increase in food prices [2,3]. Subsidies in corn production cause
displacement of grasslands and other crops, thus impacting
biodiversity. Some researchers claim that ethanol production from
corn requires more energy input than its output [4,5]. Currently more
than 25% of total corn yield is used in ethanol production in the US [6].
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Nomenclature

Indices
i row of cultivation zone (i = 1, . . ., I)
j column of cultivation zone (j = 1, . . ., J)
(i, j) cultivation zone (cropland, grassland, marginal land)
k crop type (k = 1: switchgrass, k = 2: corn)
s segment of total supplied corn grain (s = 1, . . .,S)
t time period (t = 1, . . .,T)
v yield type (v = 1: switchgrass, v = 2: corn grain for food,

v = 3: corn grain for biofuel, v = 4: corn stover)

Sets
CR set of cropland zones in cultivation area
GR set of grassland zones in cultivation area
MR set of marginal land zones in cultivation area
Mt set of time periods from first period to period t (Mt = {1,

. . ., t})

Binary decision variables
Rt

s 1 if total corn grain for food at time period t is greater
than lower bound of segment s, 0 otherwise

St
ijk 1 if zone (i, j) is seeded with crop type k at time period t,

0 otherwise
Xt

ijv 1 if zone (i, j) is harvested for yield type v at time period
t, 0 otherwise

Continuous decision variables
Eb establishment budget used ($)
Et

s yield amount of corn grain for food obtained in segment
s (tonne)

Hb harvesting budget used ($)
Nt

ij switchgrass yield in zone (i, j) at time period t (tonne)
Nt

ij harvested switchgrass biomass in zone (i, j) at time per-
iod t (tonne)

Pb production budget used ($)
RtðeY tÞ revenue obtained from total corn grain for food at time

period t ($)eRtðeY tÞ approximated revenue obtained from total corn grain
for food at time period t ($)

Tb transportation budget used ($)eY t
ij corn grain used for food production in zone (i, j) at time

period t (tonne)eY t total corn grain used for food production at time period
t (tonne)

�Yt
ij

corn grain used for biofuel production in zone (i, j) at
time period t (tonne)

Yt
ij harvested corn stover in zone (i, j) at time period t

(tonne)

Parameters
Aijv potential yield of yield type v in zone (i, j) (tonne)
B total available budget in planning horizon ($)
Ct biofuel production capacity of facility at time period t (l)
CSijk economic value of carbon sequestration in zone (i, j) via

crop type k ($)
Dij distance of zone (i, j) to facility (km)
ev biofuel conversion factor for yield type v (l/tonne)
Fv fixed cost of transporting yield type v ($)
fek nitrogen fertilization applied for crop type k (kg)
pt

v sale price of yield type v at time period t ($/tonne)
~pt

2s sub-price of corn grain for food in segment s ($)
RCij rental cost of cultivation zone (i, j) ($)
SEijk economic value of soil erosion prevention in zone (i, j)

via crop type k ($)
TECijk total expected establishment cost for crop type k in zone

(i, j) ($)
Ut

1 first non-negative price constant of corn grain in food
market

Ut
2 second non-negative price constant for corn grain in

food market
Vv variable cost of transporting yield type v ($/tonne ⁄ km)
Zs upper bound value for segment s (tonne)
a weight of profit
b weight of environmental effects
/ soil erosion prevention reduction constant for harvested

yield
n carbon sequestration reduction constant for harvested

yield
rk carbon emissions penalty of seeding crop type k ($)
qv carbon emissions penalty of harvesting yield type v ($)
xv carbon emissions penalty of production operations for

yield type v ($/tonne)
s carbon emissions penalty of transporting yield

($/tonne ⁄ km)
g economic damage caused by nitrogen pollution ($/kg)
lk percent nitrogen uptake by crop type k
w percent nitrogen contamination (leaching) in drinking

water
pt growth factor of switchgrass after t years of establish-

ment
D fraction of facility capacity assigned to biofuel produc-

tion from switchgrass and corn biomass
�k fixed cost of producing crop type k per cultivation zone

($)
cv variable cost of producing yield type v ($/tonne)
dv fixed cost of harvesting yield type v per zone ($)
hv variable cost of harvesting yield type v ($/tonne)
k sustainability factor defining percentage of cropland not

allowed for energy crop production
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According to RFS2, ethanol made from grain can comprise up to
15 billion gallons of a 36-billion-gallon annual ethanol goal [1].

Another source of biofuel is cellulosic plants (energy crops),
such as switchgrass (Panicum virgatum), which is native to North
America and has many environmental benefits including soil ero-
sion prevention and carbon sequestration [7]. Ethanol production
from both food and energy crops is also known to reduce GHG
emissions [8]. RFS2 requires the annual use of at least 16 billion
gallons of biofuel from energy crops by 2022 [1].

Ethanol is mostly produced from first-generation crops, which
are mainly food crops in the form of sugars and vegetable oils. In
addition to first-generation crops, the availability of ethanol
production from second-generation crops, which are cellulosic bio-
mass, woody crops and agricultural residues, have motivated
researchers to find more efficient and economical ways of design-
ing biofuel production and the supply chain. Xie et al. [9] propose a
Mixed-Integer Linear Programming (MILP) model to minimize
overall cost of transporting cellulosic feedstock by providing
optimal locations for biorefineries, hubs, and terminals. Cobuloglu
and Büyüktahtakın [10] develop an MILP model that integrates
economic and environmental impacts of switchgrass biomass pro-
duction. Their model defines the best seeding method, harvesting
time and amount for different land types, and budget allocation
to farm operations under various scenarios. Kim et al. [11] develop
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an MILP model that maximizes the overall profit of biofuel produc-
tion from forestry biomass to find the best transportation method,
biomass locations, and biorefinery capacity and technologies.
Similar studies have recently been conducted for planning biofuel
supply chains of cellulosic and food crops [12–14].

There are a significant number of experimental and data
collection studies on farm operations of corn and switchgrass
production. Van Dam et al. [15] conduct a large-scale cost-
estimation study for switchgrass and soybean production in
Argentina. On the other hand, Khanna et al. [16] develop a sim-
ulation study to analyze the effect of biomass prices, production,
and consumption on land allocation. Bai et al. [17] propose a
game-theoretic mathematical model to define the optimal
location for biorefineries, land allocation, and price of feedstock.
Khanna et al. [18] maximize total profit of electricity production
from switchgrass and miscanthus, by considering GHG emissions
and carbon sequestration.

Some studies define the relation between food price and etha-
nol demand. According to Mueller et al. [19], the contribution of
ethanol demand in increasing food price is about 3–30%. Accord-
ing to the simulation model of Sexton et al. [20], biofuels are
responsible for 25–60% of increasing corn prices. In addition to
the price of corn, land availability is an important factor affecting
food security. Rathmann et al. [21] state that ethanol demand has
led to a shift from wheat to corn and from soybeans to sugarcane
in order to produce ethanol in the US and Brazil, respectively. A
study by Thompson and Meyer [22] indicates that if biofuels are
produced from food crop residues, then they may potentially
decrease food prices due to the allocation of more land to food
crop cultivation.

Many studies deal with a particular aspect of switchgrass and
corn production. These studies analyze their environmental (soil
erosion, carbon sequestration and emissions, and nitrogen uptake
and pollution) and economic effects (cost of seeding, production,
harvesting, and transportation), some of which we utilize to
compile information in the data section of this paper (see, e.g.,
[23–25]). To our knowledge, none of the previous studies simulta-
neously considers economic benefits, overall environmental
impacts of food and energy crop production, and their competition
on land allocation in a mathematical programming model for mak-
ing optimal production decisions at the farm level. There is a need
for such an optimization model that can provide strategic
production, operation, and management plans to farmers (decision
makers) under various budget and land allocation scenarios, while
considering different economic and environmental priorities and
sustainability of the food supply.

Contributions of this study are as follows:

� This is the first spatio-temporal optimization model that inte-
grates economic and environmental outcomes of biomass and
food production on different land types simultaneously.
Corresponding trade-offs between food and biomass production
are analyzed in this paper.
� None of the reviewed literature considers nitrogen pollution

and its contamination to groundwater in an optimization
model, as has been formulized in this study. The effect of har-
vesting on the savings from soil erosion prevention and carbon
sequestration are also considered in this model. This study
ensures the biodiversity of bird populations by providing them
available habitat through limiting the number of harvested
regions on grassland and marginal land.
� The nonlinear relation of revenue and yield quantity is approx-

imated with a piecewise linear function. For further economic
analysis, this paper also provides profitability ratios, bud-
get allocation, and yield levels to be obtained for a variety of
scenarios.
� Input data for economic and environmental parameters are cal-
culated by utilizing various sources. In that regard, this paper
also provides researchers with compact economic and environ-
mental data in biomass and food production from switchgrass
and corn.
� Our study allows farmers to make an economic projection and

environment-friendly management strategies so that they can
optimally allocate their lands to switchgrass and corn
production during a given planning horizon. The priority given
to the economic and environmental effects of food and biofuel
production can be decided by the decision maker. In order to
ensure food security, our study advises managers (government,
policy makers, etc.) to provide CRP incentives or to adjust the
sustainability factor, which defines cropland availability for
biofuel production.

The remainder of the paper is organized as follows: The
problem statement and mathematical notations are presented in
Section 2, while the mathematical formulation developed for corn
and switchgrass is described in detail in Section 3. Input data for
parameters are given in Section 4. A case study with all
computational results along with the sensitivity analysis is
described in Section 5. Finally, conclusions and future directions
are discussed in Section 6.

2. Problem statement

Our goal in this paper is to provide a mathematical model in
order to maximize total economic and environmental benefits of
biofuel and food production. In our study, we consider switchgrass
as an energy crop among other alternatives because it is a native
perennial grass in North America with positive environmental
impacts and low input requirements. Among various food crops,
corn is used in this study because it is widely grown in the US
and particularly in Kansas, where we apply our model. It is also
currently used in biofuel production, leading to disputes over
sustainability of the food supply.

Switchgrass and corn production shows different properties.
Switchgrass has a minimum ten-year life expectancy. On the other
hand, corn requires establishment each year and uses a higher
amount of fertilizers, herbicides, and pesticides than switchgrass.
In addition, corn and switchgrass production have different
environmental effects. It has been shown that switchgrass produc-
tion, particularly on marginal lands, has a positive effect on the
environment, such as reduction in GHG emissions, storage of Soil
Organic Carbon (SOC), and prevention of soil erosion due to its long
root system [26]. However, requiring more fertilizer and seeding
every year, corn production is not very benign to soil. Production
of corn and switchgrass is impacted by many factors, such as input,
yield amount, budget allocation to farm operations, and related
environmental impacts. Therefore, one needs a compact
decision-making system in order to obtain the best economic and
environmentally benign management strategies for biofuel and
food production from switchgrass and corn.

The stages of food and biofuel production start with seeding and
end with transporting the yield to the facilities. Fig. 1 presents each
stage and corresponding decisions. In the first stage, the model
allocates food and energy crops to different land types, which
results in diverse economic and environmental impacts on each
land type. Seeding switchgrass can be considered a strategic-level
decision since investment in switchgrass has a return for ten years.
Seeding time and related budget allocation are other decisions
involved in this first stage. In the second stage, we determine the
optimal amount of overall budget that should be allocated to pro-
duction operations. The production budget depends on rental cost
and fertilizer needed. It is time-varying since switchgrass grows to



Fig. 1. Flow chart and decisions made in food and biofuel production.
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its potential yield until the end of the third year of seeding. At the
third and final stage, in order to maximize the overall benefits (from
profit and environment), the yield type to be harvested, time of har-
vesting, harvesting zones, and harvesting amount are optimally
determined. In addition, at this final stage, based on the harvested
yield type, food and biomass yields are transported to processing
facilities, and a budget is allocated for the transportation operation.
Note that decisions involved in all three stages of biofuel and food
production are made simultaneously in our model.

Among various seeding methods, the reduced tillage method is
used for corn in this model because it is one of the most common
practices for cultivating this grain [27]. On the other hand, for
switchgrass production, we consider airflow planting, which is
found to be an optimal seeding method for switchgrass in a previ-
ous study [10]. We assume that when corn is grown, corn grain is
harvested since it is a valuable commodity. We also assume in this
model that transportation is carried out by farmers and that truck
delivery is the method of transportation. A list of indices, sets, bin-
ary and continuous decision variables, along with parameters used
in the proposed mathematical model are provided in the following
nomenclature.

3. Mathematical model

The proposed multi-objective and multi-stage MILP model
determines the optimum land and budget allocation for various
crop types and farm operations, along with the time of seeding
and harvesting, and transported yield amounts. We present a com-
plete model formulation with detailed explanation of the objective
function and constraints through Eqs. (1)–(9.3) as follows.

3.1. Objective function

The goal of the proposed model is to maximize the benefits of
biofuel production from switchgrass, corn stover, and corn grain
as well as food production from corn throughout the entire
planning horizon. The Total Benefit (TB) is comprised of two parts:
economic and environmental. The first part defines the profit by
subtracting the total cost (budget used) from the Total Revenue
(TR). The second part is the net economic value of various environ-
mental benefits, such as savings from Total Soil Erosion Prevention
(TSE) and Total Carbon Sequestration (TCS) minus environmental
hazards such as loss from Total Carbon Emissions (TCE) and Total
Nitrogen Pollution (TNP):

Maximize TB ¼ aðTR� ðEb þ Pb þ Hb þ TbÞÞ þ bðTSEþ TCS

� TCE� TNPÞ ð1Þ
where a and b are used to assign priorities of the decision maker to
the economic and environmental terms.
3.1.1. Total revenue
Total revenue of the farmer from the sales of food and biomass

production over all lands and time periods is calculated as

TR ¼
X

i

X
j

X
t

pt
1Nt

ij þ pt
2
eY t

ij þ pt
3Yt

ij þ pt
4Yt

ij

� �
ð1:1Þ

where pt
v is the sale price of different yield types (v = 1, 2, 3, and 4,

respectively) at time period t, and Nt
ij;
eY t

ij;Y
t
ij, and Yt

ij are harvested
amounts of switchgrass yield, corn grain for food, corn grain for
biofuel, and corn stover, respectively, in zone (i, j) at time t. Prices
of yield types (switchgrass, corn grain, and corn stover) that go to
biofuel production are taken to be constant because we assume that
they are sold in contracts with a biorefinery. On the other hand, the
price of corn grain for food is assumed to be affected by market
conditions. The detailed explanation for the function of revenue
and supplied quantity of corn grain along with its piecewise linear-
ization are provided below.
3.1.1.1. Supply-price relation for corn grain. We model the changes
of price of corn grain according to the supplied amount. For corn
grain in the food market, price is expected to decrease as the
supplied amount increases, when other factors such as customer
preferences, demand, and alternative food prices are held constant.
We define the supplied corn grain as eY t ¼

P
i

P
j
eY t

ij. The price is
described as a function of corn grain supply, and defined as
pt

2 ¼ Ut
1 � Ut

2
eY t , where Ut

1 and Ut
2 are non-negative constants. Thus,

the revenue function, RtðeY tÞ, can be written as

Rt eY t
� �

¼ Ut
1
eY t � Ut

2
eY t
� �2

8t ð1:1:1Þ

In order to linearize Eq. (1.1.1), we construct its piecewise linear
lower approximation. In this approximation, the supplied yield is
divided into different segments: s = 1, . . .,S, where each segment s
is bounded below by Zs�1 and above by Zs. An example of the
revenue function and its piecewise linear lower approximation
using three segments are shown in Fig. 2. The corn price in the food
market, pt

2, is divided into sub-prices in each segment s, ~pt
2s, which

decrease as the supplied amount increases but are constant in each
segment s as shown in Fig 3 for three segments [28]. We define Et

s as
a non-negative variable representing the yield amount of corn grain
for food obtained in segment s. Note that the value of Et

s gives the
yield amount of corn grain for food exceeding Zs�1 and bounded
above by the difference of Zs and Zs�1. For example, if total corn



Fig. 2. Revenue-yield relation and piecewise linear lower approximation.

Fig. 3. Price and supply relation of corn grain for food production.
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grain yield for food is in between Z1 and Z2, the value of Et
1 is

Z1 � Z0; E
t
2 is equal to eY t � Z1, and Et

3 becomes zero.
In a generalized case, each Et

s can be defined by the following
inequality:

Et
s 6 max 0;min Zs; eY t

n o
� Zs�1

n o
8s; t ð1:1:2Þ

Note that since our problem is a maximization model, the Et
s

value will be equal to its upper bound as given in the inequality
(1.1.2) at optimality. For a given period t, the piecewise linear
lower approximation function for revenue from corn grain,eRtðeY tÞ, can then be written aseRtðeY tÞ ¼

X
s

~pt
2sE

t
s 8t ð1:1:3Þ

Eq. (1.1.3) ensures that total corn grain sales (revenue) is equal to
the summation of corn grain sales over all segments s at time period
t. Since the term Et

s defined in inequality (1.1.2) is non-linear, we
linearize Et

s in Eq. (1.1.3) by replacing inequality (1.1.2) with the fol-
lowing linear inequalities:

Et
s 6

eY t � Zs�1 þ Zs 1� Rt
s

� �
8s; t ð1:1:4Þ

Et
s 6 Zs � Zs�1ð ÞRt

s 8s; t ð1:1:5Þ
where we introduce a binary decision variable, Rt
s, which takes the

value 1, if Zs�1 6
eY t , and 0, otherwise. If Zs�1 6

eY t holds, then Et
s is

bounded above by the total corn grain yield, eY t , minus the lower
bound of segment s, Zs�1, in inequality (1.1.4). In this case, Et

s is also
restricted by its range (upper-bound, Zs, minus lower-bound, Zs�1),
as given in inequality (1.1.5), and will attain the minimum of these
two bounds defined in inequalities (1.1.4) and (1.1.5). If eY t < Zs�1

holds, then Rt
s takes the value 0, thus ensuring a non-negative and

non-restricting upper bound on Et
s by inequality (1.1.4) and a zero

upper bound by inequality (1.1.5). Note that, in this case, Et
s will

attain the value of zero when the linear approximation of the
maximization problem (1.1)–(9.3) is solved.
3.1.2. Soil erosion prevention
Each crop type has different effects on soil erosion. TSE

represents the economic value of soil erosion prevention as

TSE ¼
X

i

X
j

X
t

SEij1
Nt

ij � /Nt
ij

Aij1

 !
þ SEij2

eY t
ij þ Yt

ij

Aij2
� /

Yt
ij

Aij4

 ! !
ð1:2Þ

where SEijk is soil erosion savings in zone (i, j) by crop type k (1 and
2, respectively). As yield amount in a given zone reaches its poten-
tial, the full amount of soil erosion savings is realized. However, if
switchgrass or corn stover is harvested, then the savings from soil
erosion decreases by the harvested amount since harvesting the
yield makes the soil more vulnerable to rain and wind. For that pur-
pose, a reduction constant, /, is utilized to reflect the effect of har-
vesting on the savings. To calculate the total soil erosion savings,
SEijk is multiplied by the proportion of remaining yield to its
potential.
3.1.3. Carbon sequestration
The storage of atmospheric CO2 as soil organic carbon increases

soil productivity. That carbon sequestration can also be realized as
savings as below

TCS ¼
X

i

X
j

X
t

CSij1
Nt

ij � nNt
ij

Aij1

 !
þ CSij2

eY t
ij þ Yt

ij

Aij2
� n

Yt
ij

Aij4

 ! !
ð1:3Þ

where CSijk, the economic value of carbon sequestration in zone (i, j)
via crop type k (1 and 2, respectively), is multiplied by the ratio of
yield amount to potential yield. In a similar manner to soil-erosion
savings, if harvested, the savings from carbon sequestration is
expected to decrease with the reduction constant, n.
3.1.4. Carbon emissions
The economic value of carbon emissions during farm operations

has been formulized as

TCE ¼
X

i

X
j

X
t

X
k

rkSt
ijk þ

X
v

qvXt
ijv þx1Nt

ij þx2
eY t

ij þx3Yt
ij

 
þx4Yt

ij þ Dijs Nt
ij þ eY t

ij þ Yt
ij þ Yt

ij

� ��
ð1:4Þ

where rk is the carbon emissions penalty of seeding crop type k, qv
is the carbon emissions penalty of harvesting yield type v, and xv is
the carbon emissions penalty of production operations of yield type
v (1, 2, 3, and 4, respectively). Finally, Dij and s are the distance in
km and the carbon emissions penalty per tonne-km, respectively,
for transporting the harvested amount.
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3.1.5. Nitrogen pollution
The cost of nitrogen pollution, in particular contamination to

groundwater, has been considered in this model using the follow-
ing equation:

TNP ¼ g
X

i

X
j

X
t

X
h2Mt

Sh
ij1fe1ð1� l1Þwþ St

ij2fe2ð1� l2Þw
 !

ð1:5Þ

where g, the economic value of damage caused by nitrogen
pollution, is multiplied by nitrogen leakage. In order to obtain the
amount of nitrogen contaminating groundwater, fek, the nitrogen
applied for crop type k (1 and 2, respectively) is multiplied by the
percent remaining after uptake by crop type k, (1 � lk). Then, w,
the percent of leaching to drinking water, is employed.

3.2. Constraints on grown yield

Yield amounts for switchgrass, corn grain, and corn stover that
can be obtained from zone (i, j) at time period t are formulized with
the following equations:

Nt
ij ¼

X
z2Mt

Aij1pt�zþ1Sz
ij1 8i; j; t ð2:1Þ

Yt
ij 6 Aij4St

ij2 8i; j; t ð2:2Þ

eY t
ij þ Yt

ij ¼ Aij2St
ij2 8i; j; t ð2:3Þ

where Eq. (2.1) defines the total amount of switchgrass grown in
zone (i, j) at time period t, Nt

ij. This is equal to the potential yield
amount multiplied by the growth factor of switchgrass, pt�z+1,
which is also affected by time of seeding in that zone, St

ij1. Constraint
(2.2) ensures that harvested corn stover cannot exceed the potential
stover yield in zone (i, j) at time period t. Similarly, equality (2.3)
ensures that the summation of corn grain for food and corn grain
for biofuel obtained in zone (i, j) at time period t should be equal
to the potential corn grain yield, Aij2, if it is seeded.

3.3. Seeding constraints

Constraints regarding seeding rules for switchgrass and corn are
defined asX

t

St
ij1 6 1 8i; j ð3:1Þ

St
ij2 þ

X
h2Mt

Sh
ij1 6 1 8i; j; t ð3:2Þ

Inequality (3.1) ensures that switchgrass can be seeded only once at
each zone (i, j) during the planning horizon. Inequality (3.2) pre-
vents corn seeding, St

ij2, on zones where switchgrass is previously
seeded. It also imposes seeding for only one crop type for each zone
(i, j) at each time period t.

3.4. Harvesting constraints

Harvesting of switchgrass, corn grain, and corn stover are
defined, respectively, as

Xt
ij1 6

X
h2Mt

Sh
ij1 8i; j; t ð4:1Þ

Xt
ij2 þ Xt

ij3 ¼ St
ij2 8i; j; t ð4:2Þ

Xt
ij4 6 St

ij2 8i; j; t ð4:3Þ

where inequality (4.1) ensures that switchgrass can be harvested in
zone (i, j) at time period t, only if it is seeded on or before time
period t. Eq. (4.2) forces the harvesting of corn grain in zone (i, j)
at time t, if it is seeded. However, inequality (4.3) allows the model
to decide whether or not to harvest corn stover, Xt

ij3, when corn is
seeded.

3.5. Harvested yield constraints

The amount of harvested switchgrass biomass, corn grain for
food and biofuel production, and corn stover is defined as follows:

Nt
ij 6 Aij1Xt

ij1 8i; j; t ð5:1Þ

Nt
ij 6 Nt

ij 8i; j; t ð5:2Þ

eY t
ij 6 Aij2Xt
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Yt
ij 6 Aij3Xt

ij3 8i; j; t ð5:4Þ

Yt
ij 6 Aij4Xt

ij4 8i; j; t ð5:5Þ

where inequalities (5.1), (5.3), (5.4) and (5.5) ensure that harvested
switchgrass, corn grain, and corn stover in zone (i, j) at time period t
cannot exceed the potential amount of each yield type when there
is harvesting. Otherwise, all harvesting amounts are set to zero. For
switchgrass, in addition to inequality (5.1), constraint (5.2) limits
the harvested amount by switchgrass yield, Nt

ij.

3.6. Biofuel capacity constraint

The capacity constraint for the biorefinery is included in the
model asX

i

X
j

e1Nt
ij þ e3

eY t
ij þ e4Yt

ij

� �
6 DCt 8t ð6Þ

where ev, the biofuel conversion factor for yield type v (1, 3, and 4)
multiplied by corresponding harvested yields cannot exceed the
fraction of facility capacity assigned to biofuel obtained from
switchgrass and corn at time period t.

3.7. Budget constraints

The total budget assigned to establishment, Eb, production, Pb,
harvesting, Hb, and transportation, Tb, cannot exceed the available
budget, B, in the planning horizon as presented by

Eb þ Pb þ Hb þ Tb 6 B ð7Þ

where the cost of each farm operation, Eb, Pb, Hb, and Tb, has been
formulized throughout constraints (7.1)–(7.4), respectively, asX
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Eq. (7.1) states that the establishment cost, Eb, is equal to the
multiplication of total expected establishment cost for crop type k
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in zone (i, j), TECijk, and the seeding decision variable of crop type k
in zone (i, j), Sijk(t). Eq. (7.2) defines the value of production cost,
which involves fixed and variable costs. The fixed cost, 2k, includes
the cost of fertilizer for producing crop type k and the rental cost of
zone (i, j), RCij. The variable cost of fertilizer depends on the amount
of harvested yield type v (1, 2, 3, and 4), cv. Eq. (7.3) defines the cost
of harvesting by incorporating a fixed cost, dv, and a variable cost, hv,
of harvesting crop type v. In a similar fashion, Eq. (7.4) defines the
transportation cost by incorporating a fixed cost of transporting
yield type v, Fv, and a variable cost of transporting yield type v,
Vv. The variable cost also depends on the distance between zone
(i, j) and the demand point given by Dij.

3.8. Biodiversity and sustainability constraints

In addition to the environmental impacts of biomass and food
production as defined in the objective function, we have also con-
sidered their effects on biodiversity of bird populations and sus-
tainability of the food supply, respectively, as

Xiþ1

m¼i�1

Xjþ1

n¼j�1

ð1� Xt
mn1ÞP Xt

ij1 8t; and i; jð Þ 2 GR or MR ð8:1Þ

X
ði;jÞ2CR

X
h2Mt

Sh
ij1 6 1� kð Þ CRj j 8t ð8:2Þ

Inequality (8.1) prevents harvesting in at least one of the neighbor-
ing zones of zone (i, j), if switchgrass has been harvested in zone (i, j)
of grassland or marginal land in order to provide nesting areas for
tallgrass and shortgrass bird species. Inequality (8.2) ensures
sustainability of the food supply by limiting switchgrass seeding
on cropland to a certain proportion, ð1� kÞ, which is multiplied
by the cardinality of the set of croplands.

3.9. Integrality and non-negativity constraints

Seeding and harvesting decisions for switchgrass and corn are
defined to be binary variables, as given in Eqs. (9.1) and (9.2), while
switchgrass yield and harvested switchgrass, corn grain for food,
corn grain for biofuel, and corn stover are forced to be nonnegative
in Eq. (9.3) as given below

St
ijk 2 0;1f g 8i; j; k; t ð9:1Þ

Xt
ijv 2 0;1f g 8i; j;v ; t ð9:2Þ

Nt
ij;N

t
ij;
eY t

ij;Y
t
ij;Y

t
ij P 0 8i; j; t ð9:3Þ
Table 1
Yield type, seeding location, and corresponding yield amounts.

Yield type Land type Yield (tonne/ha)

t = 1 t = 2 t = 3–10

Switchgrass Cropland 3.75 10 15
Switchgrass Grassland 2.63 7 10.5
Switchgrass Marginal land 1.87 5 7.5
Corn grain Cropland 6.8 6.8 6.8
Corn stover Cropland 7.48 7.48 7.48
4. Case study and data

The proposed mathematical model is applied to ethanol and
food production in the city of Hugoton, Kansas. Ethanol production
capacity of the biorefinery in Hugoton is about 95 million liters
(25 million gallon) per year. The technology used in this biorefin-
ery is capable of producing ethanol from cellulosic feedstock, food
crops, and food crop residue, which we consider to be switchgrass,
corn grain, and corn stover, respectively [29]. We did not utilize the
capacity constraint in our analysis as a limiting factor in order to
obtain better insight into the other problem parameters. The culti-
vation area in Hugoton includes different land types such as crop-
land, grassland, and marginal land. The studied area is divided into
21 rows and 21 columns, where each zone is defined as the size of
260 ha (one square mile). Switchgrass is produced on all land
types, while corn production is only considered on cropland. We
also consider the corn in food market in order to include the
analysis of both food and biofuel production. Since life expectancy
of switchgrass is at least ten years, the planning horizon is taken as
ten years, and each time period is set as one year in this study.

4.1. Data

In this section, we present the data used in the case study. The
details of switchgrass production data along with its calculation
can be found in a previous study [10].

4.1.1. Yield amount
The yield amount of switchgrass, corn grain, and corn stover are

given in Table 1. The expected life of switchgrass is ten years, and it
reaches its maximum potential yield at the third year [10]. We take
the maximum potential yield of switchgrass to be 15 tonne per
hectare in Kansas cropland. Switchgrass yield in the first and
second years is 25% and 66%, respectively, of the maximum poten-
tial yield. In order to obtain switchgrass yield in grassland and
marginal land, the cropland yield values have been multiplied by
0.7 and 0.5, respectively [10]. The average corn yield is estimated
to be 6.8 tonne per hectare (110 bushels per acre) in Kansas [23].
Corn stover yield is taken as 1.1 times that of corn grain, based
on the literature [30]. In order to maintain the minimum require-
ments for soil erosion protection, only 50% of the corn stover yield
(Table 1) is considered harvestable, while it changes between 20%
and 80% in the literature [24,31].

4.1.2. Establishment cost
The establishment cost of switchgrass and corn is provided in

Table 2. We use airflow planting during the frost season for switch-
grass establishment, which is shown to be the optimal seeding
method [10]. On the other hand, we use reduced tillage for corn
seeding, since it is a common method in Kansas [23,25,27].

4.1.3. Production cost
Production cost includes rent and fertilizer application for each

yield type (switchgrass, corn grain, and corn stover). Average land
rental costs of cropland, grassland, and marginal land in southwest
Kansas are $234.6, $23.7, and $75.3 per hectare, respectively. The
total fixed cost of switchgrass production is $97.84 per hectare
[32], which includes cost of application of 112 kg nitrogen (N)
($80.95 per hectare) and pesticide ($16.89 per hectare). A variable
cost is potassium (K) and phosphorus (P) fertilization, which is $12
per tonne of harvested switchgrass yield.

Fixed P and K are used for corn production in the amount of
39 kg and 33.6 kg per hectare ($89.63), respectively. The fixed cost
including herbicide ($61), insecticide ($47), and lime application
($8.22) totals $205.85 per hectare. On the other hand, 167 kg of
N is applied for every 6.8 tonne of corn grain obtained, which leads
to a variable cost of $26 for every tonne of corn grain [23]. The
approximate values of P and K replacement required for every
tonne of corn stover are about 3.1 kg, and 16.25 kg, respectively,
which leads to a total cost of $22.33 per tonne of corn stover
harvested [23,24].



Table 2
Switchgrass and corn establishment costs.

Crop type Land type Method Total establishment
cost, TECijk ($/ha)

Switchgrass Cropland Airflow 435.15
Switchgrass Grassland Airflow 445.77
Switchgrass Marginal land Airflow 474.80
Corn Cropland Reduced tillage 342.76
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4.1.4. Harvesting cost
For switchgrass, mowing and raking has a fixed cost of $31.61

per hectare. The variable cost of harvesting is taken as $24.5 per
tonne of switchgrass harvested. For corn grain, the fixed cost of
harvesting is $64.54 per hectare, while the corresponding variable
cost is $15.2 per tonne of corn grain [23]. The fixed cost of harvest-
ing corn stover is $14 per hectare, while the variable cost is about
$9 for every tonne of corn stover harvested [33].

4.1.5. Transportation cost
For switchgrass, the cost of transporting biomass by truck is cal-

culated based on the following formula: $5.70 + $0.1367X, where
$5.70 is the fixed cost per hectare and $0.1367 is the variable cost
per tonne-km represented by X. An additional variable cost, the
unloading and handling of biomass at the biorefinery, is taken as
$1.88 per tonne of biomass [24]. For corn grain, the transportation
cost is taken as $0.5 for each tonne-km based on the literature [34].
The transportation cost of corn stover is calculated in the same way
as for switchgrass.

4.1.6. Soil erosion
The savings to farmers and society from erosion is equal to

$7.38 per tonne of soil. The contribution of switchgrass to soil
erosion savings is considered to be $61.18, $9.89, and $19.85 per
hectare-year, respectively, for cropland, grassland, and marginal
land in Kansas [35]. However, corn production with reduced tillage
causes about 0.4–1 mm soil loss per year, resulting in 5–12 tonne
of soil erosion per hectare [35]. Therefore, $36.9 loss due to soil
erosion per hectare is assumed for corn production. Harvesting
switchgrass and corn stover is assumed to decrease the related soil
erosion savings by 70%, based on the literature [36].

4.1.7. Carbon sequestration – soil organic carbon
The amount of soil organic carbon increase from each crop type,

its CO2 equivalence, and corresponding savings are provided in
Table 3. Carbon sequestered by switchgrass in cropland is taken
as 4.42 Mg/ha/year [37]. An average value of 3.2 Mg/ha/year is
used for carbon sequestration on marginal land, while 0.32 Mg/
ha/year is considered on grassland. Minor carbon sequestration is
achieved by corn production, which is 368 kg/ha/year [38], while
7.5 tonne corn stover per hectare is needed for that amount of
carbon sequestration [39]. Therefore, for the case when half of
the stover is harvested, the SOC levels are assumed to decrease
by half [39]. Similarly, when switchgrass is harvested, the SOC lev-
els shown in Table 3 are assumed to decrease. Since carbon storage
in the current soil carbon pool takes about 25–45 years to reach
Table 3
Soil organic carbon (SOC), CO2 equivalence, and savings.

Crop type Land type SOC (Mg/ha yr)

Switchgrass Cropland 4.42
Switchgrass Grassland 0.32
Switchgrass Marginal land 3.2
Corn Cropland 0.368
equilibrium [40], carbon sequestration rates are not assumed to
decrease in the ten-year planning horizon.

Each tonne of SOC stored in the soil is equal to 3.67 tonne of CO2

absorption from the atmosphere. The average cost of CO2 emis-
sions is $20 per tonne, according to the emissions trading system
in the European Union [10]. Therefore, savings is computed by
multiplying $20 by the CO2 equivalence.

4.1.8. CO2 emissions
The cost of carbon emissions that occur during seeding, produc-

tion, harvesting, and transportation operations is provided in
Table 4 [37,38]. Carbon dioxide emitted during each sub-operation
is given in the ‘‘CO2 Emissions’’ column. The usage numbers (or
amount) of these sub-operations (pesticides or fertilizers) in each
operation are indicated in the ‘‘Usage in switchgrass’’ and ‘‘Usage
in corn’’ columns. Finally the cost of CO2 emissions (which is
obtained by multiplying each tonne of CO2 emission by $20) is pre-
sented in the ‘‘Cost for switchgrass’’ and ‘‘Cost for corn’’ columns,
respectively.

4.1.9. Nitrogen pollution
Nitrogen is an essential fertilizer in crop production; however, it

is also highly associated with the risk of polluting groundwater
[36]. It is stated that a single harvest system removes only the
50% of N applied [40], while other studies indicate that N uptake
changes about 14–75% for switchgrass [42,43]. Bransby et al. [44]
states N uptake as 65% in their study. Therefore, we assume N
uptake by switchgrass to be 60%. On the other hand, nitrogen
uptake by corn is 45% when four-year observation data is averaged
[45]. N leakage is estimated to be 3–10% [44,46]. We assume that
10% of the remaining N is dissolved in rain water or contaminates
the groundwater. The cost related to health issues regarding N pol-
lution in drinking water is estimated to be $0–5.5 per kg of N con-
taminated into water [47]. We take the N pollution cost as $4 per
kg but also perform sensitivity analysis using different cost values
for N pollution.

4.1.10. Conversion rate
Ethanol production from switchgrass and corn grain is reported

as 333 l per tonne and 386 l per tonne, respectively [48]. The rate of
ethanol production is equal to 336 l per tonne of corn stover [49].

4.1.11. Yield price
The price of switchgrass is reported to be $94–130 per tonne

[4]; therefore we take the switchgrass biomass price as $100 per
tonne in this study. The nominal corn price is taken as $160 per
tonne, while the corn stover price is set at $50 per tonne, based
on the study of Maung and Gustafson [30].

We take the price of corn grain for biofuel as $168 per tonne
because the price of corn has increased by 5% with the introduction
of biofuel demand based on the model of Rajagopal et al. [50]. This
price is taken as constant since corn grain for biofuel is sold based
on contracts. For the price of corn grain that goes to the food mar-
ket in the linearized model, the production level is considered in
three segments: low, medium, and high, where each level has a
different but constant price value in the corresponding segment.
CO2 equivalence (tonne/ha yr) Savings ($/ha yr)

16.22 324.4
1.17 23.5

11.74 234.8
1.35 27



Table 4
Farm operations, CO2 emissions, their usage, and corresponding cost for switchgrass and corn.

Operation Sub-operation CO2 emissions [41] Usage in switchgrass [16] Usage in corn [23,24] Cost for switchgrass Cost for corn

Seeding Drill 35.3 kg/ha – 1 – 0.706 $/ha
Seeding Airflow 7.9 kg/ha 1 – 0.158 $/ha –
Seeding Pest/herbicide 6.3 kg/kg 5.25 kg/ha 6.36 kg/ha 0.66 $/ha 0.801 $/ha
Seeding Fertilizer (N) 1.3 kg/kg – 24.55 kg/t – 0.638 $/t
Seeding Fertilizer (P) 0.2 kg/kg 33.6 kg/ha 39.2 kg/ha 0.134 $/ha 0.157 $/ha
Seeding Fertilizer (K) 0.15 kg/kg 44.8 kg/ha 33.6 kg/ha 0.134 $/ha 0.101 $/ha

Production Pesticide 6.3 kg/kg 5.25 kg/ha 5.59 kg/ha 0.66 $/ha 0.704 $/ha
Production Fertilizer (N) 1.3 kg/kg 112 kg/ha 6.8a kg/t 2.91 $/ha 0.1768a $/t
Production Fertilizer (P) 0.2 kg/kg 0.42 kg/t 3.1a kg/t 0.0017 $/t 0.0124a $/t
Production Fertilizer (K) 0.15 kg/kg 9.47 kg/t 16.25a kg/t 0.0284 $/t 0.0488a $/t

Harvesting – 8.5 kg/ha – 1 – 0.17 $/ha
Harvesting Rake 1.7 kg/ha 1 1a 0.034 $/ha 0.034a $/ha
Harvesting Bale 3.30 kg/ha 1 1a 0.066 $/ha 0.066a $/ha

Transportation Truck 0.203 kg/t km 1 1 0.0059 $/t km 0.0041 $/t km

a Additional cost of fertilizer required when harvesting corn stover.
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The relation between corn grain production and its price can be seen
Fig. 3 in the mathematical model section. Given the constant
demand, when production is at a low quantity, the supply curve
moves to the left, which increases the price of corn grain. On the
other hand, when producing more than a medium quantity, the sup-
ply curve moves to the right, which decreases the corn price. The
relation of revenue and supply amount can also be observed in
Fig. 2, where the slope of each section gives the price of corn grain
in the corresponding segment. In the low-production case
(cultivation in less than 33% of cropland), the price of corn grain
for food, ~pt

21 is taken to be 10% more than the nominal price
(~pt

22 ¼ $160), which makes it $176 per tonne. In the high-production
case (cultivation in more than 66% of cropland), the corn price in the
market, ~pt

23, is assumed to decrease by 10%, which is equal to $144
per tonne.

5. Computational results

The proposed MILP model of biofuel and food production is
solved using CPLEX version 12.2. CPLEX is an optimization soft-
ware that solves linear and quadratically constrained optimiza-
tion problems with linear or integer variables by using simplex,
branch and bound search trees, and interior point methods [51].
Table 5 provides values of the changing parameters, which are
considered in our sensitivity analysis, namely, objective weights,
yield levels, sustainability factor, and budget level. It also pro-
vides the objective function value, the profit from switchgrass
and corn, and their environmental benefits. A solution is reached
in less than 9 min for all cases. The solution time increases as
Table 5
Summary of computational statistics for different scenarios.

Objective
weights (a; b)

Yield
levels

Sustainability
factor

Budget
level (M$)

Objective function
value (M$)

(1; 0)a Table 1a 75%a 750a 236.078

(0.5; 0.5) Base Base Base 129.144
(0; 1) 109.329

Base Lowb Base Base 56.958
Highb 381.101

Base Base 100% Base 209.001
50% 261.020

Base Base Base 500 185.823
1000 273.102

a Shows the base case values for parameters considered in sensitivity analyses.
b Values in Table 1 are decreased and increased by one third to obtain low- and high
higher priority is given to profit, and the budget and sustainabil-
ity factor are set to their corresponding medium levels. In the
base case, priority is given to profit so weights (a; b) in the objec-
tive function (in Eq. (1)) are set to (1; 0). The base case has a
medium-yield level (as given in Table 1) and a moderate budget
(75% of the ample budget). The sustainability factor is set at
75% in the base case.

Fig. 4 gives land types and the optimal seeding locations of
switchgrass and corn cultivation zones for the base case. We
assume that the biorefinery and food plant are located in the same
zone at the center of the grid. The optimal solution indicates that
corn is located in zones that are close to the facility, while switch-
grass production on cropland mostly surrounds the corn produc-
tion areas. Of the considered area, grassland and marginal land
have 99% and 96% utilization, respectively. Since the budget in
the base case is not ample, utilization in cropland is 70%. Switch-
grass uses 25% of this 70%, while the remaining 45% is utilized by
corn. Switchgrass is seeded only in the first year, and corn is
repeatedly seeded in the same locations during each year of the
planning horizon.

Fig. 5 presents optimal production amounts for switchgrass and
corn in different years. We observe that switchgrass yield and har-
vested biomass, which indicates the amount of chopped yield to be
utilized for biofuel production, increase in the first three years and
then remain constant. Switchgrass is not harvested in grassland
and marginal land in the first year since it has a very limited yield
on those lands in the first year. On the other hand, corn grain and
stover yield do not change by year. Since corn grain for food has
high price when produced in a low quantity, corn grain grown in
Profit (M$) Environmental benefits (M$) CPU time (s)

Switchgrass Corn Switchgrass Corn

156.7 79.4 40.4 �22.8 522

149.1 74.9 50.1 �15.8 406
�92.6 0 109.3 0 0.66

55.9 1.1 14 �4.7 3.03
224.8 156.3 33.4 �19.4 237.2

100.6 108.4 18.5 �33.8 66.1
198.9 62.1 50.3 �16.6 278.9

133.6 52.3 19.9 �13.8 210.2
155.0 118.1 40.4 �37.9 178.9

-yield levels, respectively.
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33% of cropland is sold as food; the remaining corn grain goes to
biofuel production. All of the available stover is harvested with a
constant rate during the planning horizon.

Optimal cost breakdown and shares of switchgrass and corn in
different farm operations for overall production can be seen in
Fig. 6a. Of the total available budget, 53% is allotted to seeding, pro-
ducing, and harvesting switchgrass, while seeding, producing, and
harvesting corn consumes 41% of the total budget. When analyzing
the allocation of budget to different farm operations, it can be seen
that production uses 47% of the overall budget, while harvesting,
seeding, and transportation account for 29%, 18%, and 6%, respec-
tively. Optimal cost breakdowns of the allocated budget for
switchgrass and corn are shown separately in Fig. 6b and c,
respectively. As can be seen, the production and harvesting of
switchgrass uses 87% of the optimally allotted budget. On the other
hand, that sum decreases to 64% in the case of corn, since the
seeding cost of corn becomes very important in its cultivation
(Fig. 6c). The budget saved from switchgrass seeding for the
following years is mostly allocated for its harvesting. The
transportation cost of corn is lower than that of switchgrass,
since the harvested, i.e., transported, amount is lower than that
of switchgrass, and corn production zones are closer to the demand
point. For both crop types, the production cost (including rent, fer-
tilizer, and herbicide application) is almost half of the optimally
designed budget for each crop.

Fig. 7 displays the optimal yearly budget allocation to farm
operations of switchgrass and corn cultivation. For switchgrass,
seeding only takes place in the first year and uses almost 30 M$



Fig. 6. (a) Optimal cost breakdown for both switchgrass (S) and corn (C) in base case scenario. (b) Optimal cost breakdown for switchgrass in base case scenario. (c) Optimal
cost breakdown for corn in base case scenario.
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of the overall budget. Production, harvesting, and transportation
costs significantly increase from the first year to the maximum
level in the third year, then remain constant until the end of the
planning horizon, since switchgrass yield and harvested biomass
do not change from years three to ten. Switchgrass uses about
45 M$ each year from year three until year ten. For corn produc-
tion, the budget is equally divided into about 31 M$ for each year
of the planning horizon. When we break down the cost further into
harvested amount, we see that the overall cost of seeding per tonne
of switchgrass is $4.9, while this increases to $51.4 per tonne of
corn grain. Seeding switchgrass in only the first year of the plan-
ning horizon makes it more competitive than corn. When we con-
vert the harvested yield from switchgrass and corn into ethanol,
the cost of one liter of ethanol from switchgrass at the gate of bior-
efinery would be $0.22 while it is $0.28 for corn.

We also use a quadratic programming (QP) version of the model
where we consider nonlinear Eq. (1.1.1) instead of Eqs. (1.1.3),
(1.1.4) and (1.1.5) in the revenue function in order to compare
the results of QP with its piecewise linear lower approximation.
In the QP, Eq. (1.1.1) is utilized as a revenue function of corn grain.
As expected, without linearization of the revenue function for corn
grain in the food market, complexity and size of the problem con-
siderably increases and causes a memory shortage, and a solution
is not obtained for the base case. However, after decreasing the
planning horizon to nine years in the base case, the QP solution
is observed in less than 5 min. We have found that the objective
value difference between piecewise linear approximation and QP
is 1%. We observe similar results in both QP and its piecewise lin-
ear lower approximation, while in the QP model, the sale of corn
grain in the food market is slightly higher than its sale in the
linearized model.

5.1. Sensitivity analysis

In this section, we investigate the effect of various key parame-
ters on the optimal solution. We perform sensitivity analyses by
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varying objective weights, budget levels, sustainability factors (of
food supply), and yield levels. This section also demonstrates the
response of the model for handling possible uncertainty ranges
in these parameters.
5.1.1. Objective weights
We analyze the priorities of different stakeholders and decision

makers in determining the optimal solution of the problem by
changing the objective function weights (a; b). The objective
weights are set to (1; 0), (0.5; 0.5), and (0; 1), in order to give pri-
ority to profit only, equally to profit and environment, and to envi-
ronment only, respectively. Optimal results for different priorities
are summarized in Fig. 8a–d. When priority is given to profit only,
all yield types are almost fully harvested. However, when equal
priority is given to profit and environment, corn stover sales go
to zero (Fig. 8a), because harvesting corn stover has negative
effects on soil erosion prevention and carbon sequestration.
Fig. 8b shows that carbon sequestration of corn increases due to
not harvesting stover in the equal priority case. In this case, the
budget saved from not harvesting corn stover is used in the
production of corn grain, which increases the sales of corn grain.
In the same case, Fig. 8a and c shows that overall switchgrass sales
decrease compared to the profit-priority case, since harvesting in
marginal land decreases in order to obtain greater environmental
benefits. Further increasing priority on the environment leads to
no sales from switchgrass, corn grain, and corn stover, because
harvesting has a negative effect on the environmental benefits
(soil erosion prevention, carbon sequestration, and nitrogen
pollution). However, Fig. 8c shows that switchgrass utilizes all
zones available in different land types, while Fig. 8d indicates
that corn production is completely abandoned when priority is
given to the environment. This is because even if corn stover
is not harvested, the loss from soil erosion and nitrogen pollution
is greater than any savings via carbon sequestration when corn is
produced.
5.1.2. Budget levels
We also analyze the effect of changing budget on the model

outputs. Here, ample budget is set to a budget amount
(1000 M$) that would be enough to cultivate switchgrass and
corn over the entire studied region. The moderate budget is
set to 75% of the ample budget, while the limited budget is con-
sidered to be 50% of the ample budget. The economic value of
sales and the environmental impacts of switchgrass and corn
production for changing budget levels are presented in Fig. 8e
and f, respectively. The impact of the budget level on the
amount of switchgrass yield and harvested biomass can be seen
in Fig. 8g, while details for corn yield types are given in Fig. 8h.
As expected, when the budget increases from limited to moder-
ate, the sales of switchgrass, corn grain, and corn stover increase
(Fig. 8e). In this case, Fig. 8f shows that while carbon sequestra-
tion of switchgrass increases, nitrogen pollution increases as
well. Based on Fig. 8e and g, increasing the budget from limited
to moderate leads to utilization of marginal land for switchgrass
production. We observe an increase in corn grain production for
biofuel since the price of corn grain for food decreases as its
quantity increases (Fig. 8h). However, further increasing the
budget from moderate to ample does not change any results
related to switchgrass cultivation, since it already utilizes all
allowable zones for its cultivation with the moderate budget
case. On the other hand, an ample budget increases the sales
of corn grain, particularly for biofuel (Fig. 8g and h). In return,
that causes more loss from soil erosion and nitrogen pollution
(Fig. 8f).
5.1.3. Sustainability factor
In order to better understand land allocation for switchgrass

and corn production, namely competition between biofuel and
food production, the sustainability factor is also analyzed. Sustain-
ability of the food supply is ensured by allotting a certain percent-
age of cropland to only food crop production, which is corn in the
considered application. For example, when the sustainability factor
is 75%, only 25% of cropland is allowed for switchgrass cultivation.
Fig. 9a presents the economic value obtained from the sales of
switchgrass and corn along with the total environmental benefits
for different sustainability factors. Fig. 9b provides details of the
economic value obtained from environmental benefits, while
Fig. 9c and d shows the yield and harvested amounts of
switchgrass and corn, respectively. When the sustainability factor
is 50%, harvested switchgrass biomass and its sales reach maxi-
mum values. In this case, the environmental benefits also increase
since switchgrass has higher environmental benefits on cropland
than does corn. This result implies that increasing the security of
the food supply decreases the environmental benefits. Limiting
switchgrass cultivation on cropland from 50% to 0% (changing
the sustainability factor from 50% to 100%) shifts its production
from cropland to marginal land. Forcing switchgrass out of
cropland also provides more space and budget for corn production.
In other words, switchgrass surpasses corn on cropland since it is
shown that switchgrass utilizes all allowable share of cropland
when the sustainability factor is not set to 100%. Corn only uses
the remaining cropland.

5.1.4. Yield levels
We also observe the response of the model to different yield

levels. In order to represent the low-productivity case, the low-
yield level is set at 33% less than the medium-yield level, which
is given in Table 1. In a similar manner, the high-yield level is set
as 33% more than medium-yield level. Results regarding the
economic value, detailed environmental benefits, and yield and
harvest of switchgrass and corn are summarized in Fig. 9e–h,
respectively. The results indicate that if the yield level is low, there
is no switchgrass cultivation on marginal land since it is not prof-
itable (Fig. 9g). The increase in yield level from low to medium
makes all land types profitable, which in return positively impacts
switchgrass and corn sales (Fig. 9e and g). However, the further
increment from a medium- to high-yield level shows a restricted
gain in the sales and harvested amount since the budget becomes
a limiting factor (Fig. 9e and g). As an interesting result, in the high-
yield-level case, switchgrass production decreases on marginal
land since the model tends to use the related budget to harvest
more switchgrass on cropland and grassland (Fig. 9g). As switch-
grass cultivation is reduced on marginal land, the environmental
benefits decrease as well (Fig. 9f). In a similar manner, when the
yield level is increased from the medium to high level, the model
prefers harvesting more corn grain than corn stover (Fig. 9h). That
decrement in harvested corn stover positively affects carbon
sequestration.

5.2. Special cases for economic and environmental impacts

Further experiments are conducted for marginal land utiliza-
tion, profitability ratios, and effect of nitrogen pollution, in order
to obtain better insight into the economic and environmental out-
comes of the problem.

5.2.1. CRP incentives on marginal land
Based on the literature, switchgrass can also increase the soil

quality of marginal land by sequestering carbon and restricting soil
erosion [52]. Currently, most marginal lands are either under CRP
contracts or they remain idle. Therefore, we analyze the effect of



Fig. 8. (a) Impact of objective function weights on sales and total environmental benefits. (b) Impact of objective function weights on environmental effects of switchgrass (S)
and corn (C) production. (c) Impact of objective function weights on switchgrass cultivation on cropland (CR), grassland (GR), and marginal land (MR). (d) Impact of objective
function weights on corn cultivation. (e) Impact of budget on sales and total environmental benefits. (f) Impact of budget on environmental effects of S and C production. (g)
Impact of budget on switchgrass cultivation on CR, GR, and MR. (h) Impact of budget on corn cultivation.
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Fig. 9. (a) Impact of sustainability factor on sales and total environmental benefits. (b) Impact of sustainability factor on environmental effects of switchgrass (S) and corn (C)
production. (c) Impact of sustainability factor on switchgrass cultivation on cropland (CR), grassland (GR), and marginal land (MR). (d) Impact of sustainability factor on corn
cultivation. (e) Impact of yield level on sales and total environmental benefits. (f) Impact of yield level on environmental effects of S and C production. (g) Impact of yield level
on switchgrass cultivation on CR, GR, and MR. (h) Impact of yield level on corn cultivation.
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CRP incentives on marginal land utilization for switchgrass
production. In this analysis, the budget is set to 350 M$ (limited
but enough to cultivate both corn and switchgrass), in order to
observe the model’s land allocation preferences, while all remain-
ing parameters are set to base case values. Fig. 10 shows the
change on harvested yield types for different CRP incentives. If
the budget is very limited (350 M$), unless supported by govern-
ment, marginal land is not used for switchgrass production. It
can be seen that with an incentive of about $7.5 per tonne of
switchgrass, its production on marginal land becomes more profit-
able over corn production on cropland. It can also be seen that, in
order to shift switchgrass production from cropland to marginal
land, an incentive of more than $12.5 per tonne is required. Finally,
with $17.5 per tonne of switchgrass on marginal land, the utiliza-
tion of marginal land reaches a maximum and becomes more prof-
itable than cropland for switchgrass production.
5.2.2. Profitability analysis
In this section, profitability ratios of sales and environmental

benefits of each crop type, which are shown in Fig. 11, are ana-
lyzed. The base case setting with changing objective function
weights is used in this analysis. The profitability ratio is obtained
by dividing the economic value (of sales and environmental bene-
fits) of a crop type to the budget it uses. Priorities of various stake-
holders (farmers, co-op, or government) are reflected by
considering various objective function weights. Although not
depicted in Fig. 11, the profitability ratio of sales of switchgrass
cultivated on only grassland and cropland is more than 1.4 when
the objective weight is (1; 0). Decision variables and results of
the model start to change if the objective weight of environmental
impacts is increased to 0.75. In this case, switchgrass harvesting on
marginal land and corn stover harvesting stop. When we set objec-
tive weights to (0.2; 0.8), switchgrass harvesting stops on cropland
as well. That causes a decrease in overall profitability of
switchgrass sales while increasing environmental benefits due to
no harvesting on cropland. Further increasing the weight on
environmental benefits to 0.9, corn cultivation completely stops.
However, switchgrass cultivation continues on all land types for
all cases, while harvesting on grassland continues until the (0.05;
0.95) weight case. Preventing switchgrass harvesting on all land
types at the (0; 1) weight case maximizes the profitability of
environmental benefits, as expected. Although total environmental
benefits cannot be as high as sales, the profitability of
environmental benefits of switchgrass reaches 1.2, since the bud-
get used for switchgrass production is also very low due to no har-
vesting and transportation.
5.2.3. Changing cost of nitrogen pollution
We also analyze the relation between the cost of nitrogen pol-

lution and cultivation decisions since it is difficult to associate a
certain dollar value for nitrogen pollution. When priority is given
to profit or priority is equally distributed over profit and
environment, the impact of changing nitrogen pollution cost is
negligible. Therefore, this analysis is conducted under base case
values but with full priority on the environment. The results of
changing cost associated with nitrogen pollution are presented in
Fig. 12. In the case of full priority on the environment, there is
no corn production while switchgrass is cultivated but not
harvested. It is seen that, having no cost or a cost of $4 per kg of
nitrogen pollution does not change the results, since savings via
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Table A.1
Conversion from United States (US) customary units to Metric (SI) units.

US units SI units

1 acre 0.405 ha
2205 lb = 1.102 tonne 1 Mg = 1000 kg = 1 tonne
1 tonne/acre 2.24 tonne/ha
1 bushel 25 kg
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carbon sequestration outweighs the impact of nitrogen pollution.
However, when we assign a higher cost to nitrogen pollution, as
much as $8 per kg, switchgrass production on grassland fully stops,
since the environmental benefits (such as soil erosion prevention
and carbon sequestration) on grassland cannot offset the cost of
nitrogen pollution. We also observe that even if we further
increase the cost of nitrogen pollution to $12, switchgrass cultiva-
tion on cropland and marginal land is sustained, since the overall
environmental benefits on these land types are still positive.

6. Conclusion and future work

In this paper, we develop a multi-objective MILP model to ana-
lyze the competition between energy and food crops, with specific
consideration given to switchgrass and corn. The proposed model
integrates economic benefits and environmental impacts of switch-
grass and corn cultivation. Economic benefit is represented as profit
by subtracting the total cost of seeding, production, harvesting, and
transportation (budget used) from the sales of switchgrass, corn
grain, and corn stover. Environmental impacts include savings from
soil erosion prevention and carbon sequestration, along with the
economic loss due to carbon emissions and nitrogen pollution.
Spatio-temporal changes in these economic and environmental
impacts are also included in the model. Capabilities and outcomes
of the model have been demonstrated with an application to a bio-
fuel production project in Hugoton, Kansas. We present the optimal
results of budget allocation, land type selection, time of seeding and
harvesting, and the amount of yield and harvested biomass from
each crop type under different scenarios.

In the base case scenario, we observe that switchgrass is seeded
in the first year, while corn is seeded in the same zones that are
closer to the demand point in each year of the planning horizon.
In this case, the majority of the budget is allocated for producing
and harvesting switchgrass, while the seeding budget is more sig-
nificant for corn than it is for switchgrass. Furthermore, the opti-
mal budget allocation among planning years changes in the first
two years, then stays constant from year 3 to year 10 for switch-
grass production. It can be seen that giving equal priority to profit
and the environment leads to no harvesting of stover, while a
higher priority on the environment completely eliminates corn
production and maximizes switchgrass cultivation without har-
vesting. When the budget is changed from low to high, switchgrass
production is extended to marginal land, and corn grain starts to be
produced for biofuel. It is also shown that, without a sustainability
factor, which will secure food production, switchgrass will take
over all zones in cropland since profitability of its production is
higher than corn. Therefore, decision makers or government are
encouraged to provide strict regulations on cropland usage or
pay farmers directly for producing second-generation crops on
marginal lands in order to secure food production on cropland in
the future.
We also conduct further analysis on CRP incentives, profitabil-
ity, and cost of nitrogen pollution. It can be seen that with a CRP
incentive of about $7.5 per tonne of switchgrass harvested from
marginal land, these land types can be more preferable to cropland
in the case of a limited budget. Most profitable crop types vary spa-
tially from high to low as follows: switchgrass on grassland,
switchgrass on cropland, corn grain for food, corn stover, switch-
grass on marginal land, and corn grain for biofuel. It is shown that
corn stover is not harvested for biofuel production when environ-
mental impacts are considered. If carbon sequestration and soil
erosion prevention are not valued, additional incentives, such as
CRP, are needed for switchgrass cultivation on marginal land.

In the future, this model could be easily adapted to different
regions and crop types. As an alternative energy crop, miscanthus,
another perennial, could be considered. As a food crop instead of
corn, wheat cultivation could be considered since wheat grain
and wheat straw are used in food and biofuel production in a sim-
ilar manner to that of corn grain and corn stover. The uncertainty
of the parameters and their effect on the model results can be ana-
lyzed by robust optimization or stochastic optimization models.
The model can be applied to larger landscapes where zones
represent counties of a given state. This may require the addition
of storage places and associated costs to the model. In this case,
optimal facility location can also be decided by the model. Further-
more, preventive decisions can be integrated into the model to
minimize the invasion risks for some of the new second-generation
biofuel crops such as miscanthus. Finally, our model could be
applied under various scenarios, in order to analyze the
competition between food and energy supply and provide effective
management strategies leading to higher economic and environ-
mental benefits.
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