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This paper quantifies the impact of different policy options on the economic viability of
sustainable aviation fuel (SAF) production technologies. The pathways considered include
isobutanol to jet from corn grain, hydroprocessed esters and fatty acids (HEFA) from
inedible fats and oils, HEFA from palm fatty acid distillate, synthesized iso-paraffins from
sugarcane, Fischer-Tropsch (FT) gasification and synthesis from municipal solid waste,
and micro FT from wood residues. The policies considered include feedstock subsidies,
capital grants, output based incentives, and two policies intended to reduce project risk.
Stochastic techno-economic analysis models are used to quantify the policies’ impact on
project net present value and minimum selling price of the middle distillate fuel products.
None of the technology pathways studied are found to be financially viable without policy
aid. The median total policy costs required for economic viability range from 35 to 337
million USD per production facility, or 0.07–0.71 USD/liter. Our results indicate that the
cumulative impact of multiple policies, similar in magnitude to analogous real-world fuel
policies, could result in economically viable SAF production.

Keywords: sustainable aviation fuel, monte-carlo simulation, environmental policy, biofuels, techno-economic
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1 INTRODUCTION

Prior to the COVID-19 pandemic, commercial aviation accounted for approximately 2% of total
anthropogenic greenhouse gas (GHG) emissions. Assuming a recovery in the sector, and in the
absence of mitigation measures, this is expected to grow to 5% by 2035 due to air traffic growth. At
the same time, regional, national, and international policies are taking shape to address the challenge
of mitigating the climate impacts of aviation (Seber et al., 2014). For example, the International Civil
Aviation Organization (ICAO) Carbon Offset and Reduction Scheme for International Aviation
(CORSIA) policy aims to have carbon neutral growth of international aviation from 2020 onwards.
CORSIA includes mechanisms to enable sustainable aviation fuels (SAF) to play a role in achieving
the goals of the policy.

SAF, with lower life cycle GHG emissions than conventional petroleum derived jet, can be
produced from a variety of biomass and waste feedstocks. At the time of writing, five technology
pathways for sustainable aviation fuel production have been certified by the American Society for
Testing and Materials International (ASTM) for use in aviation turbine engines (Christensen et al.,
2014). These fuels have been approved as drop-in fuels, which can be used at blends up to 50%
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without any changes made to commercial aircraft (Staples et al.,
2014). A number of private firms are targeting commercial-scale
production and delivery of SAF such as AirBP and Neste. In
addition, many airlines are investing in SAF, for example United
Airlines, who entered an offtake agreement with Fulcrum
BioEnergy in 2015.

However, the production cost premium of these fuels remains
a significant barrier to large scale SAF uptake. Consequently, a
number of policy incentives exist to economically support the
production of SAF. Examples include the US Renewable Fuels
Standard 2 (RFS2), the California Low Carbon Fuel Standard
(LCFS), and CORSIA.

In this analysis, we quantify the economic impacts of various
policy options on a set of SAF production pathways (Zhao et al.,
2016). Six pathways, isobutanol to jet (ATJ) from corn grain,
hydroprocessed esters and fatty acids (HEFA) from inedible fats
and oils (IFO), HEFA from palm fatty acid distillate (PFAD),
synthesized iso-paraffins (SIP) from sugarcane, Fischer-Tropsch
(FT) gasification and synthesis from municipal solid waste
(MSW), and micro FT from wood residues, are modeled as
individual refineries using harmonized financial assumptions.
The economic performance of these facilities is quantified in
terms of their project net present value (NPV) and the fuel
product minimum selling price (MSP). The MSP is calculated
as the breakeven output price at which NPV reaches zero. The
analysis is carried out stochastically to quantify uncertainty. Next,
the impact of policy options including output based incentives,
feedstock subsidies, capital grants, loan guarantees, and off-take
agreements, on MSP and NPV are quantified. While previous
studies have performed techno-economic analysis (TEA) on SAF
pathways and take into account policy considerations, individual
pathway studies have mostly been carried out in isolation.
Differing financial, operational, and policy assumptions have
meant that the findings are not directly comparable between
studies and pathways. Although a number of previous analyses
have quantified the MSP or production costs of various SAF
pathways, few have addressed the impact of various policy
supports on economic viability in a consistent manner across
a number of SAF pathways (Weibel, 2018). To the best of our
knowledge at the time of publication, this analysis is the first
quantitative, stochastic assessment of the impacts of various
policy instruments on this scope of SAF production pathways,
using a harmonized set of assumptions to enable consistent and
meaningful comparison of results.

2 MATERIALS AND METHODS

2.1 Sustainable Aviation Fuel Pathways
Six techno-economic models of SAF refineries are developed for
the following pathways: corn grain ATJ (via iso-butanol), IFO
HEFA, PFAD HEFA, sugarcane SIP, MSW FT, and forestry
residue micro FT. All pathways produce a slate of drop-in
hydrocarbon fuels, including fuels suitable for use in aviation.
We have selected this scope of analysis because these pathways
represent relatively mature technologies in the nascent SAF
industry, and they represent all of the fuel production

pathways currently certified by ASTM to produce fuels
suitable for use in aircraft engines. All facilities are assumed to
be commercial-scale “nth-of-a-kind” plants, as opposed to
demonstration scale or first-of-a-kind. Although minor
differences in the physical properties of the SAF produced
from these facilities would exist in practice, for the purposes
of this analysis we assume each of these pathways produce an
identical SAF product. Furthermore, we compare the costs of SAF
to petroleum jet fuel on a per liter fuel basis, neglecting small
differences in the density and specific energy of these fuels, in
order to stay consistent with units commonly used to describe
fuel volumes and costs. The pathway mass and energy balances
and techno-economics are modeled stochastically using
MATLAB 2017b. We take a calculated NPV greater than zero
to indicate that a project is financially viable. The MSP is defined
in this study as the minimum price at which the middle distillate
fuel fractions - diesel and jet - must be sold in order to achieve a
project NPV of zero.

Table 1 shows the mass and energy balances associated with
each pathway. All of the technologies considered in this analysis
are nascent and there is uncertainty associated with the mass and
energy balances used to represent their performance. As a result,
material quantities for inputs of natural gas, hydrogen, and
electricity, as well as output fuel yield are modeled as
stochastic distributions. Common inputs such as natural gas,
electricity, and water have consistent costs across pathways.
Inputs such as catalysts and other treatment chemicals are not
listed but are included in the financial model. The input feedstock
quantity is set to a constant value for each pathway, such that
average total fuel yield is 2,000 bpd (111.3 million liters/year).
Note that while total average fuel yield is equivalent across the
different pathways considered here, the SAF proportion of fuel
yield varies between production technologies. 2,000 bpd of total
fuel yield is considered here in keeping with previously published
analyses, such as (Pearlson et al., 2013), (Staples et al., 2018), and
Bann et al. (2017).

2.1.1 Financial Assumptions
Each SAF production pathway is modeled as a refinery with a 20-
years operating lifetime, and an average total fuel production
capacity of 2000 bpd. The fixed capital investment (FCI) of each
plant is modeled employing the same method used in Bann et al.
(2017). A positively skewed beta pert distribution is drawn
around the deterministic FCI that varied between 80 and
150% of the deterministic FCI, based on the work of Brown, 2015.

The financial modeling assumptions in Bann et al. (2017) and
Zhao et al. (2015) are used to guide assumptions in this study.
Capital financing is assumed to be 40% equity and the remainder
is financed through a 10-years loan with 8% interest. The cost of
equity is set at 15%. It is assumed that the refinery takes 3 years to
build, and startup costs are split among the first 3 years by 8, 60
and 32%, respectively. Depreciation is assumed to take place on a
10-years schedule, using a double declining balance, and then
switching to straight line in year 10 until the asset value is zero.
Working capital is 5% of the FCI and direct operating costs such
as maintenance and overhead are assumed to be 7.7% of the FCI.
Each year is assumed to include 350 operational days, with the
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first year at 75% capacity. The income tax rate is set at 16.9% which
was the average effective US tax rate prior to the 2018 tax law, and
inflation is set to 2%. All costs are calculated in 2018 dollars. The
NPV of the facility is calculated using a discounted cash flow rate of
return (DCFROR) analysis, and the MSP for middle distillates is
calculated by iteratively adding a price premium for both jet and
diesel fuels until the NPV of the facility is zero.

2.1.2 Time Series Data
A time series of future prices for natural gas, electricity, gasoline
and various feedstocks are estimated using an autoregressive
integrated moving average (ARIMA) model. Historical pricing
data is gathered for natural gas, electricity, gasoline, corn grain,
yellow grease, PFAD, and sugarcane, and an ARIMA model is
generated for each commodity price trend. Commodity prices are
limited to be no greater than 125%, and no less than 75%, of the
highest and lowest historically observed values for that
commodity. This is an approach taken from previous TEA
studies to avoid historically unprecedented or unrealistic
results. Aside from fuel products, all commodity prices are
assumed to vary independently. This means that, all else being
equal, the contribution of commodity price to variance in the
results may be over-represented in this analysis.

2.2 Policy Types
Four different policy types have been identified to be considered
in this study, based on biofuel policies implemented in different
jurisdications around the world. The way each policy is modeled
is noted in the following sections, along with real-world examples
of these policy types’ implementation. It is important to note that
a number of the example policies discussed here are applicable to
biofuels in general, and not necessarily SAF specifically.

2.2.1 Output Based Incentives
For the purposes of this study, an output based incentive is a
policy for which the fuel producer receives somemonetary benefit
tied to the quantity or type of fuels produced and sold. For
example, the value of the benefit could be a function of
production volumes, which is the case for Renewable
Identification Numbers (RINs) generated under the US RFS2.

It could also depend on the life cycle emissions reductions
compared to a petroleum fuel, which is the case for the
California LCFS and ICAO CORSIA policies. We model both
of these types of output based incentives. In the case of the GHG-
reduction dependent incentive, emissions reductions are
estimated based on the default core life cycle analysis values
agreed upon for use under CORSIA.

In reality, incentives of this kind may be uncertain, as the size
of the credit depends on the market or mandate for sustainable
fuels or emissions reductions. However, the magnitude of the
credit is assumed here to be deterministic and constant. In the
DCFROR model, the monetary value of this incentive is modeled
as annual revenue that is not taxed, and is only applicable to
middle distillate products. The total cost of the policy can be
evaluated using the DCFROR model.

2.2.2 Feedstock Subsidies
A feedstock subsidy is a monetary benefit to reduce a facility’s
operating costs for feedstock. It may also have the benefit of
supporting feedstock producers, by providing agricultural
incentives to establish the supply chain. A feedstock subsidy
could also take the form of a monetary credit or avoided cost
for using waste products such as MSW that would otherwise take
up landfill capacity. Some examples of feedstock subsidies include
the Brazil Social Fuel Seal and the 2014 US Biomass Crop
Assistance Program (BCAP). The Brazil Social Fuel Seal gives
fuel producers tax breaks when using fuel produced in rural
farming regions, and the US BCAP program, provides a 1:1
matching subsidy for eligible feedstocks, up to 20 $/short ton.

In this analysis, we model feedstock subsidies as a reduction in
feedstock costs. The reduced feedstock cost is then used in the
DCFROR model to obtain MSP and NPV. To calculate the total
cost of the policy, the subsidy per quantity of feedstock is
multiplied by feedstock quantity per year. The total cost over
the lifetime of the facility is then found using a DCFROR
calculation for the 20 years of refinery operation.

2.2.3 Capital Grants
A capital grant is typically a one-time monetary benefit, granted
by the government to cover or reduce facility construction costs.

TABLE 1 | Pathway average input and outputs.

Inputs Outputs

Pathway Feedstock
(million
kg/yr)

Power
(million
kWh/yr)

Natural
Gas

(MT/yr)

Hydrogen
(MT/yr)

Jet Fuel
(million
liters/
yr)

Diesel
(million
liters/
yr)

Lightends
(million
liters/yr)

Gasoline
(million
liters/yr)

Other Deterministic
Capex
(millions
USD)

ATJ (Corn) 531 0.65 255 1,400 111 0 0 0 146 million kgs/year
DDGS

140

FT (MSW) 228 0 0 0 15.1 89.3 0 14.0 64,600 MWh/year 264
HEFA (PFAD) 484 8.2 5,490 2,660 15.6 82.3 2.8 2.4 7.3 million liters/yr

propane
63

HEFA (IFO) 484 8.2 5,490 2,660 15.6 82.3 2.8 2.4 7.3 million liters/yr
propane

63

SIP (Sugarcane) 537 0 0 4,070 111 0 0 0 3,080 MWh/yr 197
Micro FT (Wood
Residue)

459 69 0 0 33 32 23 25 0 317
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Two examples of implemented capital grant policies are the 2018
Calrecylce Organics recycling projects and the Rural Energy for
America Program (REAP). The Calrecycle program distributed
$25 million to organics recycling projects, including biofuel
refineries. REAP started in 2003 and in 2018 had a budget of
$600 million for FY2018 for both grants and loans. We model
capital grants policies as a lump sum received in the first year of
refinery construction.

2.2.4 Risk Reduction Policies
Two additional policies, loan guarantees and offtake agreements,
are modeled to quantify the impact of risk reduction policies on
project economics. A loan guarantee is an agreement between the
guarantor and the bank, that states if a refinery defaults on a loan,
the guarantor will pay the bank in its stead. This results in a lower
cost of debt, as some risk associated with the project has been
borne by the guarantor (usually the government), rather than the
bank. REAP also provides loan guarantees up to $25 million. A
loan guarantee is modeled here as a reduction in the cost of debt.

An offtake agreement occurs when a fuel purchaser agrees to
purchase fuel quantities at a pre-negotiated price at some future
date rather than the prevailing market price. A number of airlines
have established offtake agreements with SAF producers, such as
Lufthansa and Gevo, and United Airlines and Fulcrum bioenergy.
This is modeled as a percentage of total fuel production (subject
to the agreement), and a fixed price for the lifetime of the
agreement.

Note that, in this study we do not calculate the cost of the loan
guarantee or the offtake agreement policies, as the primary
purpose of these policies are to reduce risk, rather than a
monetary transfer. The valuation of risk or risk reduction is
beyond the scope of this analysis, but has been covered previously
by Bittner et al., 2015.

2.3 Policy Simulation
The policy types described above are analyzed in three different
ways. First, a “breakeven” analysis is carried out to quantify the
magnitude of each policy type required, in isolation, to achieve a
project NPV of zero. The total policy cost of each of the policy
alternatives is also calculated.

Next, we assess the impact of policies of the magnitude of
examples seen in the real world on the pathways’ economic
viability. We consider a feedstock subsidy of $20/short ton,
with a maximum value of $12.5 million per year, based on
BCAP. An output subsidy of $0.25/L is assumed which is
similar in magnitude to 2018 RIN values from the US RFS2. A
capital grant of $5 million is assumed, similar to grants given to
biofuel refineries under the Calrecycle program. Finally, CO2

offset costs expected under the CORSIA policy are used to
estimate a GHG emission reduction-defined output incentive,
ranging from 20–47 $ per metric tonne of CO2 equivalent
($/tCO2e) abated.

In addition to analyzing the impact of individual policies on
various pathways, we also compare the differing impacts of equal-
cost policies (policies with equal total monetary cost to the funder
of the policy, typically the government) on economic viability. To
do this, the total cost of the policy to the government is calculated

for a single output based incentive value. Using that total cost, the
magnitudes of equal-cost policies are calculated for the feedstock
subsidy, GHG emissions based reduction subsidy, and capital
grant policies. These equal-cost policy cases are then assessed to
determine their impact on median NPV and MSP, as well as the
distribution of these indicators. This is done for a range of output-
based incentive values from 0.01–0.75$/L.

Finally, we model a number of policies to reduce financial risk.
The loan guarantee is modeled as a decrease in cost of debt from 8
to 3%, and the offtake agreement is modeled as a percentage of
fuel produced and purchased at the MSP varying from 0 to 100%.
We also model the feedstock subsidy as a percentage reduction in
feedstock cost rather than a fixed $/short ton, for consistency
across disparate feedstock types.

3 RESULTS AND DISCUSSION

3.1 Baseline, “No Policy” Results
Figure 1 shows NPV and MSP results for each of the six
pathways, in the absence of policy support. In both plots, the
red line indicates the median value, the box indicates the 25th and
75th percentile, and the black dotted lines indicate the entire
range of values. The MSP of middle distillate fuel products (jet
and diesel) from each pathway are shown on the right. For
reference, the market price of jet fuel at the time of writing is
0.50 $/L shown by the blue dotted line. The MSW FT and IFO
HEFA pathways have the lowest median MSP at 0.60 and 0.90
$/L, respectively, while the corn grain ATJ and forestry residue
micro FT pathways have the highest median MSPs at 1.16 and
1.33 $/L, respectively. The differences in MSP variance between
pathways is due, in large part, to uncertainty and variance in the
costs of different feedstock types.

The NPV of each pathway is shown on the left of Figure 1, and
the dotted line represents an NPV of zero, meaning that the
region to the right of the line indicates financial viability. The
median NPV for each pathway is below zero indicating that at the
mean level, none of these pathways are financially viable in the
absence of policy support. All pathways do have some fraction of
stochastic results where the NPV goes above zero. In particular,
the FT from MSW and IFO HEFA cases have the greatest
probability of a positive NPV, at 40 and 11% with no policy
support, respectively. The differences in variance between
pathways is smaller for the NPV results than it is for MSP.
This is because variance in NPV, while still correlated to feedstock
cost, is attributable in large part to fuel price variability. In
contrast, fuel price uncertainty is not factored in MSP
distributions as it represents an estimate of levelized cost in
our study. Therefore, although a higher MSP is generally
correlated to a lower NPV, this is not always the case. The
micro FT from forestry residue pathway has a higher MSP,
but lower NPV relative to ATJ from corn grain. This is due to
differences in middle distillate output quantities, relative to non-
middle distillate fuel quantities.

In the FT MSW pathway, the median MSP value is lower than
previous findings in (Suresh et al., 2018) and Bann et al. (2017),
which estimated the MSP of MSW-derived FT fuels to be
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approximately 1.10 $/L. However, our findings agree with work
by Niziolek et al., 2015 with a median MSP of approximately 0.60
$/L. It is important to note that this result is contingent on the
assumption of a zero-cost MSW feedstock, delivered to the
plant gate.

3.2 Breakeven Results
Table 2 shows the median breakeven policy values required for an
NPV of zero for each pathway, as well as the total cost of the policy.
The 25th and 75th percentile values are included in the brackets.

The results in columns 2 and 3 show that the magnitude and
total cost of a quantity-based output subsidy for breakeven is
proportional to the MSP for each pathway. However, the variance
of the magnitude of the required policy reflects the differences in
fuel yield between pathways. For example, in the no-policy case
shown in Figure 1, variance in MSP for the forestry residue micro
FT pathway is less than that of sugarcane SIP. However, column 2
of Table 2 shows that the variance of forestry residue micro FT
under the volume-based output subsidy is greater than that of
sugarcane SIP. This is because the forestry residue micro FT
pathway produces a smaller proportion of middle distillates that
benefit from this policy, relative to the other pathways. Therefore,
variance in the breakeven policy increases, reflecting the smaller
quantity of qualifying fuel. The breakeven output subsidies
required for the MSW FT and IFO HEFA pathways are 0.09
and 0.35 $/L respectively, which is within the 0.01–2.00 range of
available RFS2 RIN prices at the time of writing. Column 3 in
Table 2 shows the total policy costs for a breakeven output
subsidy. As anticipated, the total policy cost is equivalent to the
negative NPV of each pathway in the absence of policy support.

Column 4 shows the values for a breakeven feedstock subsidy.
These range from 17 $/short ton for sugarcane SIP to 1,619
$/short ton for MSW FT pathways. This discrepancy exists due to
the variation in feedstock input quantities. FT from MSW has a
high $/short ton value because of a relatively lower quantity of
feedstock input required, and SIP has a low $/short ton value
because of a relatively larger quantity of feedstock required.

The total policy cost for feedstock subsidies (column 5) is
proportional to the no-policy NPV of each pathway, although
greater than that of the output-based incentives. This is a result of
how feedstock subsidies are modeled in this analysis, as a reduction
in feedstock cost, which increases the cash flow that is taxed.

Column 6 of Table 2 shows the magnitude of a capital grant
required to achieve a NPV of zero for each pathway. The size of
the capital grant is equivalent to the negative NPV of each
pathway in the absence of any policy, as expected. The
smallest capital grants needed for financial viability are for the
FT MSW and HEFA pathways, with values of 43 and 174 million
USD, respectively. Note that the manner in which the capital
grant is modeled does not account for changes in the project
capital structure, such as a decrease in the loan amount, which
could also impact project NPV. A change in financial structure
could change debt and equity costs, and in this case the cost of a
breakeven policy required would no longer be equal in absolute
value to the NPV of the pathway.

The last four columns show the magnitude of life cycle
emissions reduction-based output subsidies, in US$/tCO2e, in
order to achieve a project NPV of zero. Column 8 gives the results
when the policy is applied to all fuels in the product slate, and
column 10 gives results if the policy were applicable only to the
SAF fraction. The magnitude of the subsidy for the corn grain
ATJ and sugarcane SIP pathways are the same in both columns, as
both pathways are assumed to produce 100% SAF. These results
can be compared to the size of the incentive anticipated under
CORSIA, of 20–47 $/tCO2e, which is applied only to the jet fuel
fraction. CORSIA values are up to 277 $/tCO2e, lower than what
is required for a project NPV of zero, if this policy is considered in
isolation. However, similar incentives are available under other
policy schemes, such as California LCFS, and would apply to all
fuel products. The LCFS credit is 180 $/tCO2e abated (April 2019)
which is above the policy values required for breakeven for MSW
FT, IFO HEFA, and forestry residue micro FT. The total policy
cost for GHG emission reduction based incentive and capital
grants are equal.

FIGURE 1 | Box and whisker plots of NPV and MSP values for all pathways with no policy added. Dotted lines indicate either an NPV of zero, or the current market
price of jet fuel (March 2019).
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Determining the breakeven value of policies is helpful for
current policymakers and producers to better understand the
effectiveness of current policies. We show here that the
magnitude of a policy required for breakeven is greater than
what can be expected from similar existing policy schemes. This
means that it is unlikely a single policy, in isolation, will push the
pathways assessed to financial viability.

3.3 Real-World Policy Case Results
Figure 2 shows the MSP for each pathway, and the no-policy case
is represented by the right-most extent of the bar for each
pathway. The colored bars indicate the cumulative decrease in
MSP due to each real-world policy. The blue bar represents MSP
remaining when all policies are applied to the pathway in
combination. The results show that the cumulative impact of
the policies reduce the mean MSP of MSW FT below the current
market price of petroleum jet fuel. The sugarcane SIP and IFO
HEFA pathway are also within 0.10$/L to the current selling price
of conventional jet fuel.

Although the same policies are applied to all pathways, their
impacts for each pathway vary. For example, the output subsidy
has a smaller impact on forestry residue micro FT than any of the
other pathways considered. This is because the subsidy is only
applied to middle distillates, and although each facility produces
2000 bpd of total product, middle distillates only account for 62%
of the micro-FT refinery production. In contrast, middle
distillates account for at least 91% of total fuel products from
all other pathways.

The feedstock subsidy also has different impacts between
pathways. Each pathway requires a different feedstock type
and quantity, and at different market prices. For the MSW FT
pathway, feedstock costs are assumed to be zero (as a waste
feedstock) and the input subsidy has no effect, whereas the corn
grain ATJ, sugarcane SIP, and forestry residue micro FT pathways
were able to take full advantage of the input subsidy up to the
$12.5 million per year limit of the BCAP program.

Similarly, the life cycle GHG emissions of each pathway are
unique. Therefore, the pathways with greater reduction potential
relative to petroleum fuels, such as forestry residue micro FT and
sugarcane SIP, benefit more from the GHG subsidy policy.

Two conclusions may be drawn from this analysis. First, when
considering the cumulative impacts of policies of the magnitude
that can be found today, a number of pathways, such as MSW FT
and IFO HEFA, have MSPs approaching parity with current
market prices for petroleum fuels. Second, the results show that
the impacts of the policies considered are independent of one
another, and that the cumulative impact of the policies is equal
the sum of their impacts in isolation.

3.4 Equal Policy Results
We also quantified the impact of equal-cost policies of each policy
type, equivalent to volume-based output subsidies of 0.01, 0.02,
0.05, 0.10, 0.25, 0.50 and 0.75 $/L.

Figure 3 shows the NPV change of each pathway as a function
of the total policy cost for different policies. This shows that the
total cost of the policy has a linear relationship with the NPV.
With the exception of the feedstock subsidy case, there is a 1:1T

A
B
LE

2
|M

ed
ia
n
br
ea

ke
ve
n
po

lic
ie
s
va
lu
es

an
d
to
ta
lp

ol
ic
y
co

st
re
qu

ire
d
fo
r
a
pa

th
w
ay

N
P
V
of

ze
ro
.
25

th
an

d
75

th
pe

rc
en

til
e
va
lu
es

ar
e
in
cl
ud

ed
w
ith
in

br
ac

ke
ts
.

P
o
lic

y
O
ut
p
ut

S
ub

si
d
y

Fe
ed

st
o
ck

S
ub

si
d
y

C
ap

ita
l
G
ra
nt

G
H
G
e
R
ed

uc
tio

n
C
re
d
it
(a
ll)

G
H
G
e
R
ed

uc
tio

n
C
re
d
it
(je

t)

P
at
hw

ay
P
o
lic

y
($
/L
)

T
o
ta
l

p
o
lic

y
co

st
(m

il
U
S
D
)

P
o
lic

y
($
/t
o
n)

T
o
ta
l

p
o
lic

y
co

st
(m

il
U
S
D
)

P
o
lic

y
(m

il
U
S
D
)

T
o
ta
l

p
o
lic

y
co

st
(m

il
U
S
D
)

P
o
lic

y
($
/t
o
nn

e
C
O
2
ab

at
ed

)

T
o
ta
l

p
o
lic

y
co

st
(m

il
U
S
D
)

P
o
lic

y
($
/t
o
nn

e
C
O
2
ab

at
ed

)

T
o
ta
l

p
o
lic

y
co

st
(m

il
U
S
D
)

A
TJ

(C
or
n
G
ra
in
)

0.
55

[0
.3
6,

0.
76

]
32

4
[2
12

,
44

8]
13

0
[8
5,

17
9]

39
0
[2
55

,
53

9]
32

4
[2
12

,
44

8]
32

4
[2
12

,
44

8]
1,
17

2
[7
60

,
1,
61

5]
32

4
[2
12

,
44

8]
1,
17

2
[7
60

,
1,
61

5]
32

4
[2
12

,
44

8]
FT

(M
S
W
)

0.
09

[-
0.
07

,
0.
22

]
43

[-
34

,
10

9]
1,
61

9
[-
12

53
,4
08

6]
46

[-
36

,
11

7]
43

[-
34

,
10

9]
43

[-
34

,
10

9]
53

[-
41

,
13

5]
43

[-
34

,
10

9]
42

0
[-
32

6,
1,
06

4]
43

[-
34

,
10

9]
H
E
FA

(P
FA

D
)

0.
59

[0
.4
2,

0.
75

]
29

7
[2
11

,
37

5]
63

5
[4
52

,
80

1]
31

9
[2
27

,4
02

]
29

7
[2
11

,
37

5]
29

7
[2
11

,
37

5]
23

3
[1
65

,
29

5]
29

7
[2
11

,
37

5]
1,
62

2
[1
,1
50

,
20

54
]

29
7
[2
11

,3
75

]
H
E
FA

(IF
O
)

0.
35

[0
.1
6,

0.
54

]
17

4
[7
9,

27
1]

37
1
[1
69

,
57

9]
18

7
[8
5,
29

1]
17

4
[7
9,

27
1]

17
4
[7
9,

27
1]

14
0
[6
4,

21
9]

17
4
[7
9,

27
1]

97
7
[4
42

,
1,
42

7]
17

4
[7
9,

27
1]

S
IP

(S
ug

ar
ca

ne
)

0.
50

[0
.3
1,

0.
54

]
31

6
[2
04

,
40

8]
17

[1
1,

22
]

33
9
[2
19

,
43

7]
31

6
[2
04

,
40

8]
31

6
[2
04

,
40

8]
38

7
[2
41

,
53

8]
31

6
[2
04

,
40

8]
38

7
[2
41

,
53

8]
31

6
[2
04

,
40

8]
M
ic
ro

FT
(F
or
es
tr
y

R
es
id
ue

)
0.
72

[0
.5
0,

0.
93

]
24

0
[1
65

,
31

2]
12

3
[8
5,

15
9]

25
8
[1
77

,
33

5]
24

0
[1
65

,
31

2]
24

0
[1
65

,
31

2]
16

5
[1
13

,
21

3]
24

0
[1
65

,
31

2]
53

0
[3
64

,
68

6]
24

0
[1
65

,
31

2]

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 7517226

Wang et al. Policies Supporting SAF Production Technologies

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


correspondence between the increase in NPV and the total policy
cost. The feedstock subsidy is unique from the other policy types,
because the benefit of the feedstock subsidy is taxed in our model.
The ratio between the increase in refinery NPV to total policy cost
is 0.831:1 which correlates with the 16.9% tax rate. Therefore, the
feedstock subsidy has a smaller impact on NPV than an output
subsidy of the same total cost.

3.5 Policies to Reduce Risk
The loan guarantee policy decreases the MSP, and increases NPV
of the all of the pathways considered as seen in Table 3. The
magnitude change in NPV correlates directly with the FCI of each
facility. The forestry residue micro FT pathway has the highest
deterministic FCI cost of 318 million USD which results in a 36
million USD increase in mean NPV. The PFAD HEFA pathway,
with an FCI of 62 million USD, shows an NPV increase of 9
million USD. The results of a loan guarantee change when
combined with a capital grant, as the capital structure of the
refinery may change.

To quantify the impact of an offtake agreement, we present
only the corn grain ATJ pathway here. This is because the impact
of offtake agreements and feedstock subsidies on variance in the
results follow the same trends across all pathways considered. The
results in Table 4 show that the offtake agreement has different
impacts on the variance of MSP and NPV. Variance in NPV
decreases because the price for the fuel in the offtake agreement is
static. However, variance in theMSP of fuel volumes not included
in the offtake agreement increases, because the non-offtake
volumes bare all of the variance required to achieve an NPV
of zero.

3.5.1 Alternative Policy Implementations
Results were also generated for the case where feedstock subsidies
were defined as a percentage of feedstock cost, rather than a fixed
monetary amount. With this assumption, risk associated with
commodity price uncertainty is shifted from the project developer
on to the entity paying for the policy (e.g., the government). This
is also true if output subsidy and capital grant type policies are
defined in terms of percentage of costs or revenues.

Figure 4 shows feedstock subsidies at 0, 25, 50, 75, and 100
percent of feedstock cost for the corn grain ATJ pathway in blue,
along with the equivalent average total cost (in $/short ton)
feedstock subsidy in red. The average increase in NPV and
decrease in MSP remains the same for both cases. However, in
the percentage reduction case, the variance in MSP decreases as

FIGURE 2 | Real-world policy effects on MSPs for pathways. Details on the individual policies are listed in the Methods and Materials Section.

FIGURE 3 | Change in refinery NPV vs. total cost of policy for all
pathways (lines for output subsidy, GHG emissions subsidy, and capital grant
overlap).

TABLE 3 | Changes in NPV and MSP values and variances due to a loan
guarantee debt reduction from 8 to 3%.

Pathway (feedstock) NPV [change from
baseline NPV] (millions

USD)

MSP [change from
baseline MSP] ($/L)

ATJ (Corn grain) −316 [21] 1.12 [0.04]
FT (MSW) −22 [22] 0.54 [0.06]
HEFA (PFAD) −280 [9] 1.14 [0.02]
HEFA (IFO) −161 [9] 0.87 [0.02]
SIP (sugarcane) −258 [41] 1.00 [0.08]
Micro FT (Wood residue) −199 [36] 1.19 [0.13]

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 7517227

Wang et al. Policies Supporting SAF Production Technologies

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


the magnitude of the policy increases. Similarly for NPV, as
feedstock subsidy increases, NPV variance decreases. At 100%,
feedstock cost is zero and does not contribute to variance.

The variance increases at the highest percentages here in the
corn grain ATJ case as we shift from a 75–100% feedstock subsidy.
A co-product of this pathway is distillers dried grain with solubles
(DDGS), the market price of which is modeled as a percentage of
corn grain prices. Because DDGS sales prices and feedstock costs
are directly correlated, variance in the two stochastic variables (one
a cost, the other a source of revenue) have a mitigating impact on
overall variance in the results. When corn grain feedstock costs are
reduced to zero, we see variance increase from DDGS sales. Note
that, while variance is decreasing, the number of stochastic runs

that are above an NPV of zero is decreasing, decreasing the
probability of financial viability.

3.6 Limitations and Areas for Future Work
A number of limitations of the analysis and results presented here
warrant discussion. Although this study is an “nth” plant analysis,
the technologies assessed are relatively nascent at a commercial
scale. This means significant uncertainty exists around the
technology performance represented here. The mass and
energy balances and distributions used for each pathway are
based on the best data available to the authors at the time of
writing, however higher fidelity empirical data for these fuel
production pathways would improve the accuracy of our

TABLE 4 | Changes in NPV and MSP values and standard deviations due to offtake agreements.

Offtake percentage (%) MSP ($/L) NPV (millions USD)

Average Standard deviation Average Standard deviation

0 1.16 0.29 −448 235
25 1.16 0.38 −356 214
50 1.16 0.57 −224 198
75 1.16 1.14 −111 188
100 N/A N/A 0 185

FIGURE 4 | Histograms of feedstock subsidy as a percentage subsidy from 0–100% compared to an equivalent fixed $/short ton value.
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results. Another significant source of uncertainty lies in the
prediction of future costs for inputs and fuels. Further work
could focus on augmenting the future cost estimates of
commodity inputs, and the associated uncertainty.

In addition, our analysis assumes that all of the modeled
facilities are located in the US, and uses US-centric financial
assumptions. Refinery siting and location is not accounted for in
terms of the costs of permitting, or feedstock availability and pricing.
We consider only a single scale bio-refinery (2000 bpd) for ease of
comparison across pathways. In reality, we recognize that facility
scale would likely be optimized to improve financial performance
according to the specific fuel production pathway and local context.
These also represent interesting areas for further study.

Finally, this analysis does not account for uncertainty in the
policies themselves, such as volatility in the value of output
subsidies (RIN values, CORSIA carbon credits). We assume that
policies are in place for the entire operating lifetime of a facility
which may not be the case. In addition, the policy types assessed
here may interact with the financial structure and taxation of a
given project, but this feedback is not represented in our models.

4 CONCLUSION

This study compares the impact of five different policy types on
six SAF pathways. In all the pathways modeled, the median NPV
is below zero, indicating the need of policy support for financial
viability. The breakeven analysis shows that a pathway is unlikely
to achieve financial viability through the impact of a single policy.
However, the cumulative impact of multiple policies, similar in
magnitude to policies operating today, brings all pathways to
financial viability. In addition, impacts on pathways for the
policies modeled are independent. Finally, policies can be
implemented in a way to impact variance of pathway NPV
and MSP, effectively reducing investment risk.
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