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Legal Disclaimer
Decision Innovation Solutions, LLC (“DIS”) has prepared this analysis (the “Project”) for review and use.

The Project consists of estimates of future pathways for sustainable aviation fuel production by various
pathways and estimates of the economic impacts from the development of such fuels.

While DIS has made every attempt to obtain the most accurate data and include the most critical factors
in preparing the Project, DIS makes no representation as to the accuracy or completeness of the data
and factors used or in the interpretation of such data and factors included in the Project. The
responsibility for the decisions made by you based on the Project, and the risk resulting from such
decisions remains solely with you; therefore, you should review and use the Project with that in mind.

While the Project does include certain estimates and possible explanations for future production
estimates of SAF and the economic impacts associated with such development, it cannot be ascertained
with certainty the extent to which these estimates are entirely accurate. The following factors, among
others, may prevent complete accuracy of the estimation of these future events and explanations for
the same:

Inadvertent errors and omissions related to data collection, data summarization, and visual display of
data.

Vi
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Table 1. Acronyms

______Acronym | Description

ANL Argonne National Laboratory

ASCENT Center of Excellence for Alternative Jet Fuels and Environment

ASTM American Society for Testing and Materials

ATJ alcohol to jet

BD Biodiesel

BEA Bureau of Economic Analysis

BLS Bureau of Land Statistics

Bpd barrels per day

BTC blenders tax credit

BtL biomass to liquid

CANO canola oil

CAPEX capital expenditure

CCS carbon capture and sequestration

CCuUs carbon capture, utilization and storage

Cl carbon intensity

DAC direct air capture

DCO distillers corn ail

DIS Decision Innovation Solutions

DOE Department of Energy

DOT Department of Transportation

EDCO enhanced distillers corn oll

EIA Energy Information Administration

EISA Energy Independence and Security Act

EOR enhanced oil recovery

EPA Environmental Protection Agency

ETJ ethanol to jet

EY end of year

FAA Federal Aviation Administration

FECM Office of Fossil Energy and Carbon Management

FOG fats, oils, greases

FT Fischer-Tropsch

GHG greenhouse gas

GREET Greenhouse Gases, Regulated Emissions, and Energy Use in
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IRA Inflation Reduction Act

MSW municipal solid waste

mmt million metric ton

MT metric ton

MWh megawatt hours

NG natural gas
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PTF power to fuel
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RD renewable diesel

RFS Renewable Fuel Standard

viii

11107 Aurora Ave | Urbandale, IA 50322 | 515.639.2900 | www.decision-innovation.com



A Decision
C)

Innovation
v Solutions

| Acronym | Description

RG renewable gasoline

RIN Renewable Identification Number

ROW right of way

SAF sustainable aviation fuel

SBO soybean oll

SPD synthetic paraffinic diesel

SPK synthetic paraffinic kerosene

TCF Technology Commercialization Fund
uco used cooking oil

u.S. United States

USDA United States Department of Agriculture
USDA-ARS Agricultural Research Service
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USDA-NIFA National Institute of Food and Agriculture
USDA-PSD Production, Supply, and Distribution Database
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1 Executive Summary

Sustainable Aviation Fuel (SAF) production provides a substantial opportunity for South Dakota, South
Dakota’s farmers, and South Dakota’s renewable fuel producers to prosper in the coming years if the
SAF Grand Challenge comes to fruition and South Dakota takes steps to be active participants in making
the Roadmap come to life. The pathway that DIS estimates most likely to be realized has HEFA-based
SAF and ethanol-to-jet (ETJ) being the two most prominent pathways for SAF production at least for the
next 20 years. SAF from HEFA, ETJ, and PTF-corn CO2 are expected to be more than 90% of SAF
production in 2026, around 80% of SAF production in 2030, and still more than 70% of SAF production in
2043 before the eventual development of PTF-SAF from direct air capture and renewable hydrogen kick
in for the final push to 100% SAF adoption by 2050.

But, this potential cannot be fully realized without Carbon Capture and Sequestration (CCS) for ethanol.
And, without the potential new use for corn for ETJ-SAF, South Dakota’s corn supply and the U.S. corn
supply are and will continue to grow at a pace that outstrips demand. Either stocks will build, and prices
will decline, or a significant amount of corn acreage will need to be pulled out of production.
Furthermore, the urgency of facilitation of CCS for ethanol becomes even greater if Electric Vehicle (EV)
adoption happens more rapidly than projected by the current Energy Information Administration (EIA)
baseline. Time is of the essence and the clock is ticking.

Pathway to 100% SAF by 2050 by Type of Fuel

Billion Gallons
= N N
(9, ] o (9, ]

=
o

%]

0
2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

EHEFA B CornETJ) © PTF-Corn CO2 M Other AT) W FT & Other BPTF - NonCorn CO2
Source: DIS
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HEFA-based SAF will lead the way in early development with more than 1.1 billion gallons of SAF being
produced from HEFA feedstocks by 2030. South Dakota is well positioned to capture new HEFA-SAF
production which could be co-located with new soybean processing capacity that is coming online and is
expected to increase into the future.

ETJ will begin to become more prominent as ethanol plants that are located over geological formations
that can support on-site sequestration of CO2 produce feedstock for ETJ-SAF plants. But to fully realize
the potential for SAF production, there is an opportunity to develop 12 billion gallons of additional
ethanol production with more than 90 percent of that new production in the Midwest to go along with
the current ethanol production capacity that supports domestic ethanol blending (more than 14.8 billion
gallons projected by EIA to be blended for light vehicle use in 2050). If South Dakota enables carbon

1
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capture and sequestration, South Dakota has the potential to capture 400 million gallons (3%) of the

new ethanol production that could come online in the Midwest and support ETJ-SAF production. In
addition, South Dakota has the potential to capture 3% of the new ETJ-SAF production.

The construction of new ethanol production capacity (modeled as multiple ethanol plants totaling 400
million gallons per year of capacity) is expected to generate $628 million in new output, along with $322
million of new output from the construction of 1 or more ETJ-SAF production facilities, $535 million from
new HEFA-SAF facilities and eventually even more economic activity from several new Power-to-Fuel
production facilities. It is expected that more than 9,000 jobs will result from the construction of this
new industry, providing more than $592 million in labor income and more than $758 million in value-
added activities. These construction activities are expected to occur over the next 25 years and with 4
plants in total being built, the impacts in the South Dakota economy will likely result in several thousand
jobs in the years when the plants are being built, but not many jobs or economic impact in the years
when no construction is occurring. The following table is a summary of the direct, indirect, and induced
impacts of the construction activities associated with the construction of multiple new ethanol plants, at
least 1 new ETJ-SAF plant, and at least 1 new HEFA-SAF plant.

South Dakota Construction Impact Summary

T pp— Labor Income Value Added Output
(™) ($m)
New Ethanol Production 3915 S 2517 S 319.2 S 628.4
SAF from ETJ 1,948 | S 128.0 | $ 164.7 | S 322.1
SAF from HEFA 3,226 S 2125 S 274.2 S 535.5
Total 9,089 $ 5922 $ 758.2 S 1,486.0

By 2050, annual operations of the new ethanol and SAF production facilities within South Dakota are
expected to generate $2.6 billion per year in additional annual output compared to today’s ethanol and
SAF production, 5,247 more employment, $240 million in annual labor income, and $668 million in
value-added activity expanding the GDP of South Dakota. The new ETJ-SAF production plants are
projected to use 426 million gallons of ethanol annually. In addition, at least one new HEFA-SAF plant is
projected to be built and operating in South Dakota by 2050 producing more than 140 million gallons of
SAF. The following table shows the total impacts (direct, indirect, and induced impacts.

South Dakota Operations Impact Summary
(Direct, Indirect, and Induced Impacts)
Event Employment LaborIncome Value Added Output
()] ($m) ($m)
New Ethanol Production 4,045 S 1854 S 3703 S 1,511.1
SAF from ETJ 562 | S 278 | S 39 S 106.4
SAF from HEFA 640 S 27.4 S 2945 S 1,045.5
Total 5247 $ 2406 S 668.6 S 2,663.1

The following table breaks out and highlights the direct impacts that are included in the prior summary
table. As indicated by the difference between them, this new industry will support a lot of indirect and
induced jobs, labor income, value added and an increase in overall output, but just the direct economic
impacts are impressive. If enabled to take advantage of the new opportunities provided by the
developing SAF market, South Dakota’s biofuels industry could increase their value-added contribution

2
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to South Dakota’s economy by more than $290 million per year, providing more than 558 new, high

paying jobs spread across the South Dakota landscape which would produce nearly $30 million in labor

and household income.

South Dakota Operations Direct Impact Summary
Labor Income Value Added

($M) ($M)

Output
($M)

Employment

New Ethanol Production 168 | S 82 |S 669 | S 729.8
SAF from ETJ 189 | $ 1253 (28.7)| $ 39.0
SAF from HEFA 201 | S 7.7 | $ 256.0 | S 950.4
Total 558 | $ 284 | $ 294.2 | $ 1,719.2

One measure of the economic impact of facilitating corn use for ETJ is the difference in the value of corn
production with ETJ demand and without ETJ demand. Using a “stable price” of $4.67 per bushel, the
lost value of corn production was calculated in today’s dollars. For the Midwestern states in total, the
difference in value of production of the corn crop with ETJ versus the scenario of no significant new corn
demand is $259.3 billion across the 2024-2050 period. This is nearly $10 billion per year, on average.

If that $10 billion per year impact is spread across the current 83 million acres of corn, then it would
amount to $120 per acre of corn and for a 1,000-acre farm with 50/50 corn-soybeans, it would amount
to $60,240 per year less revenue, on average over the next 25 years. Clearly, the annual impacts would
be greater further out in the future than they would be near-term, but strong upward trends in
production need to be accompanied with strong upward trends in utilization or as has been experienced
in the past, sharp, painful adjustments to both price and acreage will develop. As shown in the following
graph, farmers in South Dakota, as one of the top 6 corn production states, have a lot at stake (nearly
$15 billion) from this new opportunity (or the failure to take advantage of the new opportunity).

Cumulative Economic Impact on Value of Corn Production
2024 - 2050
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Across South Dakota, the new ethanol plants, each using approximately 70 million bushels of corn
annually with an estimated average basis premium of 17 cents per bushel, would add $23.8 million of
additional income to farmers who merchandise corn to these ethanol plants. And this is beyond the
economic impact of standard returns for producing those 140 million bushels of additional corn beyond
what is being produced in 2023. For a 1,000-acre farm with 50/50 corn and soybeans and trendline
national yields, this would mean $11,760 more income in 2050. Since South Dakota yields are typically
13% less than national yields, but the ethanol plant premiums are higher than the Midwest average, the
impacts for a 1,000-acre South Dakota farm with 500 acres of corn would likely be more than $12,725
per year.

Trendline production nationally is increasing by 210 million bushels per year due to trendline yields
which are increasing by 1.9 bushels per acre per year and without expanded demand for this new
production, either acres in corn production need to decline or price will plummet in response to corn
production outpacing the 55 million bushels per year trendline increase in all other uses of corn beyond
ethanol production. Trendline corn production in South Dakota is increasing at a rate of 16.8 million
bushels per year driven by yield increases of 2.33 bushels per acre per year and increasing acreage.

As of the writing of this report, there are three CO2 pipelines still under active development in the
Midwest. Wolf Carbon Solutions is still working on their pipeline through eastern lowa and Illinois.
Summit Carbon Solutions is still working on a CO2 pipeline that would cross parts of five Midwestern
states (IA, MN, NE, SD, and ND) and TallGrass Energy is converting a natural gas pipeline in Nebraska for
transport of CO2 to a sequestration point in Wyoming. The exact number of facilities that will capture
CO2 is unknown, although a prior-released analysis was conducted that included 31 collection facilities.
If regulatory approval for the main trunk line, pumping stations and the sequestration site facilities is
eventually approved, it is likely that other facilities in South Dakota that were considering carbon
sequestration via pipeline could be added to the Summit Carbon pipeline.

Building out CO2 capture and sequestration via pipeline could have substantial positive impacts across
the Midwest. While the trunkline and 31 connected plants are estimated to generate $5.1 billion in
construction impacts, the eventual addition of 8 more South Dakota plants to that trunkline are
estimated to add another $625 million in construction impact. Gross economic impact of capital output
relative to capital expenditures is estimated to be $1.3 billion for the combined set of CO2 sequestration
construction and capital outlays. Construction employment for the additional South Dakota plants is
estimated to be 1,139 jobs.

Annual operations of the combined carbon collection and sequestration activities are estimated to be
$62 million with gross economic output of $138 million with 848 jobs.

South Dakota’s ethanol plants account for approximately one-fourth of the ethanol plants that could
eventually be a part of a Midwestern carbon capture network with access to pipelines.
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2 Introduction

Carbon capture and sequestration (CCS) holds great potential for allowing South Dakota produced
renewable fuels to move from reduced carbon fuels to securing a position as a producer of very low
carbon fuels. The capturing of carbon dioxide at ethanol plants, power plants, and other manufacturing
facilities that currently emit carbon dioxide as a result of fuel consumption or as a byproduct of a
manufacturing process is technically feasible and is becoming more economically feasible, especially
when combined with pipeline transport of the captured carbon dioxide to permanent terrestrial storage.

In December 2022, the Administration through the U.S. Department of Energy announced the launch of
four programs that are designed to accelerate private-sector investment and spur advancements in
carbon management technologies. The new efforts from the Bipartisan Infrastructure Law are:

e Direct Air Capture Commercial and Pre-Commercial Prize —support and prize awards totaling
$115 million to promote diverse approaches to direct air capture. The Direct Air Capture Pre-
Commercial Prize provides up to $15 million in prizes to incubate and accelerate research and
development of breakthrough direct air capture technologies. The Direct Air Capture
Commercial Prize provides up to $100 million in prizes to qualified direct air capture facilities for
capturing CO2 from the atmosphere.

e Regional Direct Air Capture Hubs — DOE will invest $3.5 billion to develop four domestic
regional direct air capture hubs, each of which will demonstrate a direct air capture technology
or suite of technologies at commercial scale with the potential for capturing at least 1 million
metric tons of CO2 annually from the atmosphere and storing that CO2 permanently in a
geologic formation or through its conversion into products.

e Carbon Utilization Procurement Grants — which will provide grants to states, local governments,
and public utilities to support the commercialization of technologies that reduce carbon
emissions while also procuring and using commercial or industrial products developed from
captured carbon emissions.

e Bipartisan Infrastructure Law Technology Commercialization Fund (TCF) — DOE’s Office of
Technology Transitions (OTT), in partnership with FECM, will issue a Lab Call to accelerate
commercialization of carbon dioxide removal technologies, including direct air capture, by
advancing measurement, reporting, and verification best practices and capabilities. OTT
anticipates awarding $15 million to projects led by DOE National Laboratories, plants, and sites,
and supported by diverse industry partnerships spanning the emerging carbon dioxide removal
sector.

In addition to these new programs the Inflation Reduction Act enhanced the tax credits provided by
Section 45Q of the tax code and initiated a new set of tax credits in Section 45Z that have the potential
to stimulate carbon-reducing activities all along the supply chain of renewable fuels and greatly enhance
the role of carbon capture and sequestration in the effort to reduce the carbon Intensity (Cl) scores of
ethanol and other advanced biofuels such as Sustainable Aviation Fuel (SAF).

First introduced in 2008, Section 45Q of the Unites States Internal Revenue Code provides a tax credit
for CO2 storage. The policy is intended to incentivize deployment of carbon capture, utilization and
storage (CCUS), and a variety of project types are eligible. Under Section 45Q, captured carbon dioxide
must be either stored underground in secure geologic formations, used for carbon dioxide-enhanced oil
recovery or utilized in other projects that permanently sequester carbon dioxide.
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The 2022 changes to 45Q provide up to $85 per metric ton of CO2 permanently stored and $60 per

metric ton of CO2 used for enhanced oil recovery (EOR) or other industrial uses of CO2, provided

emissions reductions can be clearly demonstrated. The credit amount significantly increases for direct

air capture (DAC) projects to $180 per metric ton of CO2 permanently stored and $130 per metric ton

for used CO2. In addition, the 2022 changes reduce the capacity requirements for eligible projects:

18,750 metric tons per year for power plants (provided at least 75% of the CO2 is captured), 12,000

metric tons per year for other facilities, and 1,000 metric tons per year for DAC facilities. Finally, the

2022 changes include a seven-year extension to qualify for the tax credit, meaning that projects have

until January 2033 to begin construction.

In Part 2 of Subtitle D of the Inflation Reduction Act, tax credits for clean fuel production are contained
in section 45Z. This credit applies to clean fuels produced after 2024 and generally sold before 2028. It is
a new general business credit for clean transportation fuel that is produced at a qualifying facility and
sells for qualifying purposes. These fuels must meet certain emissions standards. For ethanol the credit-
per-gallon base amount is $0.20 (non-aviation fuel) and the credit amount increases to $1.00 per gallon
(non-aviation fuel) if wage and apprenticeship requirements are met and are based on the fuel’s carbon
intensity score with a Cl score of 50 kgCO2e/mmbtu (based on the GREET model) being the trigger point,
and the credit potential increasing as the Cl score declines toward zero. So, essentially, each reduction in
the Cl score of the fuel below 50 generates a 2 cents per gallon production tax credit with the tax credit
being maximized at $1.00 per gallon if the Cl score is zero.

No credit under the 457 tax credit is allowed at a facility that includes property for which a credit is
taken under sections 45Q, 45X, or section 48 ITC for clean hydrogen production facilities during the
taxable year.
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Figure 1. Ways to Reduce Cl Score of Ethanol

Currently, most of the corn-starch-based ethanol production in South Dakota has Cl scores between 55 —
65 based on the GREET model. There are a number of production techniques and methodologies that
can be implemented to incrementally reduce the carbon emissions of ethanol production, but the use of
CCUS is the most effective means of dramatically reducing the carbon emissions of ethanol production
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from corn with the implementation of CCUS estimated to typically reduce the Cl score of an ethanol
facility by approximately 30 Cl points. In addition to the changes to the processes at the ethanol plants
there are changes to production practices that corn producers can make which can also reduce the Cl
score of ethanol by reducing the Cl score of the corn production process (Figure 1).

2.1 SAF Grand Challenge Roadmap Overview

An interagency team led by DOE, DOT, and USDA worked with EPA, other government agencies, and
stakeholders from national labs, universities, nongovernmental organizations (NGOs), and the aviation,
agricultural, and energy industries to develop the SAF Grand Challenge Roadmap which was released in
September 2022. The Roadmap outlines a whole-of-government approach with coordinated policies and
specific activities that should be undertaken by the federal agencies to support achievement of both the
2030 and 2050 goals of the SAF Grand Challenge. The roadmap is designed to ensure alignment of
government and industry actions and coordinate government policies to achieve the goals of the SAF
Grand Challenge. This includes coordination in the formation and execution of plans in research,
development, demonstration, and deployment such as modeling and analysis to ensure sharing of
approaches, tools, assumptions, and insights across agencies’ research centers at the DOE national
laboratories, FAA's Center of Excellence for Alternative Jet Fuels and Environment (ASCENT), and USDA’s
Agricultural Research Service (USDA-ARS), Forest Service (USDA-FS), and USDA’s National Institute of
Food and Agriculture (USDA-NIFA).

The Roadmap lays out six action areas detailing all activities with the potential to impact SAF Grand
Challenge objectives of (1) expanding SAF supply and end use, (2) reducing the cost of SAF, and (3)
enhancing the sustainability of SAF. The six action areas are:

e Feedstock Innovation

e Conversion Technology Innovation

e Building Supply Chains

e Policy and Valuation Analysis

e Enabling End Use

e Communicating Progress and Building Support

Within the SAF Grand Challenge, two primary goals for the U.S. have been established:

e 3 billion gallons of SAF production and use per year by 2030
e 35 billion gallons of SAF production and use per year by 2050

These goals account for about one-third of the global targets for the SAF market which are likely 100
million gallons or more. Just as the U.S. is an exporter of ethanol and other fuels, there will likely be
opportunities for the U.S. to be exporters of SAF.

While there are many specific policy statements, actions and activities that have been put in place or are
being put in place to support these goals, several provisions were contained within the 2022 Inflation
Reduction Act (IRA) that were specifically targeted at supporting the 2030 objectives of the SAF Grand
Challenge Roadmap. As cited in the Roadmap, these provisions are:
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SAF Provisions of the 2022 Inflation Reduction Act (IRA)

The Inflation Reduction Act of 2022, signed into law by President Biden on August 16, includes a two-
year tax credit for those who blend SAF; a subsequent three-year tax credit for those who produce
SAF; and a grant program of $290 million over four years to carry out projects that produce, transport,
blend, or store SAF, or develop, demonstrate, or apply low-emission aviation technologies. To be
eligible, the SAF must achieve, in general, at least a 50% improvement in GHG emissions
performance on a life cycle basis as compared with conventional jet fuel. The tax credit—which starts
at $1.25/gallon of neat SAF—increases with every percentage point of improvement in life cycle
emissions performance up to $1.75/gallon.

2.2 Summary: What is Needed to Achieve 100% SAF Use by

20507?
The factors that characterize what is needed to achieve 100% SAF use in the U.S. by 2050 are:

e Increased production of feedstocks

e Reduced cost of transformation processes
e Demand drivers

e Enabling policy

e Public support

The early development of SAF will require increased production of feedstocks, primarily those
feedstocks that are used in HEFA-SAF pathways and the use of low-carbon ethanol for ETJ. Increased
availability of HEFA feedstocks can come about through technological advancements such as increased
Distillers Corn Qil (DCO) recovery, increased recovery of used cooking oil (UCO), and increased vegetable
oil yields on a per-acre basis of both soybean oil and canola oil*. Increased low-carbon ethanol as a
feedstock will become increasingly available from ethanol facilities that can do direct sequestration of
CO2 onsite, but the real ramp-up in availability of low-carbon ethanol will come from capture and
sequestration via pipeline for the ethanol produced in lowa, Minnesota, Nebraska, South Dakota, and
North Dakota.

Transformation processes for cellulosic ethanol, some Fischer-Tropsch (FT) gasification pathways, and
for transformation of direct air capture CO2 to SAF all are relatively expensive at present. Technological
breakthroughs are needed to reduce the cost of these pathways. Cellulosic ethanol has a very attractive
Cl score, but the feedstock gathering costs tend to be high, materials handling can be difficult, and the
cost of transformation of cellulosic materials into alcohols is generally more expensive than using starch-
based materials such as corn. According to (Zang et.al, 2021) one of the key issues with use of the FT
process for liquid fuel production from hydrogen and CO2 is the cost of hydrogen production as well as
the cost of electrical generation which can result in FT liquid fuels costing 75% to 100% more than
petroleum-based fuels. Most Power-to-Fuel (PTF) processes that use captured CO2 and renewable
hydrogen, while technically feasible, are very expensive to produce.

1 A substantial amount of research is currently underway for oilseed cover crops that may provide additional, low-
carbon feedstocks for HEFA, but the research has not progressed far enough at this time to be included in this
study.
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Typically, replacement of one fuel source with another comes from within a market that takes into
account the costs and benefits of the newer fuel. In the case of SAF, the demand drivers are very likely
to be based in government policy as it relates to carbon emissions and the desire to de-carbonize the air
travel industry. Demand driven by this consideration will likely need substantial incentives to mobilize
the private sector investments that will be needed to build the next generation of low carbon fuel
production facilities. Airlines, themselves, will need to be very involved in the early stages of the
transformation of fuel supplies to SAF. Offtake contracts and other instruments that will provide
sufficient stability for long-term investments in SAF production will likely be common to get SAF
production capacity up to a critical mass where market economics can become more of the driver of full
adoption.

Public policy needs to be enabling of the early investments in SAF production and consumption. Federal
tax policies as contained in the Inflation Reduction Act of 2022 will play influential roles in both
feedstock development and production as well as SAF production itself. But these public incentives
need to be evaluated on regular basis to make sure that the policies are not creating their own barriers
to SAF development such as the seemingly advantage that renewable diesel has over SAF production
when all tax and renewable energy credits are taken into account. For the 100% SAF goal to be achieved
in 2050, such disparities will need to be addressed.

And then there is public support. Production of SAF requires low-carbon feedstocks. And one of the
most promising low-carbon feedstocks can be corn-based ethanol with the carbon sequestered. Some
ethanol plants have the potential to do on-site sequestration of CO2. But most plants in lowa,
Minnesota, Nebraska, South Dakota, and North Dakota will need to move the CO2 captured at their
ethanol plants to sequestration sites that may be several hundred miles away and the most economical
and efficient way to transport such CO2 is via pipeline. But pipelines face vocal public opposition in
some areas. Getting public buy-in to the whole process will be an essential element of unleashing the
potential economic value that can accrue to the Midwest through SAF production.

And, the potential for SAF adoption will depend on the extent to which low-carbon air transport is
demanded by the public. SAF is likely to cost more than petroleum-based jet fuels. And this extra cost
will, at least to some degree, be borne by those who utilize air travel. Engaging the public and eliciting
public support will be a very important aspect of the future of SAF production.
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3 SAF Production Pathways

There are multiple technology pathways to produce fuels approved by ASTM and blending limitations
based on these pathways. ASTM D7566 Standard Specification for Aviation Turbine Fuel Containing
Synthesized Hydrocarbons dictates fuel quality standards for non-petroleum-based jet fuel and outlines
approved SAF-based fuels and the percent allowable in a blend with Jet A. ASTM D1655 Standard
Specification for Aviation Turbine Fuels allows co-processing of biomass feedstocks at a petroleum
refinery in blends up to 5%. Both ASTM standards are continuously updated to allow for advancements
in technology to produce SAF. DOE's Sustainable Aviation Fuel Review of Technical Pathways provides
details on various SAF production pathways.

The pathways below represent only those currently approved by ASTM. Processes and tests exist for the
approval of other feedstocks, fuel molecules, and blending limits, and the types of approved fuels will
increase as these are evaluated through this process2.

Fischer-Tropsch (FT) Synthetic Paraffinic Kerosene Municipal solid waste, agricultural and
(SPK) (Annex 1) forest wastes, energy crops
Oil-based feedstocks (e.g., soybean oil,

Hydroprocessed Esters and Fatty Acids (HEFA) canola oil, jatropha, algae, camelina, and

(Annex 2)

yellow grease)
Hydroprocessed Fermented Sugars to Synthetic Sugars
Isoparaffins (Annex 3)
FT-SPK with Aromatics Municipal solid waste, agricultural and
(Annex 4) forest wastes, energy crops
Alcohol-to-Jet Synthetic Paraffinic Kerosene Cellulosic biomass, corn ethanol
(Annex 5)
Catalytic Hydrothermolysis Synthesized Kerosene Fatty acids or fatty acid esters or lipids from
(Annex 6) fat oil greases
Hydrocarbon-Hydroprocessed Esters and Fatty Algal oil
Acids (HEFA) (Annex 7)
Fats, Oils, and Greases (FOG) Co-Processing Fats, oils, and greases
(Annex A1)
FT Co-Processing (Annex Al) FT biocrude

2 A detailed list of the SAF pathways is included in the appendix.
10
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4 U.S. SAF Pathway(s)

The Energy Information Administration (EIA) in their 2023 Outlook forecasts jet fuel use will rise to
32.887 billion gallons® by 2050 from 23.111 million gallons of use in 2022. In 2022, it is estimated that
15.8 million gallons of SAF were produced in the U.S., representing less than 0.1% of total jet fuel use.

A goal has been established to use 3 billion gallons of SAF by 2030 in the U.S. and to have production of
35 billion gallons of SAF in the U.S. by 2050. Additionally, there are industry objectives to use 100% SAF
in aviation fuels by 2050. For this analysis, the latter goal of 100% SAF by 2050 was used. SAF production
in 2050 was set equal to the EIA’s 2050 jet fuel production projection 32.887 billion gallons.

Figure 2 presents two potential pathways for the U.S. aviation industry to reach 100% SAF by 2050. One
scenario assumes that 3 billion gallons will be available and used annually by 2030 and then assumes a
linear trend on replacement of conventional jet fuel with SAF from 2030 to 2050. This scenario is given
by the gray line in Figure 2.

A more likely scenario is one where there is a strong push to achieve 3 billion gallons of SAF production
in the U.S. by 2030 but the ramp-up to 100% SAF use in the U.S. falls short of a linear trend and has a
slower ramp-up throughout the 2030s and into the 2040s and then rapidly accelerates beginning in the
mid-2040s with rapid deployment of CO2-based Power-to-Fuels technology advances and becomes
much more cost effective. This scenario is shown by the blue bars in Figure 2.
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Figure 2. Pathway to SAF 100% by 2050

The Environmental Protection Agency (EPA) collects renewable fuel data as part of the Renewable Fuel
Standard. Although the data is labeled as production data, it gives an approximate consumption of
biofuels such as SAF. According to this data about 5 million gallons of SAF were consumed in 2021 and
over 18 million gallons in 2023 (through September) (see Figure 3). Two other commercial producers of
SAF are World Energy, which began production in 2016 at their Paramount facility in California, and
international producer Neste. World Energy supplies SAF to Los Angeles International Airport and

3 Converting trillion Btus into million gallons by multiplying by the conversion factor of 7.4195 gallons of kerosene
type jet fuel per 1 million Btus.

11
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Ontario International Airport. Neste supplied SAF to San Francisco International Airport in 2020, and in
2021 the company introduced SAF at a regional airport (Telluride Regional Airport) and at a county
airport (Aspen/Pitkin County Airport) in Colorado. More producers have begun supplying SAF to
customers in 2023 and several more facilities are under construction or ramping up production over the
coming years. The demand side is also beginning to pull product through the system with many airlines
having signed agreements with existing and future SAF producers to utilize hundreds of millions of
gallons of these fuels (US DOE, 2023, Sustainable Aviation Fuel).
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Figure 3. SAF Production Volumes: Renewable Jet Fuel

Figure 4 is an example of the potential pathways by major feedstock type for SAF aiming to reach the
stated goals of 3 billion gallons of SAF use in the U.S. by 2030 (although the DIS pathway only reaches
2.4 billion gallons of SAF in 2030) and to reach 100% SAF utilization in the U.S. by 2050 using the DIS
“more likely” pathway for SAF adoption in the U.S. This example follows the McCurdy-ICF pathway
estimates for Fischer-Tropsch (FT) SAF which grows to approximately 2.7 billion gallons by 2050, and
adds to that the DIS estimates for HEFA-based SAF, corn-ethanol-based SAF (ETJ), assumes that other
Alcohol to Jet (ATJ) will grow slowly and top out at about 2.4 billion gallons, and Power to Fuel (PTF)
options will fill in the residual to meet the overall goals and annual milestones along the way to the
ultimate goal of 100% SAF utilization in the U.S. by 2050 (McCurdy, 2023). The pathway estimates
assume that once production is ramped up, PTF from CO2 from ethanol plants will make up a significant
portion of the initial PTF component of SAF and that other (non-corn CO2 or other feedstocks) PTF fuels
will fill in the requirements to meet “Net Zero” by 2050. Key assumptions for these pathways results are
summarized below and discussed in more detail in sections 0-9 and sections 13.7-13.9 in the appendix.

12
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Pathway to 100% SAF by 2050 by Type of Fuel
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Figure 4. Fulfillment of U.S. SAF Demand by year, 2021 — 2050; DIS Estimates

In this set of pathways®, HEFA-based SAF is the early leader. It rises from approximately 16 million
gallons used in 2022 to 1.1 billion gallons in 2030, and then rises to 3.7 billion gallons in 2050. The DIS
HEFA pathway accounts for co-product production of renewable diesel (RD) from other pathways and
assumes that HEFA-based renewable energy capacity will be re-directed to SAF as other sources of RD
ramp up.

The ETJ pathway begins with 21 million gallons coming online in 2024, ramps up to 623 million gallons in
2030, and rises through the remaining period to 5.59 billion gallons of ETJ-SAF by 2050. This ETJ pathway
assumes that U.S. corn production grows at the rate of the 1980-2023 trendline (driven by increasing
trends for corn yields while maintaining corn acres in line with recent levels), that non-ethanol use of
corn (exports, feed, food) grows at the rate of the 2013-2023 trendline (55 million bushels per year), and
that the balance of corn would be available for ethanol production. This production would satisfy both
the EIA baseline for light-vehicle use and meet export demand and that the balance would be available
for ethanol production that could be used for ETJ-SAF production with ETJ-SAF production ramping up
from 5% of the potential newly available ethanol being used for ETJ-SAF in 2024 and reaching 100% of
the extra ethanol being available and used for ETJ-SAF production by 2050. This also assumes that the
combination of policy incentives, technological advances, and infrastructure development are sufficient
to lower the Cl score of corn-based ethanol enough so that it can be successfully transformed into SAF.

This pathway assumes that the ethanol produced with carbon capture and sequestration and used for
ETJ represents 0.2% of ethanol production in 2024, 8.6% of ethanol in 2030, and 45.9% of ethanol
production in 2050. The DIS pathway assumes that plants producing ethanol for ETJ will be a mixture of
existing plants that install carbon capture and sequestration and new plants that are built specifically for
ethanol production for ETJ and incorporate CCS at construction either by tying into an existing CO2
pipeline or through on-site direct injection of CO2.

The Other Alcohol to Jet (ATJ-SAF) pathway starts out at 20 million gallons of production in 2024 and
grows to 140 million gallons by 2030 and then continues to increase to 2.4 billion gallons by 2050.

4 Specific pathway details are contained in Section 5.
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The FT-SAF pathway begins with an estimated 26 million gallons of FT-SAF in 2023, increases to 300
million gallons by 2030, and rises throughout the remainder of the pathway to 2050, reaching 2.7 billion
gallons of FT-SAF use in 2050.

The Power to Fuel (PTF-SAF) pathway has two parts®. The first part is PTF-SAF that is made from CO2
captured at ethanol plants that produce ethanol for light-duty vehicles, capture CO2 and then that
captured CO2 is converted into SAF either nearby or in plants that receive their CO2 from an existing
pipeline, or by rail. This pathway is modeled to grow from 10 million gallons in 2024 to 180 million
gallons by 2030 and then continues to increase through 2050, reaching 674 million gallons of SAF in
2050 and utilizes 90% of the CO2 captured from ethanol production that is used in light-duty vehicles.
Note that due to current tax policy, it is assumed that for ethanol to be used for ETJ, the CO2 must be
captured and sequestered. Thus, the only CO2 from ethanol plants that is available for SAF production is
from ethanol which is blended and used in light-duty vehicles. If the EPA approves a scoring model for
ethanol for which the CO2 is used as a feedstock in SAF production, then this may change as part of the
Cl score which currently is assigned to ethanol may be assigned to the CO2 feedstock, but for this
analysis, ethanol for which the CO2 is used as a feedstock for SAF, none of the Cl score has been
assigned to the CO2 and the ethanol does not have a low enough Cl score to be used as SAF feedstock.

The second part of the PTF pathway uses feedstocks other than CO2 from corn ethanol production. For
this study, we have modeled this CO2 as primarily being of direct air capture (DAC). This pathway is
expected to grow from 10 million gallons in 2024 to 40 million gallons by 2030 and then rise to 17.8
billion gallons in 2050. Currently, this pathway is likely the most expensive pathway for SAF production,
but it is assumed that technology advances will occur that allow for this pathway to become much more
cost effective in the future and will be the largest source of SAF by 2050, ultimately supplying 42% of
total SAF used in the U.S. in 2050.

The DIS pathway for SAF production in the U.S. does not reach 3 billion gallons until 2032 (only reaching
2.402 billion gallons in 2030); only reaches 22% market penetration by 2040; does not exceed 50%
market penetration until 2047; and ramps up very rapidly in the 2048-2050 period. “Speeding up” the
adoption rate of this pathway could be achieved if policy initiatives, tax incentives, market demand and
public support align for swifter development of cost reductions in PTF, more complete facilitation of ETJ
from existing ethanol plants, and more cost-effective development of the FT pathways.

5 The Brandlt et. al. models indicate that each ton of captured CO2 can be transformed into 17.0589 gallons of SAF.
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5 Operational Models of HEFA, ETJ, PTF, and FT

Operational models are used to understand the relative competitiveness of each SAF feedstock and
pathway under projected incentives and cost structures. Models needed to be specified at the feedstock
level as Cl scores of finished SAF can vary significantly by feedstock, even for the same general pathway.

Models developed by Brandt et. al. (2021a, 2021b, 2021c) were used to create hypothetical operational
models. The models developed by Brandt et al contained key default parameters including product
yields, CAPEX costs, OPEX costs, and historic fuel price relationships among others. Figure 5 and Table 2
outline some of the key defaults taken from these models.

Note: Actual industry experiences may differ from the parameters contained in the models used. And, we
expect industry to achieve greater yields, improved efficiencies, and reduced costs over time as the
pathways expand commercially. However, given the nascent nature of the SAF industry at this time, and
the lack of publicly available data on actual operations, we believe the models used in this report provide
results that are directionally correct and reflect the relative performance of the pathways correctly.

Figure 5 shows the distillate breakout from each pathway. It is important to note that not all output
product of an SAF plant is SAF. Some mixture of co-products including renewable diesel, aviation
gasoline, naphtha, and propane are produced as well. We used the highest possible SAF distillate
percentage available in the models developed by Brandt et. al. in this analysis and these are included in
Figure 5. ETJ and HEFA have the highest percentages of modeled SAF from the distillate stack while PTF
pathways have lower percentages of SAF.

Distillate Breakouts
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Figure 5. Distillate Breakouts

Table 2 provides some key default values including distillate yields and plant level capacity and
production. Given the assumptions used in this paper, ETJ and HEFA plants will have much higher
production of SAF per plant than FT and PTF pathways.
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Table 2. SAF Key Factors

Yield Plant Feedstock Plant Distillate

Processing (MT distillate/ Capacity (1,000  Capacity (mil gal ~ SAF Production
Technology Feedstock MT feedstock) MT feestock/yr) distillate/yr) (mil gal/yr)
ATJ ethanol 0.60 1,260 264 185
HEFA vegetable oils 0.83 892 264 185
HEFA FOGs 0.83 892 264 185
FT MSW 0.31 1,290 132 70
FT forest residues 0.18 1,290 106 41
FT agricultural residues 0.14 1,290 79

PTF flue gas 0.24 1,290 264

PTF DAC 0.24 1,290 264

Notes: FOGS =fats, oils, and greases; MSW = municipal solid waste; DAC = direct air capture
Source: Adapted from ICAO SAF rules of thumb and supported by Brandt et. al. models

Current price levels were collected for all necessary inputs for each feedstock pathway. In general, these
did not vary significantly from the model defaults, though some feedstock prices had relatively large
differences. For example, soybean oil has increased in price notably since the models were originally
developed.

Cl score estimates were also collected so 45Z tax credits could be estimated. Most Cl score estimates are
from the GREET Aviation module (Figure 6). The module did not contain flue gas or direct air capture
(DAC). Aggressive assumptions of a zero Cl score for the CO2 used to produce these fuels. As noted later
in the report, even with aggressively low Cl scores, these fuels still are not yet projected to be cost
competitive. All Cl scores for SAF were adjusted by relative fuel energy content to get Cl scores of co-
product fuels.

SAF Cl Score
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Figure 6. SAF Cl Scores

Reporting only costs and revenues of the SAF plant can be misleading because of the differences in the
assumed percent of the distillate converted to SAF. For this paper, these assumed distillate levels mean
pathways like ETJ and HEFA will be better able to capture SAF benefits, as a higher percentage of their
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total distillate is SAF. Pathways with lower SAF distillate yields will have a harder time utilizing SAF
benefits, because the benefits apply to a lower percentage of their total distillate.

For this reason, values for revenues and expenditures of SAF plants are reported on a per mass of
distillate basis instead of only on an SAF basis. This allows for better comparison of the total profitability
of the plant. Using assumed prices collected by DIS and models created by Brandt et. al. revenues and
expenditures of multiple SAF pathways were calculated for a projected year 2050.

EIA long term projections were used for jet fuel, electricity, and natural gas prices. The historic
relationship between jet fuel and other wholesale fuel prices was used to determine the prices of other
fuels. In most other cases a large assumption was made that prices would increase at exactly the rate of
inflation.

Two additional large assumptions relate to RIN prices and other feedstock prices. First, it is assumed
that RIN prices will remain at current levels. RIN prices are essentially policy driven as they are based on
EIA’s mandated blend rates relative to US production capacity, so they are extremely difficult to
forecast. Second, it is assumed feedstock prices will remain unchanged from current levels, except for
adjustments to inflation. This is the large assumption and least likely to hold as large increase in demand
from SAF production will likely increase prices of all feedstocks.

With these admittedly large assumptions, it is still possible to see the relative profitability of various SAF
pathways. Corn ETJ looks very profitable, with cellulosic ETJ also slightly profitable. This even included a
higher ethanol price to accommodate cellulosic ethanol production. All HEFA pathways are very
profitable, especially distillers corn oil (DCO) and used-cooking oil (UCO), two pathways with relatively
low Cl scores. The Fischer-Tropsch pathways analyzed here also look profitable, especially for municipal
solid waste (MSW). Though this assumes feedstocks can be obtained at relatively low costs. This
assumption may not hold, particularly for MSW at relatively high quantities of production.

Figure 7 shows the revenue and costs of various feedstocks and pathways assessed in this analysis.
Figure 8 shows the net revenue at the SAF plant level reported on a dollar per kg of distillate level. As
noted above, the varying distillate breakouts make it misleading to report the net operating returns of
an SAF plant based solely on SAF output.

With all previous stated assumptions, MSW has the greatest net revenue per kg of distillate mix at
$1.30/kg. PTF pathways show negative returns even with an aggressive assumption of a 0 Cl score for
these pathways. No assumptions were made about the technological improvements to reduce relative
costs. Alternatively, technological advances that would increase the relative percentage of SAF from the
distillate in these pathways (or increase the amount of distillate per unit of input) would raise revenue
and potentially make these pathways look more attractive in the future.
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Revenue and Costs of Various Pathways ($/kg distillate)
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Figure 7. Revenue and Costs of Various Pathways ($/kg distillate)
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Figure 8. SAF Plant Net Revenue ($/kg distillate)
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6 HEFA-based Biofuels and HEFA-SAF Forward

Production Pathways

Feedstock supplies for HEFA-based fuels primarily come from vegetable oils (soybean oil, distillers corn
oil, and canola oil), animal fats (tallow, choice white grease, poultry fat) and recovered fats (yellow
grease, brown grease, and used cooking oil). In 2022, it is estimated that 23.282 billion pounds of these
feedstocks were used for combined methyl-ester biodiesel, renewable diesel, and SAF fuel production.
In 2022, 51.5% of the HEFA feedstocks were soybean oil (SBO), 16.2% was distiller corn oil (DCO), 4.2%
was canola oil (CANO), and 28.2% was from animal fats and other fats/oils (Table 3).

Table 3. HEFA-Based Biofuels Feedstock Use by Type of Fuel (2022)

HEFA-Based Biofuels Feedstock Use by Type of Fuel (2022)
Million Pounds

Feedstock ME-BD RD HEFA-Fuels Total (Share Pct
Soybean Oil 6,828 5,154 11,982 51.5%
DDG Corn Oil 1,279 2,484 3,763 16.2%
Canola Oil 968 - 968 4.2%
Inedible Tallow 370 863 1,232 5.3%
White Grease 703 - 703 3.0%
Yellow Grease 1,235 2,194 3,429 14.7%
Brown Grease 549 - 549 2.4%
Poultry Fat 274 341 616 2.6%
Other/Residual 40 - 40 0.2%

Total 12,246 11,036 23,282 100.0%

r\ Dccisimll
Source: EIA C) é‘fﬁ‘;’t‘;‘;ﬁ;‘“

Forward projections of soybean production were done by applying the 1980-2023 trend for soybean
yields to the current level (10-year average) of soybean acres (Figure 9). The U.S. soybean yield is
increasing by 0.549 bushels per acre per year. The 10-year average of soybean harvested acres is 83.7
million acres. Projecting these forward results in 4.332 billion bushels of soybean production in 2024 and
increases to 5.526 billion bushels of soybean production in 2050.°

6 DIS calculated forward soybean production using a simple 1980-2023 production trend. This method resulted in
slightly less soybean production in the near term (2024-2026) but resulted in more soybean production for the
years 2027 through 2050 with 5.947 billion bushels in 2050. For this analysis DIS selected the more conservative
production estimate.
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Soybean Production and 