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The international aviation industry has the goal to gradually reduce carbon emissions
mainly by using sustainable aviation fuel (SAF). However, currently SAF cannot be
produced at competitive prices relative to petroleum-based jet fuel. Pennycress is a
crop whose oilseed could be used as a relatively low-cost feedstock to produce SAF,
potentially benefiting farmers and the environment. This stochastic techno-economic
analysis (TEA) studies an enterprise buying pennycress oilseed from farmers, extracting
the bio-oil and selling it to a biorefinery that converts bio-oil into SAF. Maximum buying
prices (MBP)—prices that yield a zero net present value—the crushing enterprise could
pay farmers for pennycress oilseed are estimated. To conduct the analysis, discount rates
are estimated based on financial data of biofuel firms, thus providing a realistic benchmark
to evaluate profitability and feedstock buying prices. Estimated risk-adjusted discount
rates vary between 12 and 17%, above rates typically used in similar valuations. Estimated
stochastic MBP range between 10.18 and 11.73 ¢ pound−1, which is below the price at
which farmers are willing to plant pennycress, according to recent research. By
considering the crushing facility’s inherent cash flow structure and risk, the
distributions of stochastic modified internal rate of return suggest the crushing
enterprise could be economically attractive at a 14% discount rate, our most likely
estimate. However, between 11 and 17% times the cash flow model is simulated, the
firm falls under financial distress. Overall, the findings suggest potential barriers for
deployment of a SAF supply chain without governmental incentives or related policies.
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HIGHLIGHTS

o This study estimates discount rates to apply in biofuel
valuations based on actual financial data from publicly
traded US biofuel firms.
o Most likely, lower bound, and upper bound discount rates
are estimated at 14, 12, and 17%, respectively.
o The study also estimates maximum buying prices a
prospective crushing enterprise could pay farmers for
pennycress oilseed feedstock
o Stochastic maximum buying prices range between 10.18 and
11.73 ¢ pound−1, which is below the price at which farmers are
willing to plant pennycress, according to recent research
o By considering the crushing facility’s inherent cash flow
structure and risk, the distributions of stochastic modified
internal rate of return suggest the crushing enterprise could be
economically attractive at a 14% discount rate. However,
between 11 and 17% the times the cash flow model is
simulated, the firm falls under financial distress.
o Challenges for the establishment of a crushing facility, and in
consequence deployment of the SAF supply chain in Southern
US, are discussed in this article.

1 INTRODUCTION

The international aviation industry is motivated to reduce their
greenhouse gas footprint over the next few decades. Policies such
as the United Nations International Civil Aviation Organization’s
Carbon Offsetting and Reduction Scheme for International
Aviation are mandating reductions in carbon emissions for
commercial aviation (ICAO, 2021). Taking 2005 as the
baseline, the industry is expected to reduce 50% of carbon
emissions by 2050 (Hileman et al., 2013; Khanal and Shah,
2021; Tanzil et al., 2021). Factors such as improved fuel
consumption and infrastructure are important, but the use of
biomass derived, or sustainable aviation fuel (SAF) is projected to
be the most important factor driving carbon reduction in aviation
(Wang et al., 2019; Khanal and Shah, 2021). SAF is a substitute or
complementary product for fossil jet fuels, produced from a
variety of feedstocks including waste organics, agricultural
residues, and crops cultivated for human food consumption
(Air BP, 2021; Eswaran et al., 2021; SkyNRG, 2021). Currently
available SAF production technologies in the US have been
evaluated. Tanzil et al. (2021) found that hydroprocessed
esters and fatty acids (HEFA) is the most competitive current
technology for SAF production compared to five lignocellulose-
based technologies evaluated. While SAF production volume in
the US is still limited, several biorefineries are producing it at
demonstration, pilot, and commercial scale (Trejo-Pech et al.,
2019; Khanal and Shah, 2021; Tanzil et al., 2021). One of the
current challenges is to produce SAF at prices competitive with
fossil-based jet fuel. SAF cost of production is estimated around
three times higher than conventional jet fuel cost (Khanal and
Shah, 2021), particularly high when crops that are demanded in
food markets are used as feedstock to produce SAF. Promising
conversion technologies and the use of dedicated energy

crops—low production cost crops grown for energy
production purposes mainly and not for food—as feedstock
are likely to reduce the SAF vs. fossil jet fuel price gap and
accelerate SAF adoption. This study analyzes Pennycress (Thlaspi
arvense L.), an emerging dedicated energy crop whose oilseed has
the potential to be a relatively low-cost feedstock to produce SAF.

Pennycress has the potential to provide both economic
benefits to farmers and ecosystem benefits. Planting
pennycress does not require additional land because it could
be incorporated as a winter cover crop in corn-soybean rotations.
Typically, pennycress would be grown during the fall-to-spring
after harvesting corn in year one, and it would be harvested in
year two before cultivating soybean. This production system
would result in three, rather than two, cash crops in 2 years,
economically benefiting farmers.1 The use of pennycress as a
cover crop potentially reduces land nutrients losses, suppresses
weed, reduces soil erosion, and provides collateral ecosystem
benefits such as producing spring early-season nectar and pollen
for beneficial insects (Eberle et al., 2015; Thomas et al., 2017;
Marks et al., 2021). Marks et al. (2021) highlight the importance
of incorporating pennycress in farmland remaining fallow during
the fall noting that in US Midwest corn-soybean rotations are
planted on around 175 million acres but winter cover crops are
incorporated in less than 5% of those lands because traditional
cover crops are not highly profitable and the environmental
benefits are not obvious to farmers. Regarding the potential of
pennycress as a bioenergy crop, oilseed from pennycress has the
chemical and physical properties to be converted into SAF
meeting the quality specifications by the United States
American Society for Testing and Materials (Moser et al.,
2009; Fan et al., 2013; Moser et al., 2015). Furthermore,
pennycress’ oil yield, from oilseed to reactor-ready feedstock,
has been estimated to be comparable to other oilseeds such as
canola and camelina (Mousavi-Avval and Shah, 2020). However,
deploying a pennycress oilseed to SAF supply chain presents
some challenges such as high oil yield variability (Mousavi-Avval
and Shah, 2020), moderate to low willingness of farmers to plant
pennycress (Zhou et al., 2021), and appropriate farmers-
biorefinery agreements to incentivize oilseed production for
SAF (McCollum et al., 2021). Despite these challenges,
pennycress is a very promising feedstock for the establishment
of a SAF supply chain potentially yielding economic benefits and
ecosystem services and this is the reason we selected this crop to
conduct a techno-economic analysis (TEA).

Recently published TEA studying the economic viability of
SAF focusing on promising feedstocks other than pennycress
include Eswaran et al. (2021), Kubic et al. (2021), and McCollum
et al. (2021). Eswaran et al. (2021) estimated the minimum selling
price (MSP) of SAF produced with carinata oil, soybean oil,
yellow grease, and brown grease at $1.32, $1.50, $1.19, and

1Given the relatively low level of inputs required to produce pennycress under the
corn-pennycress-soybean rotation, growing pennycress is likely to produce
marginal profits to farmers (Markel et al., 2018; Mousavi-Avval and Shah,
2020). Prospective farmers adopting pennycress have reported risks and
challenges though (Mousavi-Avval and Shah, 2020; Zhou et al., 2021).
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$1.00 L−1 respectively; all these prices above the average price of
petroleum-based jet fuel from 2008 to 2018, at $0.60 L−1.
Similarly, Kubic et al. (2021) estimated that the MSP of SAF
produced with paper from municipal solid waste is lower than
SAF produced with corn stover, but still not competitive with
petroleum-based jet fuel. They estimated paper to SAF process
with enzymatic hydrolysis’ MSP at $1.05 L−1 compared to a
$0.54 L−1 petroleum-based jet fuel target price. McCollum
et al. (2021) TEA inquiries how contractual conditions
between farmers and biorefineries, in 11 states in western US,
may impact farmers’ willingness to supply canola, another
promising feedstock, for sustainable SAF production. They
find that the likelihood of a biorefinery obtaining sufficient
supply of canola is most feasible in Kansas and North Dakota,
but across all states, canola prices need to considerably increase
from typical levels—which may not be realistic in some cases—to
induce enough supply. Their findings suggest that biorefineries
may need to consider compensating farmers for a share of the
variable cost of production to ensure sufficient oilseed feedstock
supply (e.g., offer favorable contract prices above what market
prices may suggest). The aforementioned articles and previous
research highlight the relevance of feedstocks in general for SAF
production, either in terms of 1) the high portion of feedstock cost
relative to total cost of SAF production, 2) the high sensitivity of
SAFMSP to feedstock cost, or 3) the barriers of obtaining enough
feedstock supply at competitive prices to deploy a viable SAF
supply chain.

TEA specific to pennycress for SAF production include
Trejo-Pech et al. (2019), Stevens and Taheripour (2020),
Mousavi-Avval and Shah (2020), and Mousavi-Avval and
Shah (2021). Trejo-Pech et al. (2019) evaluate enterprise
budgets for prospective farmers and processors converting
pennycress oilseed to bio-oil and meal cake (e.g., crushers),
and identify potential locations for crushing and biorefineries
facilities supplying SAF to Nashville, Tennessee international
airport. Their analysis compares MSP for pennycress oilseed at
the farm level and maximum buying price (MBP) at the
crushing facility to make both enterprises economically
viable. Stevens and Taheripour (2020) analyze a prospective
SAF biorefinery located in US Midwest. Stevens and Taheripour
(2020) use crushing facility parameters from Trejo-Pech et al.
(2019) to estimate the crushing facility’s MSP in comparison
with MBP the biorefinery could offer. In other words, while
Trejo-Pech et al. (2019) focuses the analysis on the
interconnection between farmers and processors, Stevens and
Taheripour (2020) analyze the price relationship between
processors and biorefineries. Stevens and Taheripour (2020)
also provide scenarios that may make pennycress SAF
production economically viable. Mousavi-Avval and Shah
(2020) focus their TEA on the production, harvest, and post-
harvest logistics of pennycress supplying a SAF biorefinery,
providing anticipated production resources needed for one
prospective biorefinery at commercial scale located in Ohio.
Mousavi-Avval and Shah (2021) extend Mousavi-Avval and
Shah (2020) considering pennycress oilseed handling and
conditioning, oil extraction and hydroprocessing SAF
conversion, estimating SAF’s MSP at $1.20 L−1 in Ohio, a

price comparable to other promising oilseeds but still below
the price of petroleum-based jet fuel.

Our study builds on the crushing facility model of Trejo-Pech
et al. (2019) by incorporating risk components in the analysis, as
explained next. In Trejo-Pech et al. (2019) pennycress supply
chain model, farmers produce pennycress oilseed as a winter crop
incorporated into corn-pennycress-soybean rotation at an
estimated cost of 8.0 ¢ pound−1 at the crushing facility plant
gate. The crushing facility purchases pennycress oilseed and
converts it to bio-oil and pennycress meal cake providing
capital investors an assumed 12.5% expected rate of return
over investment if the crushing facility pays farmers 10.8 ¢
pound−1 for oilseed the year operations start and sells reactor-
ready feedstock at soybean forecast prices by the USDA and meal
cake at distillers’ dried grain with solubles historical prices (partial
cash flow projections are provided in the Appendix, with the
10.8 ¢ pound−1 cost of feedstock shown in line 3). Buying oilseed
above 10.8 ¢ pound−1, the MBP, would yield on average returns
on investment below the crushing facility capital investors’
expectation and would discourage reactor-ready feedstock
supply. Three crushing facilities are projected to supply bio-oil
to one Aviation Sustainability Center’s HEFA hypothetical
biorefinery as designed by Tanzil et al. (2021), which would in
turn supply SAF to the Nashville International Airport. Further
analysis of the MBP of pennycress oilseed is relevant particularly
because pennycress is currently not planted for commercial
purposes and the actual cost of production at deployment
time may differ from current budgets. To illustrate this,
Mousavi-Avval and Shah (2020) estimated that MSP of field
pennycress in Ohio varies from 8.5 to 11.5 ¢ pound−1; at the high-
end of this budget, prospective investors may not invest in the
pennycress crushing enterprise. In addition, the analysis in Trejo-
Pech et al. (2019) is based on deterministic parameters and an
assumed discount rate. In this study the work in Trejo-Pech et al.
(2019) is extended by incorporating two relevant risk
components into the analysis: 1) estimating the discount rate
to value the crushing facility investment (i.e., estimating a rate of
return based on investors’ expectations instead of assuming a
12.5% discount rate), and 2) performing stochastic simulation of
selected sensitive parameters affecting expected profitability of
the crushing facility. Our study focuses on the crushing facility
and considers field pennycress oilseed production cost and HEFA
biorefinery demand as exogenous to the crushing enterprise. Our
analysis provides additional insights regarding potential MBPs
for oilseed pennycress and permits to compare these values with
recent survey data on willingness to plant pennycress in Southern
US. In addition, this is the first study that estimates the discount
rate based on actual financial data from established biofuel firms.

According to finance theory, the discount rate is a hurdle rate
for investment decisions, meaning that it provides a clear-cut
decision rule: entrepreneurs would not establish the
abovementioned crushing facility if they had to pay farmers
more than 10.8 ¢ pound−1 for oilseed because their expected
annual return would be lower than 12.5% given assumed
projected output prices. However, in practice, the discount
rate is used more as a reference for investment decision
making than as a rigid hurdle for investment. This is because

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 7704793

Trejo-Pech et al. Stochastic TEA for Pennycress SAF

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


the estimation of a discount rate involves several inputs
that require projections based on historical values and rely
on models intended to capture capital investors’ expectations
according to the degree of risk borne. Thus, the first objective
of this paper is to determine the impacts of risk-adjusted
discount rates on the financial performance—particularly
through MBP of field pennycress—of the prospective
crushing facility featured in Trejo-Pech et al. (2019). For this
objective, methods used by financial practitioners (Graham and
Harvey, 2001; Jacobs and Shivdasani, 2012; Brotherson et al.,
2013; Graham and Harvey, 2018) and financial data from
companies operating in bioenergy-related industries are
employed.

It is common practice in bioenergy TEA studies to not
disclose assumptions and/or frameworks applied to estimate
the discount rates used in valuations.2 Yet, the importance of
the discount rate in prospective bioenergy investment has been
suggested in previous research. For instance, Lamers et al.
(2015) argue that biorefineries are highly risky investments
due to variability of feed stock supply and show that the
minimum selling price of fuel produced is highly sensitive
to the discount rate employed in biorefinery valuations. The
framework employed in this paper to estimate the discount
rate allows for a more insightful sensitivity analysis than
analysis conducted on an assumed point-estimate discount
rate value. Moreover, the discount rates estimated in this paper
could be used in other TEAs evaluating prospective bio-energy
investment, given that estimations are done for a variety of
biofuel companies.

The second objective of this study is to evaluate the effects
of stochastic cash flows on the financial performance of the
crushing facility. Like with to the first objective, we focus the
analysis on breakeven or MBPs. Trejo-Pech et al. (2019)
analysis relies on deterministic production and price
parameters and on one-way sensitivity analysis, whereas in
this study selected parameters at which the crushing facility’s
financial performance metrics are highly sensitive to, vary
stochastically. Pennycress bio-oil prices, pennycress meal
prices, and feedstock to bio-oil conversion rate are modeled
with stochastic distribution dynamics applied in previous
bioenergy studies (Petter and Tyner, 2014; Zhao et al., 2015;
Zhao et al., 2016). Outcomes of the stochastic analysis include
distributions of crushing facility’s expected return on
investment given alternative estimated discount rates,
potential maximum oilseed buying prices for the crushing
facility to financially breakeven, and stochastic sensitivity
analysis of selected variables. Overall, our analysis
combining estimated discount rates and stochastic
simulation provide a more robust assessment of profitability
and risk for a prospective crushing facility within a potential
SAF supply chain.

2 BACKGROUND AND LITERATURE
REVIEW

2.1 Discounted Cash Flow, the Weighted
Average Cost of Capital, and Hurdle Rates
The finance literature seems to concur that most US firms employ
a discounted cash flow (DCF) framework when evaluating
potential long-term investments. Jagannathan et al. (2016)
report that over 90% of surveyed chief financial officers
selected a DCF-related financial metric—net present value,
adjusted present value, internal rate of return or profitability
index—as one of their top two metrics used for investment
evaluation. Another study report that between 80 and 90% of
surveyed members of the Association for Financial Professionals
employ DCF to analyze prospective investment (Jacobs and
Shivdasani, 2012). Earlier studies also show that most financial
managers rely on DCF as the analytical tool to support their
investment decisions (Baker et al., 2010). Unsurprisingly, DCF is
widely applied in bioenergy TEAs as well (Campbell et al., 2018).

DCF-related metrics compare investment and projected free
cash flow (FCF) values, both expressed in present value terms. To
account not only for inflation but also for capital investors’
expected returns, projected FCFs are discounted by a risk-
adjusted opportunity cost of capital. Most of the
abovementioned survey-based studies report that financial
managers use the firm’s estimated weighted average cost of
capital (WACC) as a reference or baseline to define the
discount rate used for investment evaluations. The WACC
considers the mix of capital debt (D) and capital equity (E),
expected rates of return by debt and equity capital providers (Rd
and Re), and an income tax rate (t) that accounts for the fact that
interest payments are tax deductible:

WACC � D

D + E
× Rd × (1 − t) + E

D + E
× Re. (1)

Further, most surveyed managers indicate they apply the
capital asset pricing model (CAPM), by Sharpe (1964), to
estimate equity holders’ expected rate of return, Re in Eq. 1,
or opportunity cost of equity. For instance, Graham and Harvey
(2001) report that more than 70% of financial managers
responding a survey indicate applying CAPM to estimate Re.
CAPM is specified by:

Re � rf + β ×MRP, (2)

where rf is the risk-free rate, proxied by a US government issued
free of default security, and MRP is the market risk premium,
defined as the expected return by a market portfolio minus the
risk-free rate. The firm’s beta (β) is obtained by regressing the
firm’s historical stock or equity returns on the corresponding
market risk premia. According to the CAPM, risk of an individual
firm’s equity is measured by its beta, which estimates the firm
stock price’s sensitivity to overall price movements in the market,
the latter represented by a diversified market portfolio (Sharpe,
1964; Blume and Friend, 1973).

Estimating a risk-adjusted discount rate presents a couple of
challenges. First, no consensus exists among financial
practitioners regarding the specific proxies or inputs to use

2While most TEA studies provide detailed operating cost budgets, the discount rate
at which projected cash flows are discounted is generally assumed to be exogenous
to the firm or project under evaluation and no details on the assumptions for its
estimation are provided
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when estimating WACC and CAPM. Second, practitioners
appear to apply a discount rate that is higher than their
estimated WACC. In other words, even though some financial
managers estimate the firm’s WACC, they use it as a reference
and systematically chose a higher hurdle rate to evaluate
prospective investments (Jagannathan et al., 2016; Graham and
Harvey, 2018). Particular to the energy industry, the anomalous
use of high discount rates in the evaluation of energy efficient
projects has also been raised in previous research (Howarth and
Sanstad, 1995; Thompson, 1997). This is puzzling behavior by
financial practitioners because, as Eqs 1, 2 show, WACC captures
the cost of each capital or financing component according to its
risk level and corresponding expected return. This may also be
problematic for firm decision making since managers may forgo
economically attractive positive net present value (NPV) projects
by choosing artificially high discount rates. Challenges of
estimating the WACC through CAPM for the prospective
pennycress crushing facility are explained in the methods
section of this paper.

To recap, a framework including DCF financial metrics
that considers WACC and CAPM is well known and applied
by financial practitioners. In this study we estimate
WACC through CAPM and propose discount rates to use
when valuing biofuel investments. As an example, we apply
these discount rates to the prospective crushing facility
presented in Trejo-Pech et al. (2019), a firm purchasing
pennycress oilseed and converting it to bio-oil and
pennycress meal cake.

2.2 Stochastic Simulation
Most biofuel TEA studies are conducted with deterministic
models. While deterministic TEAs are usually analyzed by
providing an array of relevant scenarios on which selected
variables are changed while the rest of variables in the model
are kept constant, stochastic models have the potential to better
capture and model risk inherent on historical data. This is
because instead of using only point-estimates for relevant

variables, stochastic models simulate potential values drawn
from a series of historical data, according to a statistical
distribution and iterate the model thousands of times to
provide expected values or values at other percentile of the
distribution.

Stochastic simulation becomes particularly important in
models relying on highly uncertain variables. As an example,
deployment of the pennycress-based SAF supply chain of interest
in this study assumes that pennycress bio-oil will be sold at
soybean oil prices given the similarities between the oils extracted
from these two crops (Moser et al., 2009; Fan et al., 2013) and
because a market for pennycress bio-oil is not developed yet.
Figure 1 shows that while soybean oil prices have been relatively
stable lately, they have been highly volatile from a mid-term and
long-term perspective. In this study, this uncertainty is
incorporated into the analysis by projecting stochastic bio-oil
prices (and other variables) to the crushing facility DCF model
supplying bio-oil to the SAF supply chain. The stochastic
simulation approach taken in this study is similar to other
biofuel stochastic TEAs including Jeong et al. (2020), Lan
et al. (2020), McGarvey and Tyner (2018), Yao et al. (2017),
and Zhao et al. (2015).

3 METHODS

Coupling the estimation of WACC with CAPM is most suitable
for publicly traded companies. CAPM was conceived for publicly
traded firms because it requires firm’s market stock prices as
inputs to estimate the firm’s beta risk factor. However, private
firms such as the prospective crushing facility analyzed in this
study can use estimated WACC of comparable publicly
traded firms as a proxy for their own WACC. Brotherson
et al. (2013) for instance, document that 68% of surveyed
financial managers directly or indirectly benchmark and
adjust their estimated market betas (and by extension their
WACC given the connection between Eqs 1, 2) with betas of
comparable firms, companies operating in the same industry.
In this study, we estimate the WACC of publicly traded
biofuel firms from 2010 to 2020 and use aggregated
WACC estimations as a reference to estimate discount
rates for the biofuel industry.

Three discount rate values are estimated and incorporated
in the analysis: a most likely, a lower bound, and an upper
discount rate. To understand how these discount rates affect
profitability and risk of a firm converting pennycress oilseed
to bio-oil for the production of SAF, we make the 12-year FCF
(Appendix) projected in Trejo-Pech et al. (2019)3 stochastic,
F̃CF, and conduct DFC analysis using our estimated
discount rates.

FIGURE 1 | Soybean oil prices, April 2007 to December 2019. Note:
Figure 1 provides nominal and consumer price index (CPI) adjusted prices
expressed as of the end of 2019.

3The crushing facility, in the Appendix, was assumed to sell pennycress bio-oil at
soybean oil equivalent prices according to USDA projections. Pennycress meal
cake is assumed to be sold at projected prices of distillers’ dried grain with solubles,
according to USDA projections as well. In this study, those variables are stochastic
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3.1 Financial Data and Parameters for the
Deterministic Analysis
3.1.1 Firms in the Sample
Companies producing SAF include Alt Air Paramount
(acquired by World Energy), Neste Oyj, Gevo Inc., Virent
Inc., and Velocys PLC. (Trejo-Pech et al., 2019; Khanal and
Shah, 2021; Tanzil et al., 2021). Gevo Inc. is chosen as one of
the companies to include in the sample of firms to analyze in
this study because, unlike the other aforementioned firms,
Gevo is a publicly traded company listed in a US stock
exchange market. To identify additional firms for the
sample, a list of firms considered Gevo Inc.’s peers in the
Standard and Poor’s Net Advantage: Capital IQ database,
Peer Analysis submodule is used (Standard and Poor’s,
2021).

As of June 2021, Standard and Poor’s listed 11 firms
comparable to Gevo Inc. From this list, we selected firms
meeting the following specifications: 1) the firms operated in
business segments closely related to the SAF supply chain, 2)
the firms had equities traded in a US stock exchange, and 3)
the firms had financial accounting and stock prices data
available in the two finance databases used in this study
to obtain inputs for the WACC and CAPM estimations.
Eight firms fulfilled the requirements. The sample
includes REX American Resource Corporation (equity
ticker REX), Valero Energy Corporation (VLO), Nov Inc.
(NOV), Aemetis Inc. (AMTX), Alto Ingredients Inc.
(ALTO), Green Plains Inc. (GPRE), Gevo Inc. (GEVO),
and Renewable Energy Group (REGI). We estimated the
WACC through CAPM for these biofuel firms each
quarter from 2010 to 2020.

3.1.2 Financial Databases
Financial data are obtained from databases maintained by
Wharton Research Data Services (WRDS, 2021). WRDS is a
paid subscription-based finance data provider primarily for
researchers. In particular, individual firm financial statement
data are obtained from Compustat North America
Fundamental Quarterly (Compustat) and Financial Ratios
Firm Level by WRDS (Financial Ratios). Firms’ betas are
estimated in Beta Suite by WRDS (Beta Suite).

3.1.3 WACC and CAPM
Using Eq. 1, WACC for individual firms is calculated every
quarter given that publicly traded firms report their financial
statement to the US Securities and Exchange Commission each
quarter. Total debt, D in Eq. 1, is computed as short-term debt
plus long-term debt, both accounts obtained from
COMPUSTAT. For equity, E, the firm’s market value is
used instead of the firm’s book value of equity (Flannery
and Rangan, 2006; Trejo-Pech et al., 2015). Market value of
equity is calculated by multiplying the firm’s number of shares
outstanding times its closing stock price by the end of the
quarter, as reported in COMPUSTAT. The cost of debt, Rd, is
primarily obtained from Financial Ratios by WRDS, defined as
total accumulated annual interest expenses divided by average

total debt.4 A 17% income tax rate, t, based on the Aviation
Sustainability Center’s guidelines for investment evaluation, is
assumed (Tyner and Brandt, 2019). Finally, Re, the cost of
equity is estimated using CAPM—Eq. 2—as explained next.

Firms’ systematic risk measures, betas, are estimated using the
software Beta Suite by WRDS. Beta Suite estimates the following
rolling regression and provides firm beta parameters:

ri,t − rft � αi + βi,tERt + εi,t (3)

where ri,t is equity or stock return for firm i during period t and
ERt is the Fama and French’s excess return on the market during
period t (Fama and French, 1993). The latter is defined as the
difference between the value-weighted return of a diversified
portfolio of all firms with available data trading on the NYSE,
AMEX, or NASDAQ stock exchanges minus the corresponding
1-month US Treasury bill rate (the risk-free rate of return in time
t or rft). Firms’ betas are estimated by Beta Suite on a rolling
basis from January 2010 to December 2020. The model uses
regular monthly rates of return, calculated as Pricemonth t

Pricemonth t−1 − 1. We
specify betas to be estimated using 60 monthly returns whenever
available in Beta Suite. For firms with less than 60 monthly
returns, we restricted the model to estimate betas only if the firms
had returns for at least 36 months or 3 years. These 3 and 5 years
length windows are commonly used in practice (Brotherson et al.,
2013).

Betas estimates, β̂i,t, from Eq. 3 are used to compute individual
firm’s equity investors expected rate of return according to
CAPM, Eq. 2.

For firms/quarters for which no betas could be estimated with
Equation (3) due to lack of data, we estimated betas using the
following relationship (Asquith 1993; Schill 2017):

βL � βU × [1 + (1 − t) × D

E
] (4)

where βL is levered beta, βU is unlevered beta, t is the tax rate, and
D / E is the debt to equity ratio. First, using estimated betas with
Eq. 3, also known as levered betas βL,i,t, we estimated unlevered
betas (i.e., potential beta values assuming zero debt) per firm/
quarter, βU,i,t, according to Eq. 4. Next, we estimated the mean of
unlevered betas each year. Finally, we calculated the beta for
firms/quarters lacking beta estimates, by re-levering the
unlevered beta; that is, estimating βL in Eq. 4 the mean of
unlevered betas for the corresponding year and the
corresponding debt and equity values of firms in the specific
quarter the beta estimate was missing. In other words, for firm/
quarters on which betas could not be estimated with regression
analysis due to lack of market data, betas were estimated using
comparable or industry market betas during the year.

Financial analysts and managers use market premia varying
between 5 and 8% annual returns (Brotherson et al., 2013). In this
study, the mid-point in previous studies, MRP � 6.5%, is
assumed. A 2% risk-free rate, rf is applied, which

4When this ratio was unavailable in the Financial Ratios database, we calculated it
using data from COMPUSTAT. We divided interest expenses during a quarter by
average assets and multiplied it by four to have the ratio expressed in annual terms
and make this figure comparable to the values in Financial Ratios
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approximates the average of the daily annualized rates for the
long-term composite rate during the year 2020, according to the
US Department of Treasury.5

3.1.4 Discount Rates
The WACC estimations are used as a reference to determine
hurdle or discount rates for the biofuel industry. The
corporate finance literature reports that even though
managers estimate their firms’ WACC (through CAPM),
they use a higher discount rate—relative to their calculated
WACC—as the discount rate for DCF analysis and investment
decisions. Graham and Harvey (2018) report that firms add
400 basis points to their estimated WACC when setting their
discount rates for valuation analysis purposes; i.e., discount
rate � WACC + 0.04. We follow this approach, adding 4
percent points to each of the following: 1) the median of our
estimated WACC values across biofuel firms (considered the
most likely discount rate for the biofuel industry), 2) the first
quartile WACC (lower bound), and 3) the third quartile
WACC (upper bound).

3.2 Stochastic Discounted Cash FlowModel
Uncertainty is incorporated into the DCF analysis by
performing stochastic simulation. Free cash flows
(i.e., deterministic FCF in the Appendix) are made
stochastic, F̃CF, along with the corresponding financial
metrics—ÑPV and M̃IRR— that are function of F̃CF.
Trejo-Pech et al. (2019) assume that crushing facility output
prices are deterministic; that is, pennycress bio-oil and
pennycress meal cake are sold at soybean oil and distillers’
dried grain with solubles (DDGS) prices as projected by the
USDA. In this study, pennycress bio-oil prices and pennycress
meal prices are modeled to vary stochastically following a
Program Evaluation and Review Technique (PERT)
distribution. The PERT distribution was chosen for two
reasons: 1) previous bioenergy TEAs have modeled prices
assuming PERT (Petter and Tyner, 2014; Zhao et al., 2015;
Zhao et al., 2016), and 2) the PERT distribution fitted relatively
well, according to the Akaike information criterium, the
historical price data used to model prices in this study.
Pennycress feedstock to bio-oil conversion rates during the
oil extraction process are modeled with a PERT distribution as
well. Monte Carlo simulations are performed with @RISK®
(Palisade, 2018).

Simulated crushing output prices are drawn from a sample
of market prices for soybean oil and DDGS obtained from
AMS USDA (2019). The sample has monthly prices from
April 2007 (the oldest obtainable price series for both
products in this database) to December 2019 (the year the
crushing facility analyzed by Trejo-Pech et al. (2019) was

assumed to start selling pennycress biofuel and meal). The
simulations also assume a correlation coefficient � 0.623 for
pennycress bio-oil and pennycress meal prices, which is the
correlation observed in the price series during the 2007–2019
period. The feedstock to bio-oil conversion rate simulations
use a most likely value parameter of 0.329, with the minimum
equal to 0.315, and the maximum equal to 0.340, according to
reported pennycress oilseed to bio-oil conversion rates in the
literature (Evangelista et al., 2012; Fan et al., 2013; Altendorf
et al., 2019; Chopra et al., 2019; Metro Ag Energy, 2019).

Simulations, conducted in @RISK®, resulted in stochastic FCF
estimates using the deterministic crush facility developed in
Trejo-Pech et al. (2019) (Appendix 1). The F̃CF estimates are
discounted at our most likely, lower bound, and upper bound
estimated discount rates (discussed in the previous section),
to compute ÑPV and M̃IRR for the crushing enterprise.
Output prices and bio-oil crushing conversion rates are
simulated every year during the 10-year forecast
production period.6 The simulations are conducted using
10,000 iterations.

Three sets of results are discussed: stochastic breakeven prices
or MBPs, distributions of M̃IRR, and stochastic sensitivity
analysis. First, we calculate the maximum price the crushing
facility could pay farmers for each pound of pennycress oilseed
and financially breakeven, also referred as MBP in this study.
Breakeven is defined as the condition at which the crushing
enterprise is projected to yield ÑPV � 0, or equivalently, M̃IRR
� discount rate, holding all other parameters and assumptions of
the DCF model constant. Each stochastic breakeven price is
estimated separately by discounting F̃CF across the three
discount rates and applying the Advanced Goal Seek tool of
@RISK®.

Second, using our most likely discount rate estimate and its
corresponding stochastic expected breakeven price value, we
discuss the probabilities of M̃IRR for the crushing facility
reaching certain thresholds: the most likely estimated discount
rate, the minimum rate to service debt, and the likelihood of
falling under financial distress. Finally, using the Advanced
Sensitivity Analysis tool of @RISK®, we provide results for
alternative scenarios, considering deviations from the baseline
parameters of capital expenditures (CAPEX), income taxes,
and feedstock prices. These variables are selected due to the
following reasons. CAPEX represents a high capital amount in
this enterprise, i.e., $74.5 million (Appendix, line 8), and
estimated CAPEX values in biofuel are subject to variability
(Bann, 2017; Zhao et al., 2015; Zhao et al., 2016). Income tax
rate assumed in Trejo-Pech et al. (2019) is high (at 40%)
relative to Aviation Sustainability Center’s guidelines for
investment evaluation at 17% (Tyner and Brandt, 2019).
Finally, feedstock procurement price is widely recognized as
one of the most important components in biofuel studies (Tao
et al., 2017).

5Treasury rates are available at: https://www.treasury.gov/resource-center/data-
chart-center/interest-rates/pages/textview.aspx?data�longtermrate. The long-term
composite rate is the average rates of US Treasury securities maturing in ten or
more years, consistent with the investment horizon of the crushing enterprise
(Appendix).

6While the model uses 12-year projected FCF, the construction of the facility takes
place the first 2 years, and production is assumed during 10 years (Appendix).
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4 RESULTS AND DISCUSSION

4.1 The Weighted Average Cost of Capital
and Discount Rates for Biofuel Firms
Summary statistics of the weighted average cost of capital,
WACC, and WACC-related variables for the eight biofuel
firms in the sample are provided in Table 1. With the
exception of beta and number of observations in the sample
(n), results in Table 1 are presented in annual basis. Variables in
Table 1 were computed every quarter from 2010 to 2020.

EstimatedWACC of 314 biofuel firm/quarters is on average 11%
annually, with a median value of 10%, a 25th percentile or first
quartile (Q1) value of 8%, and third quartile (Q3) value of 13%. As
explained below, the median, Q1, and Q3 values are used as
references for the determining financial viability analysis of the
pennycress crushing facility. Firms in the sample have a debt to
capital ratio, DtoC, of 35% (average) and 33% (median), indicating
that about one third of the capital in these firms is financed with debt
and two thirds with equity.7 Interest rates, Rd, represent on average
9% with a median of 6%, and the expected return on equity, Re,
estimatedwith CAPM, equals 13% on average with amedian of 12%.
This is consistent with finance theory indicating that equity capital
providers, those that bear the firm’s residual risk, are expected to
earn a higher rate of return than debt finance capital providers.

Table 1 also provides beta, the firm’s systematic risk factor.
Biofuel firms in the sample have beta values of 1.72 (mean) and
1.50 (median), indicating that these companies are riskier than
the “average” firm in the market.8 This is consistent with the fact

TABLE 1 | Descriptive statistics of WACC and its relevant components for eight
biofuel firms from 2010 to 2020.

Variable n Mean S.D. Min Q1 Median Q3 Max

WACC 314 0.11 0.04 0.06 0.08 0.10 0.13 0.31
DtoC 314 0.35 0.24 0.00 0.18 0.33 0.53 0.96
Rd 314 0.09 0.08 0.00 0.05 0.06 0.13 0.51
Re 314 0.13 0.05 0.03 0.10 0.12 0.15 0.33
Beta 314 1.72 0.81 0.17 1.19 1.50 2.04 4.77
Discount rate 0.12 0.14 0.17

WACC, is the weighted average cost of capital (Eq. 1). DtoC is debt to investment, where
debt is short-term debt plus long-term-debt and investment is debt plus market value of
equity, the latter calculated by multiplying the firm’s stock price as of the end of each
quarter times the number of shares outstanding. Rd is the cost of debt, obtained from the
Financial Ratios database, which directly provides the actual cost of debt by dividing
interest payments over the previous 4 quarters by average debt in the previous 4
quarters. Re is the expected cost of equity, estimated with CAPM (Eq. 2). Beta is
obtained from regression analysis performed by the Beta Suite software/database, using
60 months when available (minimum 36 months) of firm’s stock, market index and US,
treasury bill returns. Discount rate � WACC + 0.04. Number of biofuel firms/quarter is
denoted by n, standard deviation is S.D., minimum (maximum) value is Min (Max), andQ1
and Q3 indicate first and third quartile.

TABLE 2 | Statistics of WACC and beta across firms in the sample from 2010
to 2020.

Variable n Mean S.D. Min Q1 Median Q3 Max

REX
WACC 42 0.10 0.03 0.06 0.07 0.09 0.12 0.16
Beta 42 1.31 0.35 0.85 1.01 1.21 1.60 2.16

VLO
WACC 43 0.10 0.02 0.08 0.08 0.10 0.11 0.14
Beta 43 1.47 0.32 0.92 1.18 1.45 1.75 2.10

NOV
WACC 43 0.10 0.02 0.07 0.08 0.11 0.12 0.13
Beta 43 1.52 0.31 0.91 1.32 1.60 1.75 2.15

AMTX
WACC 30 0.15 0.04 0.09 0.11 0.15 0.17 0.25
Beta 30 1.60 1.23 0.17 0.58 1.36 1.91 4.74

ALTO
WACC 37 0.11 0.02 0.09 0.10 0.11 0.12 0.14
Beta 37 2.13 0.96 1.02 1.43 1.98 2.54 4.77

GPRE
WACC 43 0.08 0.01 0.06 0.08 0.08 0.09 0.10
Beta 43 1.71 0.40 1.17 1.36 1.57 2.07 2.46

GEVO
WACC 40 0.18 0.06 0.08 0.12 0.19 0.22 0.31
Beta 40 2.56 1.18 0.82 1.24 2.70 3.42 4.63

REGI
WACC 36 0.10 0.01 0.08 0.08 0.10 0.11 0.12
Beta 36 1.51 0.45 0.91 1.15 1.44 1.85 2.37

REX, is the stock ticker of American Resource Corporation; VLO, is the ticker for Valero
Energy Corporation; NOV, is the ticker for Nov Inc., AMTX, is the ticker for Aemetis Inc.,
ALTO, is the ticker for Alto Ingredients Inc., GPRE, is the ticker for Green Plains Inc.,
GEVO, is the ticker for Gevo Inc., and REGI, is the ticker for Renewable Energy Group.
Number of biofuel firms/quarter is denoted by n, standard deviation is S.D., minimum
(maximum) value is Min (Max), and Q1 and Q3 indicate first and third quartile. Weighted
average cost of capital (WACC) values are expressed on an annual basis. Beta is a
normalized metric, with a value of 1.0 representing the risk of a diversified portfolio or a
company with an average market risk level. Firm/quarter betas are estimated by rolling
regression according to Eq. 2. For firm/quarters on which betas could not be estimated
with regression analysis due to lack of market data, betas were estimated using
comparable or industry market betas during the year, according to Eq. 4.

FIGURE 2 | Estimated WACC and beta values per quarter from 2010 to
2020. Note: Figure 2 provides WACC and beta estimations for each biofuel
firm in the sample. Biofuel firms in the sample are indicated in Table 2.

7Following “best practices” reported in the literature, we used the market value of
equity, instead of the book value of equity, for all the estimations in this paper
(Flannery and Rangan, 2006; Trejo-Pech et al., 2015). Untabulated results indicate
that the debt to capital ratio (using book value of equity) for firms in the sample has
a 54% mean and 44% median
8The beta of a diversified portfolio equals 1.0, with a beta value higher than 1.0
indicating higher risk and vice versa
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that biofuel firms operate in a highly uncertain environment in
which the financial impact of using some technologies is yet to be
proven successful (Lamers et al., 2015).

The estimates in Table 1 are relatively stable across bio-oil
firms and over time. Table 2 provides descriptive statistics of
WACC and beta for each firm in the sample, and Figure 2 plots
WACC and betas over time. AMTX and GEVO have higher
WACCs compared to the rest of firms in the sample, consistent
with AMTX having the highest leverage level across firms and
GEVO perceived by investors as highly risky given the firm’s beta
(Table 2). However, average WACC for these firms (15 and 18%
respectively) are within the range of WACC used in biofuel TEA
studies (Tanzil et al., 2021). Figure 2 shows the majority of
estimated WACC values are clustered around 7 and 15% and the
majority betas are between 1.00 and 2.50. A few higher WACC
and betas seem to concentrate within the 2014–2017 period.

The last row of Table 1 contains estimated discount rates for
the biofuel industry, which are the hurdle rates to use for the
analysis of the prospective crushing facility in the SAF supply
chain. As explained in the methods section of this paper, these
discount rates are calculated by adding 4 percent points (Graham
and Harvey, 2018) to our estimated most likely, lower bound, and
upper bound WACC values. The discount rates are 14, 12, and
17% respectively. These rates are higher than discount rates used
in similar pennycress valuations. For instance, Stevens and
Taheripour (2020) and Mousavi-Avval and Shah (2021)
assume 10%. Given that the higher the risk and discount rate
of any prospective enterprise, the lower is the MBP the firm could
pay farmers, this finding implies that previous studies
overestimate input MBP, holding other factors constant.

4.2 Stochastic DCF Model
Simulation is incorporated into the analysis by assuming that
pennycress bio-oil price, pennycress meal cake price, and
pennycress oilseed to bio-oil conversion rate vary
stochastically according to a PERT distribution draw from
historical prices and conversion rates from previous research.
Applying the Distribution Fitting | Fit Manager module in
@RISK®, the PERT distribution was consistently ranked
among the top distributions (15 or more distributions
depending on the stochastic variable) best fitting the data in
this study, according to the Akaike information criterium. F̃CF
were discounted at the estimated discount rates, i.e., 12, 14, and
17%, to compute ÑPV and M̃IRR.

4.2.1 Stochastic Breakeven Prices
Discount rates for the crushing enterprise directly affect oilseed
buying prices. We determine the maximum price the crushing
facility could pay farmers for each pound of oilseed pennycress
feedstock and financially breakeven; i.e., ÑPV � 0, or
equivalently, M̃IRR � discount rate. At breakeven, the sum of
projected cash inflows during the 12 years equals the value of
CAPEX plus working capital investment, all expressed at present
values. Stochastic breakeven prices or MBPs, estimated separately
by discounting F̃CF across alternative discount rates, are
provided in Table 3. The stochastic breakeven prices in
Table 3 are the mean and median of simulated breakeven

prices. Stochastic breakeven prices, ranging from 10.18 to
11.73 ¢ pound−1 are the counterparts of the deterministic
10.80 ¢ pound−1 breakeven price point-estimate in Trejo-Pech
et al. (2019) (Appendix, line 3).

A crushing facility with a 14% discount rate, the most likely
discount rate, will breakeven if farmers are paid on average
10.77 ¢ pound−1 (mean of simulated prices) or 11.30 ¢
pound−1 (median of simulated prices) of pennycress feedstock
during the first year of operation. If the crushing facility is less
risky than the ‘average’ firm in this industry and has a 12%
discount rate, the breakeven price would be 11.15 ¢ pound−1

(mean) or 11.73 ¢ pound−1 (median). In contrast, a highly risky
crushing facility with a 17% discount rate has an oilseed
breakeven price of 10.18 ¢ pound−1 (mean) or 10.60 ¢ pound−1

(median). The higher the risk and discount rate of the prospective
enterprise, the lower is the MBP the firm could pay farmers, and
in consequence, the less likely is that farmers will supply feedstock
to the prospective SAF supply chain. The next section analyzes
the distribution of profitability for the prospective crushing
enterprise.

4.2.2 Profitability and Risk for the Most Likely
Breakeven Price
Figure 3 provides the distribution of M̃IRR for the pennycress
crushing facility. For this simulation, the model uses a 14%
discount rate—the most likely estimate—and assumes farmers
are paid 10.77 ¢ pound−1 for oilseed pennycress feedstock, which
is the average breakeven price (at 14% rate) calculated in the
previous section. The distributions indicate that there is
approximately 57% probability of this enterprise yielding
M̃IRR ≥ 14%. This is the probability that the firm would
have—on average during the life of the project—enough cash
inflows to pay interest expenses, principal at the maturity of the
loan, and pay back or retain equity owners’ capital at or above
their expected rate of return. In contrast, there is around 43%
probability of this enterprise yielding M̃IRR < 14%, or
equivalently ÑPV < 0. Obtaining a negative NPV does not
necessarily imply that the crushing facility would experience
losses, but rather means that equity capital providers would
receive an expected rate of return below their expectations
(based on CAPM plus 4 percent points in this application).

Furthermore, as shown in Figure 3, a M̃IRR equal or higher
than 6% but lower than 14% (i.e., 6% is the median cost of debt,
Rd, in Table 1) is 31% likely to occur. Within this range of
M̃IRR, the crushing enterprise produces enough cash to pay
back debt capital providers, but equity capital providers
obtain a return below their expectations. Finally, there is
approximately 11% probability that the crushing enterprise
would yield a M̃IRR below 6%, which would put the crushing
facility under financial distress as the firm would not have
enough cash to service its debt unless additional capital were
injected into the firm.

The distributions of M̃IRR using the median breakeven price
(11.3 ¢ pound−1 at the same 14% rate) calculated in the previous
section, are shown in Figure 4. Since the median breakeven price
the crushing facility would pay farmers is higher than the mean
breakeven price, the probability distribution changed a little. The
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probability of M̃IRR ≥ 14% is approximately 50% and of M̃IRR ≥
6< M̃IRR <14%, is 17.5%.

4.2.3 Stochastic Sensitivity
Table 4 provides statistics of M̃IRR for the prospective crushing
facility when CAPEX, income tax rates, and pennycress oilseed
buying prices are changed ±3.33% and ±10.00% from the
baseline. Simulating the same changes across CAPEX, taxes,
and oilseed prices facilitates the visualization of M̃IRR ’s
sensitivity to these selected variables, as illustrated in Figure 5.
As expected, requiring a lower (higher) CAPEX investment
would yield a higher (lower) M̃IRR relative to the 14.00%
baseline. For instance, deviating ±10% would produce mean
M̃IRR � 13.4% (M̃IRR � 14.90%). Similarly, lower (higher)
income tax rates and oilseed buying prices yields a higher (lower)
M̃IRR. CAPEX, taxes, and oilseed buying prices are reported as
variables biofuel models are highly sensitive to; in particular,
oilseed buying price, the focus of this study, has been reported to
be the most sensitive variable and represents about 68% of total
operating costs of a biorefinery (Tao et al., 2017). Consistently,
the slopes of the lines in Figure 5 and standard deviation values in
Table 4 show that expected profitability of a prospective crushing
facility supplying SAF is most sensitive to oilseed buying prices

when output prices of bio-oil and meal cake and extraction
conversion rates vary stochastically.

4.2.4 Implications
Overall, the distributions of M̃IRR suggest the crushing enterprise
could be economically attractive when F̃CF are discounted at the
most likely estimated discount rate of 14%. However, the likelihood
of the firm being under financial distress is relatively high at 11 and
17% if the crushing facility pays farmers the mean or median of
simulated oilseed prices respectively. In such a situation the firm
would not produce enough cash to service debt unless additional
capital were raised. This financial implication is an important
consideration for potential SAF supply chain stakeholders.

Furthermore, the estimated MBPs in this study may not be
sufficient to incentivize farmers to supply pennycress oilseed for SAF
production. Zhou et al. (2021) recently surveyed farmers in seven
Mid-South US states, finding that farmers ranked “profitability of
growing pennycress crops compared with other farming
alternatives” and “concern about the market for pennycress as an
energy crop” as their top barriers to growing pennycress. In contrast,
surveyed farmers reported “additional source of income” as themost
important potential benefit of growing pennycress. The potential
barriers perceived by farmers shows that the oilseed price crushing

TABLE 3 | Stochastic oilseed breakeven prices or MBPs a prospective crushing facility could pay farmers for pennycress feedstock across estimated discount rates.

Most likely (14%) Lower bound (12%) Upper bound (17%)

Mean of stochastic breakeven prices (¢ pound−1) 10.77 11.15 10.18
Median of stochastic breakeven prices (¢ pound−1) 11.30 11.73 10.60

Stochastic breakeven prices are defined as pennycress buying prices yielding a ÑPV � 0 or M̃IRR � discount rate for the crushing enterprise. The most likely estimated discount rate is
14%, with lower and upper bounds estimated at 12 and 17% respectively. Each stochastic breakeven price is computed separately by discounting F̃CF across the three discount rates
and applying the Advanced Goal Seek tool of @RISK

®
.

FIGURE 3 | Simulations of MIRR (%) for the pennycress crushing facility (10,000 iterations) using a 14% discount rate, and assuming pennycress feedstock bought
at 10.77 ¢ pound−1, which is the average stochastic breakeven price.
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facilities could offer farmers is a key determinant of deployment of a
SAF supply chain. Zhou et al. (2021) found that among the 58% of
farmers who responded indicated interest in growing pennycress.
Interested farmers would be willing to plant this crop if the price
were set at 12.70 ¢ pound−1, which is higher than the range of
estimated MBPs, or breakeven prices, in this study; 10.18 to 11.73 ¢
pound−1. In addition, 88% of farmers interested in planting
pennycress would do so under production contracts, given the
high risk they perceive for the uncertain market for oilseed to be
converted to SAF. This represents another challenge for the
prospective crushing facility and deployment of a SAF supply
chain. Zhou et al. (2021) findings suggest that efforts to promote

pennycress familiarity among farmers, reaching larger farms and
more educated farmers, would increase farmers willingness to plant
pennycress. Some of these efforts would represent additional costs
for stakeholders in this supply chain though. This implication of our
findings is similar toMcCollum et al. (2021), who analyze canola as a
potential SAF feedstock in western US, finding that canola prices
need to considerably increase from typical levels to induce enough
supply, and suggesting biorefineries to consider compensating
farmers for a share of the variable cost of production to ensure
sufficient oilseed feedstock supply. Thus, future studies on potential
contractual agreements between group of farmers producing feedstock
and processors and/or biorefineries are worthwhile. Also, studies

FIGURE 4 | Simulations of MIRR (%) for the pennycress crushing facility (10,000 iterations) using a 14% discount rate, and assuming pennycress feedstock bought
at 11.30 ¢ pound−1, which is the median stochastic breakeven price.

TABLE 4 | Stochastic sensitivity analysis of M̃IRR.

Evaluated metrics Mean Standard deviation 5% perc 95% perc

CAPEX
−10.00% 0.149 0.061 0.030 0.228
−3.33% 0.143 0.059 0.028 0.221
+3.33% 0.138 0.057 0.027 0.215
+10.00% 0.134 0.056 0.026 0.209

Income tax rate
−10.00% 0.144 0.061 0.026 0.223
−3.33% 0.142 0.059 0.027 0.220
+3.33% 0.140 0.057 0.028 0.216
+10.00% 0.137 0.056 0.030 0.212

Feedstock buying price
−10.00% 0.166 0.043 0.084 0.227
−3.33% 0.150 0.053 0.049 0.221
+3.33% 0.131 0.064 0.004 0.215
+10.00% 0.110 0.078 -0.048 0.208

M̃IRR values estimated applying the Advanced Sensitivity Analysis tool of @RISK
®
,

assuming ±3.33% and ±10.00% from the baseline values. Baseline values are CAPEX �
$74.5 million (Appendix, line 8), income tax rate � 40%, and feedstock buying price �
10.8 ¢ pound−1, projected during the first year of operation (Appendix, line 3).

FIGURE 5 | Stochastic sensitivity graph. Notes: Mean of MIRR (vertical
axis) vs percentage change of selected inputs (CAPEX, income tax rate, and
feedstock buying price) at 14% discount rate, the most likely estimated
discount rate. Simulations performed with the Advanced Sensitivity
Analysis tool of @RISK

®
.
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analyzing risks borne by enterprises in a prospective SAF supply chain
(e.g., farmers, processors, and biorefineries) may also help to accelerate
SAF production. The latter would ultimately help to estimate with
more precision input and output prices and expected profitmargins for
SAF stakeholders. Finally, as shown by the sensitivity analysis in this
study, profitability for the prospective crushing facility is most sensitive
to pennycress buying price, which reinforces the importance of this
TEA focused on pennycress feedstock.

This study does not address the potential impact of government
incentives such as Renewable Identification Numbers and other
subsidies such as tax credits and loan guarantees since it is assumed
that these benefits accrue to the biorefinery. As indicated above, a
better understanding of the risk borne by SAF enterprises may
provide insights on policies distributing those incentives across
supply chain players. Previous research has highlighted the major
role played by these incentives on SAF production, but also
recognized that the precise nature of the impact on aviation fuel
pathways is complex (Eswaran et al., 2021). Thus, those incentives
are left outside the scope of this analysis. Related policies that may
help SAF deployment are: governmental financing for establishing
the market for the by-products of pennycress-based SAF (Mousavi-
Avval and Shah, 2020) and tax incentives at the farmer level for
production of oilseed feedstock for SAF conversion (McCollum
et al., 2021). These recommended policies are in consistencywith our
findings in this study, as discussed above.

5 CONCLUSION

This stochastic TEA studies the profitability and risk of a
pennycress oilseed crushing enterprise buying pennycress
oilseed from farmers, extracting the bio-oil (and producing meal
cake as a byproduct) and selling bio-oil to a biorefinery that will
convert bio-oil into SAF. A crushing enterprise could play an
important role on deployment of a SAF supply chain due to its
direct contact with farmers growing field pennycress, the feedstock
for SAF. Feedstock availability at attractive prices represents the
first hurdle for the implementation of this potential supply chain.

Given the relevance of the crushing enterprise within the supply
chain, a previous study that projected long-term cash flows for a
prospective crushing facility was further analyzed. The deterministic
model was converted into a stochastic one by simulating pennycress
bio-oil prices, pennycress meal cake prices, and oilseed to bio-oil
conversion rates according to a PERT distribution drawing values
from a series of historical prices of soybean oil and DDGS as proxies
for bio-products prices and conversion rate parameters from
previous research. This made the projected cash flows of the
crushing facility stochastic.

In addition, we estimated risk-adjusted discount rates appropriate
for biofuel investment valuations using financial and market data of
a group of biofuel firms publicly trading their stocks in US stock
exchange markets. Most likely, lower bound, and upper bound risk-
adjusted discount rates were estimated at 14, 12, and 17%
respectively. We discounted the stochastic projected cash flows
using the risk-adjusted rates and provided an array of outcomes
on the profitability and risk of the crushing facility. The primary

analysis focus was on stochastic breakeven prices or MBPs the
crushing facility could pay farmers for pennycress oilseed; that is,
prices that would produce a zero net present value for the crushing
enterprise, which would in turn allow the firm to pay both debt
capital and equity capital funders their expected rate of return.
Breakeven prices ranged between 10.18 and 11.73 ¢ pound−1,
depending on the most likely, lower bound and upper bound
discount rates. Given the overall results in this study, profitability
and risk factors of the crush facility that represent a challenge for the
establishment of the crushing facility and in consequence
deployment of the SAF supply chain in Southern US were discussed.

Overall, this study finds that while pennycress is a promising
feedstock for SAF production providing economic benefits to
farmers and ecosystem services, there are still barriers for a
viable supply chain deployment. This study focuses on the
financial challenges for the prospective processor given the
inherent risk in the crushing enterprise and farmers’ willingness
to plant pennycress given potential prices reported in related
research. Previous research also shows that SAF production
with pennycress is economically competitive compared to other
promising feedstocks, but MSP of biofuel—without considering
incentives—is still above the price of petroleum-based jet fuel.
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APPENDIX

Forecast free cash flows yielding NPV � 0 and MIRR � 12.5%
with pennycress feedstock buying price � 10.8 ¢ pound−1 during
the first year of operation

Id Item\year 1 2 3 4 5 6 7 8 9 10 11 12

1 Revenues 85.33 88.66 90.85 92.20 93.04 94.06 99.91 101.57 103.08 104.95
2 Feedstock cost 57.05 59.28 60.74 61.64 62.20 62.88 66.79 67.90 68.91 70.16
3 Feedstock cost per unit (¢ pound−1) 10.8 11.3 11.5 11.7 11.8 11.9 12.7 12.9 13.1 13.3
4 Depreciation 14.87 11.89 9.51 7.61 6.09 4.87 4.87 4.87 4.87 4.87
5 Other costs 9.48 9.64 9.79 9.93 10.07 10.24 10.55 10.75 10.95 11.17
6 Operating income −6.90 −3.41 −0.73 1.31 2.86 4.11 5.01 5.15 5.25 5.42
7 NOPAT 2.36 4.71 6.49 7.81 8.81 9.64 10.62 10.83 11.01 11.25
8 CAPEX 37.73 37.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 ΔNOWC 14.39 −0.11 −0.14 −0.16 −0.15 −0.07 0.75 0.24 0.22 0.26
10 Residual value 16.35
11 FCF −37.73 −37.73 2.84 16.71 16.14 15.58 15.04 14.57 14.74 15.46 15.66 32.21

Source: Adapted from Trejo-Pech et al. (2019). Notes: Figures in USD millions, except feedstock cost per unit (item 3). NOPAT is net operating profits after taxes; CAPEX is capital
expenditures; ΔNOWC is year-to-year change in net operating working capital; FCF is free cash flow defined as FCF � NOPAT + DEP − CAPEX − ΔNOWC + residual value. and residual
value is book value of investment the last year.
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