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A B S T R A C T

The U.S. cellulosic biofuel mandate has not been enforced in recent years. Uncertainty surrounding the
enforcement of the mandate in addition to high production and harvest cost have contributed to a delay
in the widespread planting of bioenergy crops such as switchgrass and miscanthus. Previous literature has
shown that under uncertainty and sunk cost, an investment threshold is further increased due to the value
associated from holding the investment option. In this paper, we extend the previous literature by applying
a real option switching model to bioenergy crop production. First, we calculate the county-level break-even
price which triggers a switching away from traditional field crops (corn, soybeans, and wheat) to bioenergy
crops under various scenarios differing by commodity prices, production cost and biomass price expecta-
tions. We show that the resulting break-even prices at the county-level can be substantially higher than
previously estimated due to the inclusion of the option value. In a second step, we identify counties that
are most likely to grow switchgrass or miscanthus by simulating a stochastic biomass price over time. Our
results highlight two issues: First, switchgrass or miscanthus are not grown in the Midwest under any
scenario. Under low agricultural residue removal rates, biomass crops are mostly grown in the Southeast.
Second, under the assumption of a high removal rates, bioenergy crops are not grown anywhere in the U.S.
since the cellulosic biofuel mandate can be covered by agricultural residues.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Renewable Fuel Standard (RFS) mandates the production
of 60 billion liters (L) of cellulosic ethanol by 2022 (EISA, 2007).
Over the past years, the U.S. Environmental Protection Agency (EPA)
has waived the cellulosic biofuel mandate because of insufficient
capacity (Meyer and Thompson, 2012). Reasons for the absence of
cellulosic ethanol production are largely attributed to high pro-
duction and harvest costs associated with agricultural residues
and bioenergy crops such as switchgrass and miscanthus (Babcock
et al., 2011; Khanna et al., 2011). In addition, there are several
characteristics to bioenergy crop production that add to the low
adoption rate. First, prices and economic returns of field crops
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(e.g., corn, soybean, wheat) and bioenergy crops are stochastic and
unknown at the time of planting. This uncertainty together with
sunk cost from changing practices creates a barrier for farmers
to adopt bioenergy crops because they hold a valuable option to
wait and gather more information (Dixit and Pindyck, 1994). This
characteristic has been shown to warrant the use of real option
models to assess the switching decision from field crops to bioen-
ergy crops (Song et al., 2011). Under a real option framework,
the investment threshold increases compared to the traditional net
present value analysis which results in a lower adoption rate. Second,
switchgrass and miscanthus do not realize their full yield poten-
tial in the first year, i.e., there is a multi-year establishment period
with little to no revenue from bioenergy crops (Jain et al., 2010).
During this period, the farmer would have earned revenue if she/he
had stayed in field crop production. Most analysis annualize the
opportunity cost in the establishment period over the lifetime of the
crop which is usually assumed to be 10 to 15 years depending on
the bioenergy crop (Brechbill et al., 2011; Dumortier, 2016; Haque
et al., 2014; Khanna et al., 2008; Perrin et al., 2008). In addition, the
same annualization is done for the first year establishment costs.
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In reality, we have to recognize that the timing of the outlays at
the beginning of the period may influence the farmer’s decision
to grow bioenergy crops. Third, the standard real option switching
framework models an investor who switches between projects that
are each governed by a different stochastic process (Alvarez and
Stenbacka, 2004; Décamps et al., 2006). This may not be true for
biomass production resulting from either agricultural residues or
bioenergy crops. Assuming that the return uncertainty in bioenergy
crop production is associated with the biomass price, then the farmer
could already be exposed to the stochastic biomass price if agricul-
tural residues are collected. That is, the return from bioenergy crops
would have to overcome the return from field crops, the return from
agricultural residues, the establishment cost, and the option value.
And fourth, farmers switching to bioenergy crops reduce the sup-
ply of field crops and thus, increase the switching threshold for the
remaining farmers as a consequence of increasing prices.

In this paper, we use a real options framework to model the
switching decisions of farmers from field crops to bioenergy crops.
The model is set in a perfectly competitive market for agriculture
with price and return uncertainty as well as sunk costs associated
with switching between activities. Real option analysis has been used
in previous land-use literature to analyze the switching decision to
peach production (Price and Wetzstein, 1999), forests (Dumortier,
2013; Schatzki, 2003), Conservation Reserve Program (Isik and Yang,
2004), or switchgrass (Song et al., 2011). We extend the previous lit-
erature in two ways by (1) calculating and including the option value
in the break-even price of bioenergy crops and (2) simulating the
land allocation in the U.S. at the county level.

In a first step, we set up a real option framework to examine the
decision of a farmer to switch from field crops to bioenergy crops
under uncertainty and sunk cost. The farmer can be in either of two
regimes: agriculture or bioenergy. While in agriculture, the farmer
may or may not collect agricultural residues which influences the
decision to switch to bioenergy crops. Agricultural returns and the
biomass price are the two sources of uncertainty in our model. Our
approach follows closely Dumortier (2013) with the net return pro-
cess for agricultural production following a mean reversion process
(MRP). Economic theory requires net returns to approach a long-
run equilibrium and cannot increase indefinitely because this would
violate the zero-economic profit condition in the long-run and thus,
a mean reverting process is more likely for agriculture. Odening
et al. (2007) as well as Schatzki (2003) argue that a mean revert-
ing process is more consistent with economic theory in the presence
of competitive markets independent of whether the price process
passes a unit-root test or not. For the biomass price, we differentiate
between a mean reverting process and a Geometric Brownian Motion
(GBM) process. We do this because an exponential increase in the
biomass price is possible in the short- and medium-run. In the long-
run, we would expect a mean reverting process as well. Tsekrekos
(2010) notes that a mean reverting process produces two opposing
effects: (1) It reduces the long-run variances and thus makes invest-
ment more likely and (2) it also eliminates extreme values which
makes investment less likely. Song et al. (2011) demonstrated that
the amount of switchgrass production is also dependent whether a
one-way (i.e., irreversible) switching model is used as opposed to a
two-way model. If the biomass price falls below a certain threshold,
farmers might find it optimal to switch back to field crop production.

Our empirical model is at the county level and focuses on three
major field crops (i.e., corn, soybeans, and wheat) and two bioenergy
crops (i.e., switchgrass and miscanthus). We concentrate on those
three field crops as potential acreage for bioenergy crops because
they represented almost 67.5% of total field crop area in the U.S. in
2015. In addition to low and high production cost estimates, we have
switchgrass and miscanthus yield data for each county. We will run
scenarios that differ in terms of commodity prices, bioenergy crop,
production cost, agricultural residues, irreversibility, and biomass

price evolution. Running a multitude of scenarios allows us to put
upper and lower bounds on land-use allocation and serves as a
sensitivity analysis for our assessment.

Our results indicate that the probability of cellulosic ethanol pro-
duction form bioenergy crops under the current mandate is low in
large parts in the United States especially the Midwest. Areas most
likely switching to bioenergy crop production are in the Southeast.
In addition to the high production cost, the presence of agricul-
tural residues, return uncertainty and sunk cost contribute to a
high threshold for farmers to engage in bioenergy crop production.
Given the existing mandates and the policy discussion of poten-
tial future use of bioenergy crops, it is important to understand the
barriers of biomass production. This can inform policy makers on
what influences the adoption rate and where policies might need to
be implemented to increase adoption of bioenergy crops.

2. Model

At time t, the representative landowner in county i can be in
either of two regimes k: agriculture (A) or bioenergy (G). Returns
in both regimes are stochastic and the problem of the landowner
is to determine the optimal regime given the current state and the
expected evolution of the stochastic variables. While in agriculture,
the farmer also has to decide how much of the available land to
allocate to crop j. The following subsections set up the model for
agricultural and bioenergy crop returns, the real option analysis, and
the simulation procedure under a competitive market. Our setup is
similar to regime switching model found in Nøstbakken (2006), Song
et al. (2011), or Dumortier (2013).

2.1. Agricultural returns

All farmers in regime A face a constant elasticity demand function
that can be written similar to Dumortier (2016):
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where Q j is the quantity demanded for field crop j given prices pj.
For each crop, there are three demand sectors m: consumer/food,
feed, and export. The demand parameters ujm and hjm represent the
constants and the cross/own-price elasticities, respectively. There is
a constant demand for corn ethanol that is represented by e. Given
prices pj, the return from agriculture in county i is written as
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where yij and aij denote the county specific crop yield and area,
respectively. The county and crop specific cost parameters are aij

and bij. Note that the return from agriculture exhibits increasing
marginal cost. This captures either the decrease of yields because
marginal land with lower average yields is brought into produc-
tion or the requirement of more fertilizer use for the same reason
(Mallory et al., 2011). In addition, increasing marginal cost guarantee
a solution during the numerical maximization procedure. In addi-
tion to non-negativity constraints, Eq. (2) is subject to a binding land
constraint because there is a maximum area available for crop pro-
duction in each county. Setting up the Lagrangian and deriving the
first-order conditions is straightforward.

Agriculture is a perfectly competitive market and hence, all
agents are price takers and do not take the effect of their acreage
decision on output prices into account. In aggregate however, the
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