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Executive Summary

Emergence of Ethanol as a Key Enabler of the Transition to
Low-Carbon Fuels

The U.S. clean energy transition requires a transition to both carbon-free electricity and
clean fuels. Ethanol has been the leader in the move to low-carbon fuels, as long-
standing attempts to develop other advanced low-carbon liquid fuels (cellulosic biofuels,
algae-derived fuels, e-fuels, etc.) have not succeeded in achieving scalable production
at an acceptable cost.

Since 2005, the overall carbon intensity (Cl)@ of ethanol has decreased by 23%."
Ethanol’s Cl today is 53.6 grams of carbon dioxide equivalent per megajoule of ethanol
produced (gCO2e/MJ), 42% lower than unblended gasoline. This has enabled blends of
ethanol and gasoline to reduce on-road vehicle greenhouse gas (GHG) emissions by
over 544 million tons of COz2.?:2

This reality leads the EFI Foundation (EFIF) to present in this report a strategic
roadmap to further decarbonize the U.S. ethanol industry through a portfolio of actions
that can help it reach a goal of net-zero carbon intensity by midcentury, and several
additional options that can achieve net-negative carbon intensity. The strategic roadmap
will enable ethanol to play a central role in decarbonizing the transportation sector,
which accounted for 29% of total U.S. GHG emissions in 2021.°

Continued decarbonization of ethanol, combined with higher blend levels, can
complement the shift to electrification of light-duty vehicles—both battery electric
vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs)—in achieving further
reductions in 2030 and beyond.# Conversion of ethanol into aviation fuel will allow
blends of sustainable aviation fuel (SAF) at a significant scale. Further decarbonization
of the U.S. ethanol industry also will strengthen its contribution to the U.S. economy,
particularly to the rural economy.

In 2023, the United States produced 15.6 billion gallons of ethanol, making it the world’s
leading producer and exporter of ethanol, responsible for producing over half of the
global supply.®® The ethanol industry accounted for 28% of farm GDP, contributing $57
billion to total U.S. GDP in 2022. The ethanol industry supports more than 420,000
jobs.”:8

a Carbon intensity (ClI) refers to the amount of carbon dioxide emitted per unit of energy or activity.
®In the United States, nearly all gasoline sold today is blended with ethanol at a 10% rate (E10). E10’s Cl is 3% lower than unblended
gasoline’s.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 1
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Corn production for ethanol® is a high value-added proposition—ethanol producers use
about 30% to 40% of the U.S. corn crop, spending $38 billion, but require only about
1.5% of total U.S. farmland (an estimated 13.9 million acres).®1%.11.12.13 Since 2001, the
U.S. food crops industry overall has maintained relatively consistent land use for
planting while yields have continued to increase, indicating that corn is not in direct
competition for acreage with other food crops.® 14 15. 16,17, 18, 19, 20, 21, 22, 23 Thjs report
does not assume any increase in corn planting for ethanol production.

Assessment of Measures to Further Decarbonize the Life
Cycle Carbon Intensity of Ethanol

The strategic roadmap for decarbonizing the U.S. ethanol industry was developed
based on current estimates in the U.S. Department of Energy (DOE)-sponsored GREET
model, developed at Argonne National Laboratory.® The model provides estimates of
carbon uptake and emissions across the entire ethanol life cycle, including corn farming,
biorefining, and end use.

Currently, the R&D GREET model (hereafter referred to as “GREET”) estimates that,
on average, U.S. corn ethanol emits around 53.6 gCO2e/MJ throughout its life cycle.
Figure ES1 illustrates the composition of the emissions sources and sinks that comprise
ethanol’s net carbon footprint.

¢Corn-based ethanol currently accounts for an estimated 94% of total U.S. ethanol production.

4The land use for planting U.S. food crops has decreased by 2.1% from 2001 to 2024, while the yield has increased by 25.1%, showing
the industry has been able to increase crop yield substantially while keeping land use relatively consistent.

¢The GREET (Greenhouse gases, Regulated Emissions, and Energy use in Technologies) model is a tool developed by Argonne
National Laboratory with support from the U.S. Department of Energy to evaluate the energy and environmental impacts in the energy
systems of various technology and fuel combinations.

fR&D GREET is used to guide research, development, and decision-making for researchers, industry, or fuel consumers. A specific
GREET model could be developed for a policy program. For example, tax credits 40B and 45V and California’s Low-Carbon Fuel
Standard have their own versions of GREET.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 2
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Figure ES 1. Components of the dry mill ethanol life cycle (emissions
in gC02e/MJ)
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Ethanol emissions in a dry mill facility (the production method most common in the U.S.) occur during corn farming, fuel production,
and consumption. Emissions sources are depicted in black, and emissions sinks in green. Data from: GREET (2024); Horizon
Climate Group for fermentation emissions.

The GREET estimates are used as the baseline for developing the strategic
decarbonization roadmap. The estimates are based on the dry mill biorefining process
for ethanol production, the most commonly used technology in the United States. The
baseline shows significant variation among sources and sinks of CO2 emissions
throughout the ethanol life cycle.

The three largest sources of emissions are end-use combustion, the fermentation
process, and the use of fossil fuels to provide process heat. CO2 uptake occurs in the
corn-growing process and is also accounted for, or “scored,” in GREET as a “credit” in
the life cycle analysis. The credit covers emissions from the fermentation and end-use
combustion processes. Also noteworthy in the GREET estimates is that the indirect
emissions associated with electricity used in biorefining are included in the model, as
well as the carbon footprint of the production of fertilizer used to support corn growing.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 3
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EFIF’s assessment of the ethanol life cycle identified a broad range of measures that
can significantly reduce the CI of ethanol. The assessment incorporated four factors:
adoption readiness, the feasibility for widespread adoption, the magnitude of ClI
reduction potential, and cost-effectiveness, as measured in terms of cost per ton (t) of
COz2 removed from the life cycle baseline. The measures examined included
modifications in agricultural practices for corn growing, improvements in biorefining, use
of low-carbon fuels and electricity, and carbon capture from the biorefining process.
Figure ES2 provides a summary of the assessment.

Figure ES 2. Assessment of ethanol decarbonization measures

Cl reduction Feasibility
Decarbonization measures potential Cost Feasibility for widespread Readiness for
(% of ethanol CI) adoption adoption

Corn yield improvement [ 0.7% ] [ < ZBro ] l High ] [ Near term J

No-till farming ( 6% ) <zero J[ Hin [ nearterm |

clim'::!o- '::nan 4R nitrogen management [ 4% ] [ < Z&ro ] [ High ] [ Mear term J

agri cu!(ural Enhanced efficiency fertilizers [ 4% ] [ = zZero ] [ Medium ] [ Mear term ]
practices -

Cover crops [ 45% ] [ $24 to $64/1CO, ] [ Medium ] [ Near term ]

Use low- Blue ammonia-based fertilizers ( 10% | [$29 (with 45Q) to $100#CO, | [ Meaium ][ miaterm |

f:::.l?:'enrs Green ammaonia-based fertilizers [ 10% ] [ $0 (with 45V) to $526/tCO, ] [ Medium ] [ Mid term ]

Use renewable diesel in farm machinery [ < 4% ] [ $127 to $139/tCO; ] [ Medium ] [ Mear term J

Use renewable diesel for corn transport [ <2% ] [ $127 to $139/1CO, ] [ Medium J [ Near term ]

Ethanol yield improvement [ 6% ] [ < zero ] [ High ] [ Near term ]

Fermentation CCUS ( 57% | [ -848 (with 45Q) to $3711C0O, ][ High ] [ Mid term ]

Carbon-free electricity use [ 6% ] [-Ma (PPAS) to $18/1CO, {RECS}][ High ] [ Near term ]

Fuel switching to hydrogen ( 37% | (8124 (with 45V) to $412/tCO, | [ Medium ][ Longterm |

Fuel switching to RNG [ 32%160% | s76t0$220ncO,  |[ Medium ][ Midterm |

Decarbonize Biomass CHP [ 37% ] [ < Zero ] [ Medium ] [ Near term ]

thermal

energy use Hydrogen CHP [ 37% ] [$71(with45v) 10$3761CO, | [ Medium ][ Longterm |

RNG CHP [ 32%-160% || $5710$2014C0; | Medium ][ Midterm |

CCUS in thermal energy generation [ 37% ] [ $21 (with 45Q) to $106/CO, ] [ Medium ] [ Mid term ]

Use renewable diesel in ethanol delivery [ < 2% ] [ $127 to $139/1CO, ] [ Medium ] [ Mear term ]

Strategies for corn farms Strategies for biorefineries

The CI reduction potential is the maximum potential for full adoption of each measure, estimated using the GREET model. The cost
is a levelized cost of carbon abatement (LCCA), relative to the cost of the business-as-usual alternative. It is calculated by dividing
cost by CO, abated. Negative LCCA results from reducing energy or fertilizer inputs, selling energy back to the grid, or obtaining tax
credits. The market feasibility was evaluated by reviewing publicly available data and literature on technological and economic
feasibility and the barriers to adoption.

Notes: 4R — right source, time, rate, and place; blue ammonia — produced with capturing and sequestrating CO, from hydrogen
production; green ammonia — produced with renewable energy for hydrogen production (note that hydrogen is a primary feedstock
for making either blue or green ammonia); CCUS — carbon capture, utilization, and storage; RNG — renewable natural gas; CHP —
combined heat and power; PPAs — power purchase agreements; RECs — renewable energy certificates; 45Q — tax credit for carbon
oxide sequestration; 45V — clean hydrogen production tax credit. Source: EFl Foundation analysis.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 4
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As shown in the figure, the measures providing the largest reductions, in terms of the
magnitude of Cl reduction potential, include:

e Carbon capture, utilization, and storage (CCUS) in the fermentation process?

e Replacing the use of natural gas for process heat with low-carbon process
fuels such as renewable natural gas (RNG)

e Planting cover crops in corn farms in intervals between regular corn cropping

These three measures alone could lead to an estimated reduction of up to 140
gCO2e/MJ, resulting in a net-negative ClI score.

The mix of options changes when other factors are considered, such as cost-
effectiveness and feasibility for adoption. Widespread adoption of RNG is limited by
high costs, limited current supply, and competition with other uses. Even if all available
U.S. RNG is dedicated to the ethanol industry, it could replace only 76% of the natural
gas used in the industry.?*

Options that are ready for widespread adoption at a relatively low cost per ton of CO2
removed (less than $18 per ton reduced) can reduce overall Cl by 14 gCO2e/MJ (a 26%
reduction from the current baseline) and include:

e Purchasing carbon-free electricity in the biorefinery

e Continuously improving ethanol yield

e Procuring corn from farms continuously improving corn yield

e Employing no-till farming

e Using enhanced efficiency fertilizers (EEFs)

e Adopting 4R (right source, time, rate, and place) nitrogen management
practices

Introducing a combined heat and power (CHP) system running on biomass, such as
corn stover and other residual agricultural wastes, also can be a cost-efficient option for
the long term because of the low cost of biomass and increased energy efficiency.

CCUS is a low-hanging fruit for ethanol decarbonization. Capturing CO2 emissions from
the biorefining process is technologically feasible at a relatively modest cost of capture
of about $37/tCO2. This cost could be covered by the carbon sequestration tax credit
(Section 45Q), which pays $85/tCOz2; however, transportation and sequestration of CO2
are challenging. As most ethanol plants are in areas unsuitable for geologic
sequestration of COz, the captured CO:z2 in ethanol plants would have to be transported
via pipelines to suitable sites.

9 CO, utilization is considered with CO, sequestration as the technologies converting captured CO, into products are under
development.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 5
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Uncertainties surrounding permitting of the COz2 pipeline infrastructure and geologic
storage site (Class VI)" have been the most significant barriers to scaling up CO2
transportation and sequestration infrastructure. The permitting issues are complex
because the pipeline infrastructure would cross multiple states (e.g., five states in the
Summit pipeline project, three states in the Tallgrass Energy Gas-to-COz2 project) and
require permit approvals by state and local governments.

Strategic Decarbonization Pathways for the U.S. Ethanol
Industry

Based on the assessment of options, EFIF developed two strategic pathways that the
ethanol industry could take to achieve net-zero or even negative emissions by
midcentury:

e Net Zero by 2050 Pathway: This pathway includes core decarbonization
measures to enable the ethanol industry to reach net-zero emissions by
midcentury, with substantial progress toward that goal by 2035. The core
decarbonization measures are ready to adopt and have a relatively low cost per
ton of CO2 removed. Many measures have a net cost of less than zero because
of the cost savings that accompany them, and the most expensive measure
costs at most $64/tCOz2. Note that costs are relative to the current practice.

e Deeper-Decarbonization Options: Adopting additional measures enables the
ethanol industry to reach almost net-zero emissions by 2035, and negative
emissions in 2050. The additional measures are not yet ready-to-adopt and their
costs are relatively higher or uncertain, with a wide range of estimates. Since
most measures, such as clean ammonia, are in the early phases of market
development, their degree of penetration into the ethanol supply chain is
uncertain for the near term and midterm. The costs of these additional measures
range from zero to $516/tCO:x.

Figure ES3 shows that the core measures combined offer a portfolio to reach net-zero
emissions by 2050 at a relatively small cost per ton and in some cases a negative cost
per ton relative to the cost of current practices. The additional measures could provide
even deeper decarbonization, but the range of costs is much greater and more
uncertain.

" A Class VI well is a well for CO, geologic sequestration.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 6
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Figure ES 3. Cost and carbon intensity reduction potential by
decarbonization measure
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A negative cost means that the new measure costs less than the currently adopted measure because of reduced energy or fertilizer
inputs (e.g., no-tillage farming, 4R nitrogen management), a lower cost for securing energy (e.g., PPAs), policy incentives (e.g.,
fermentation CCUS), or additional electricity production (e.g., biomass CHP). Source: EFI Foundation analysis.

The midterm pathway (by 2035) and the long-term pathway (by 2050) were modeled
with varying assumptions about the prevalence of each decarbonization measure.
Further details on assumptions can be found in Chapter 4 of the report.

Under the Net Zero by 2050 Pathway, a biorefinery can reduce almost 90% of its
ethanol Cl by 2035 and reach net-zero emissions by 2050. With the Deeper-
Decarbonization Options, a biorefinery can reach almost net zero by 2035 and negative
emissions in 2050 (Figure ES4).
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Figure ES 4. Ethanol carbon intensity in the baseline, Net Zero by
2050 Pathway, and Deeper-Decarbonization Options, 2035 and 2050
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Source: EFI Foundation analysis.

Under the Net Zero by 2050 Pathway, the largest reduction comes from CCUS in the
fermentation process, which reduces CI by 60%, a 30.5 gCO2e/MJ reduction from the
baseline Cl of 53.6 gCO2¢e/MJ. Decarbonizing energy use in a biorefinery is the second-
largest source of reductions. With the Deeper-Decarbonization Options, the largest
reduction also comes from CCUS in the fermentation process. But, compared to the Net
Zero by 2050 Pathway, decarbonizing energy use in the biorefinery reduces a larger
amount of the Cl as natural gas use for thermal energy generation is completely
replaced by a mix of low-carbon fuels. See Figure ES5 for more detail.
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Figure ES 5. Sources of Cl reduction, Net Zero by 2050 and Deeper-
Decarbonization, 2050
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Source: EFI Foundation analysis.

Enabling Decarbonization of the Transportation Sector

The decarbonization pathways for the U.S. ethanol industry allow ethanol to play a
much larger role in decarbonization across the entire transportation sector.

Lower-Cl ethanol can complement electric vehicles in decarbonizing the light-duty
vehicle fleet. As mentioned, transportation is the largest source of GHG emissions in the
United States. The Biden-Harris administration has called for half of all new vehicles
sold by 2030 to be electric vehicles (EVs), with a longer-term goal that most light-duty
vehicles (LDVs) will be electric by 2050. 425 Achieving these goals alone is insufficient
to reach a net-zero transportation sector.?® Decarbonizing ethanol can substantially
complement strategies for electrification of LDVs in reducing vehicle transportation
emissions.?’

Further, plug-in hybrid electric vehicles (PHEVs), which still use some gasoline,
currently make up about 27% of EVs in the United States.?®2° Their presence in the
vehicle fleet is expected to grow as automakers invest more in PHEVs, driven by
consumer demand.3° As a result, low-Cl ethanol can play a role in further reducing
emissions in new and in-use PHEVs alongside battery electric vehicles as
transportation electrifies.

Decarbonized ethanol has the potential to be an abundant feedstock to expand the
supply of sustainable aviation fuel (SAF). SAF is a drop-in fuel with jet fuel-like
properties that requires no aircraft or supply chain infrastructure modifications. In the
United States, SAF can take advantage of production tax credits. The clean fuel
production tax credit (Section 452Z) of the Inflation Reduction Act (IRA) of 2022 goes into
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effect in January 2025 and requires life cycle SAF emissions to be no more than 50
kilograms (kg) of CO2 per million British thermal units (MMBtu), or 47.4 gCO2e/MJ.! The
current Cl score of ethanol alcohol-to-jet (ATJ) SAF is approximately 70.36,1 meaning
ethanol’s carbon intensity must be reduced to qualify for tax credits.

As SAF currently costs around $6.69 per gallon, compared to $2.85 for fossil-based jet
fuel, achieving the 45Z credit is essential for making ATJ SAF cost-competitive.3' With
the full 45Z credit plus existing state-level tax incentives for SAF, the cost of SAF could
be in the range of $2.94 to $3.69 per gallon.

Figure ES6 demonstrates that both decarbonization pathways enable ATJ ethanol SAF
(E-SAF) to achieve a Cl under the 45Z threshold. The Deeper-Decarbonization pathway
enables ATJ E-SAF to qualify for the maximum 45Z credit of $1.75 per gallon.

"Including upstream feedstock emissions and emissions from SAF production.

I Estimated using the GREET model, assuming a dry mill with corn extraction facility, which represents more than 86% of ethanol
production in the United States. The GREET default is 85.5% dry mill with corn extraction facility, 10% dry mill without the extraction
facility, and 4.5% of wet mill.

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 10



EFI FOUNDATION

Figure ES 6. Carbon intensity of conventional jet fuel and ATJ E-SAF,
including under different decarbonization pathways
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The emissions from fuel combustion are zero for ATJ E-SAF because they are offset by corn growth CO2 uptake. Source: EFI
Foundation analysis.

Current Incentives Provide a Foundation for Ethanol
Decarbonization

Currently available incentives are a helpful starting point to leverage decarbonization
options but are not enough on their own. Beginning in January 2025, SAF production
and higher gasoline blending will be able to obtain the 45Z clean fuels tax credit. To
qualify for 45Z, clean fuels must be “suitable for use as a fuel in a highway vehicle or
aircraft” and emit no more than 50 kg of CO2 per MMBtu. When combined with other
eligibility criteria such as meeting wage and apprenticeship standards, producers can
receive a production tax credit of up to $1 per gallon for nonaviation fuels and $1.75 per
gallon for SAF.3?

State-level low-carbon fuel standards (LCFS) have also provided an effective
mechanism for gradually decarbonizing transportation fuels. Currently, an LCFS
program is in place in California, Oregon, and Washington. Twelve other states have
introduced or discussed LCFS-like legislation, and three of these states (New York,
Michigan, and lllinois) are among the top ethanol consumers. The LCFS programs in
California33, Oregon34, and Washington3® have not only incentivized reductions in the
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Cl value of ethanol®® but also have led to reductions in the CI of other alternative fuels,
including RNG. Additionally, they have provided flexible and technology-neutral
compliance options, have spurred private investment in lower-Cl technologies, and have
incentivized cleaner fuel production beyond state borders.3’

Policy support for climate-smart agricultural practices also has been increasing.k The
IRA provided $19.5 billion of additional funds over a five-year period to a portfolio of
U.S. Department of Agriculture (USDA) conservation programs targeted to support
adoption of climate-smart practices. The $19.5 billion was allocated among six separate
programs: the Environmental Quality Incentive Program ($8.45 billion), Regional
Conservation Partnership Program ($4.95 billion), Conservation Stewardship Program
($3.25 billion), Agricultural Conservation Easement Program ($1.4 billion), Conservation
Technical Assistance ($1 billion), and for measuring, evaluating, and quantifying GHG
emissions reductions ($300 million).38

The USDA has committed $2.1 billion of these funds in 2022 and 2023, is estimated to
commit $3.1 billion by the end of 2024, and plans to commit $5.6 billion in 2025, though
farmer interest to date has far exceeded the available funds. When the USDA made
$850 million of these funds available in 2023, applicants requested almost $3 billion in
total. 39

Blending requirements have become a pivotal aspect of the broader strategy to
decarbonize transportation fuels. Such requirements mandate a specific percentage of
renewable fuels be blended with gasoline, helping to lower the overall Cl of the fuel mix.
In the United States, the Renewable Fuel Standard (RFS) requires 15 billion gallons of
conventional renewable fuels to be blended into the nation’s fuel supply each year.' For
2024, ethanol is expected to fulfill approximately 93% of the RFS volume requirement.?
E10 is the most common blend used to achieve these volume obligations, with states
such as Minnesota, Missouri, and Oregon requiring E10 blending by law. State E10
mandates combined with the RFS have resulted in E10 becoming the de facto standard
for gasoline across the country.*’

k Climate-smart agriculture is a way to build resilience in farming operations, benefiting both farmers and ranchers and the
environment. The goals of CSA are to increase or maintain productivity and yield, enhance resilience to environmental changes, and
reduce GHG emissions. CSA practices include many techniques already used by farmers, such as cover cropping, no- and reduced-
tillage farming, and nutrient management.

' Conventional renewable fuel refers to fuel made from renewable biomass that either achieves at least a 20% reduction in greenhouse
gas emissions compared to the fossil fuel it replaces or is exempt from this requirement if produced in facilities built before December
19, 2007. Renewable biomass includes wood, agricultural crops, and wastes from municipal, industrial, and agricultural sources.
Source: U.S. Environmental Protection Agency, Renewable Fuel Standard (RFS) Program: Standards for 2023, 2024, and 2025,

Federal Register, July 12, 2023, https://www.govinfo.gov/content/pkg/FR-2023-07-12/pdf/2023-13462.pdf.
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Additional Policies Are Necessary to Accelerate the
Decarbonization of Ethanol Supply Chains

Additional policy measures will accelerate the adoption of a strategic decarbonization
roadmap for the ethanol industry to reach net-zero Cl and move beyond to net-negative
Cl. Employing ready-to-adopt and modest-cost decarbonization measures will enable
the ethanol industry to reach net-zero emissions, but even these measures face barriers
to implementation, such as lack of infrastructure, the need for upfront investment, and
uncertain implementation outcomes. To lower these barriers, a range of industry actions
and policy changes are required.

The ethanol life cycle is complex, and the implementation of a strategic decarbonization
roadmap requires coordinated action among five major players: corn growers, ethanol
bio refiners, energy suppliers (electricity and fuels), fertilizer producers, and an
emerging carbon management industry. A key factor in the design of additional policy
measures is the need to address the roles of all major players, including ways to
encourage cooperative and mutually reinforcing actions. The recommendations that
follow are intended to comprehensively address decarbonization actions across all the
players in the ethanol life cycle.

USDA support for expanding farmers’ adoption of climate-smart
agricultural (CSA) practices

CSA adoption rates are low because of economic challenges and uncertain outcomes
because of variation in environmental factors like soil type and climate.4? 4344 In some
instances, CSA practices require significant upfront investments, such as purchasing
specialized equipment that does not necessarily result in immediate productivity
increases. Further, the lack of a robust measuring, monitoring, reporting, and
verification (MMRYV) framework for CSA practices is another critical barrier preventing
farmers from ensuring the outcome of their investment. Additional policy support is
needed to provide farmers with CSA data and funding.

e Recommendation 1. Congress should preserve the existing IRA funds for
conservation programs so the USDA can proceed with the full multiyear funding
allocations to expand the adoption of CSA practices.

e Recommendation 2. The USDA should provide farmers with a comprehensive
information package, including grants, loan programs, technical support, tools,
and contracts, which can be used to invest in CSA practices.

e Recommendation 3. The USDA should accelerate collecting field-based data on
CSA practices, develop an MMRYV framework for CSA practices, and disseminate
the data and framework to stakeholders, including federal agencies designing
incentive programs, GREET modelers, farmers, and the ethanol industry.
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e Recommendation 4. The IRS, working with DOE, should expand the portfolio of
CSA practices that can be considered in qualification for the 45Z credit to include
all GREET options. Also, the IRS should allow flexibility in letting farmers select
individual measures in a practice-by-practice fashion, rather than require
bundling of measures—as has been done with the current SAF tax credit (40B).

e Recommendation 5. In collaboration with the USDA, the IRS should consider
ways to help ethanol producers share the value of these credits with corn
growers who contributed to reducing the carbon intensity of ethanol by adopting
CSA practices.

Production tax credits

The 45Z production tax credit, which becomes effective in 2025, can provide a powerful
incentive to produce lower-Cl ethanol for use as a gasoline blending agent and to
significantly expand SAF supplies. It also could further reduce the CI of ethanol blends
in gasoline. Under current law, the 45Z credit will apply only until Dec. 31, 2027. This
period of time is insufficient to incentivize the capital investment needed to reduce the
Cl throughout the ethanol life cycle.

e Recommendation 6. Congress should modify the 45Z clean fuels production tax
credit in a manner similar to other IRA incentives, i.e., extend it for 10 years to
facilities that commence production of qualified transportation fuels before Jan. 1,
2033.

e Recommendation 7. In collaboration with the USDA, DOE should continue
improving the GREET model to reflect a broader range of emissions-reduction
practices, such as options for combined heat and power. These practices should
be incorporated into the IRS 45Z guidance.

Decarbonizing energy use in biorefineries

Natural gas accounts for 91% of energy consumption at biorefineries, contributing
significantly to ethanol’s carbon intensity. Alternatives such as renewable natural gas
and clean hydrogen blended with natural gas can be used as drop-in fuels to reduce
ethanol’s Cl score. Both agricultural and landfill biogas resources are abundant in the
Midwest, but conversion to RNG production has been limited. The impediments include
large upfront capital investment requirements, lack of transportation infrastructure, and
fragmented market demand. Other options that could significantly lower ethanol’s CI
from electricity use are procuring carbon-free electricity from utilities that are
decarbonizing their generation portfolio; seeking direct power purchase agreements
(PPAs) with clean electricity generators; or purchasing renewable energy certificates,
such as energy attribute certificates (EACs), with independent power producers.

e Recommendation 8. Ethanol producers should seek opportunities to increase
carbon-free sources of electricity for use at biorefineries—including electricity

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry 14



EFI FOUNDATION

from biomass and other renewables, hydrogen, nuclear, hydropower, and
others—in cases where the grid is not being decarbonized quickly enough.

e Recommendation 9. Ethanol producers should consider measures to
decarbonize process heat, including biofuels and RNG—for example, facilitating
demand aggregation that could incentivize expanded RNG production while
mitigating financial risks. Market demand formation measures could range from
establishing RNG certificate programs to forming buyers’ cooperatives.

Decarbonizing fertilizer

Decarbonizing the production of fertilizers could significantly reduce ethanol's Cl, as the
emissions from fertilizer production account for about 11% of ethanol’s carbon intensity.
Low-carbon fertilizer production from either blue hydrogen or green hydrogen currently
is more costly than conventional fertilizer supplies. Farmers are not motivated to pay a
significant premium for low-carbon fertilizers, given their small profit margins and
uncertain incentives for using them. Implementation of the new 45V tax credit for clean
hydrogen, as well as DOE’s hydrogen hubs program and the Hydrogen Demand
Initiative,™ could potentially close this gap.

e Recommendation 10. DOE’s hydrogen hubs program and the Hydrogen
Demand Initiative should consider making clean ammonia one of their early
targets for financial support.

e Recommendation 11. The USDA should reopen and repurpose its domestic
fertilizer production program, focusing on retrofitting existing facilities to produce
low-carbon fertilizers using funds from the Commodity Credit Corporation (CCC).
Congress should not restrict the USDA’s authority to use CCC funds for this
purpose in pending farm bill legislation.

Demand-side mandates for clean fuels

Demand-side mandates can have a synergistic effect when added to production
incentives. State-level LCFS, for example, have proven effective in reducing the carbon
intensity of ethanol. California’s LCFS program has led to a 25% reduction in ethanol’s
carbon intensity since its implementation in 2011.45 However, creating a national clean
fuel standard (CFS) requires further investigation into policy design options, as the
specifics of the standard substantially shape its efficacy. A key issue in the design of a
national CFS is the interplay between a CFS and the existing federal RFS program. The
current RFS implicitly considers the blend rates of ethanol in gasoline when setting the

™ The Hydrogen Demand Initiative is a consortium selected by DOE and led by the EFI Foundation to help accelerate the commercial
liftoff of the clean hydrogen economy.
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target. A CFS could encourage higher blend rates, reflecting the fact that today, the vast
majority of on-road vehicles are capable of using blends up to 15%, and drive the
demand for SAF.4¢ It could also incentivize the ethanol industry to further decarbonize
the supply chain to meet the requirements for CFS.

e Recommendation 12. The administration should launch an interagency study of
the feasibility of a national CFS, including a process for broad public
engagement.

e Recommendation 13. Apart from the CFS, the U.S. Environmental Protection
Agency should consider the feasibility of higher blending levels in the formulation
of RFS standards, and states should consider expanding current mandates,
including establishing requirements for E15 and higher blends in gasoline.
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1. Emergence of Ethanol as a Key
Enabler of the Transition to Low-
Carbon Fuels

The U.S. clean energy transition requires a transition to both carbon-free electricity and
clean fuels. As the United States accelerates its transition to clean energy, low-carbon
fuels are critical, with ethanol emerging as a front-runner over the past two decades
because of its ability to significantly reduce transportation emissions while leveraging
existing infrastructure and feedstock availability.4” Long-standing attempts to develop
other advanced lower-carbon liquid fuels (cellulosic biofuels, algae-derived fuels, e-
fuels, etc.) have not achieved scalable production at an acceptable cost.

This report presents a comprehensive strategic plan for decarbonizing the U.S. ethanol
industry by 2050." Reducing the industry's carbon footprint could significantly contribute
to climate and clean energy policy objectives.

Blending ethanol with gasoline already has reduced on-road vehicle emissions by more
than 544 million tons of carbon dioxide equivalent (CO2¢) since 2005 and can
potentially be a major contributor to further reductions in transportation emissions by
2030 and beyond."! As the leading global producer and exporter of corn-based ethanol,
the United States is uniquely positioned to leverage this sector to achieve significant
reductions in carbon emissions, thereby aligning with national climate and clean energy
objectives.*®

The EFI Foundation has developed this roadmap to identify and assess viable
strategies for minimizing the carbon footprint of ethanol production while strengthening
its longer-term economic competitiveness. The roadmap envisions ethanol not merely
as a fuel but as a catalyst for sustainable progress.

The analysis in this report focuses on carbon-reduction options for the existing ethanol
industry rather than on expanding the footprint of corn farming or the ethanol industry.
The purpose of this report is to identify technologically and economically feasible

options for the ethanol industry to achieve decarbonization in a cost-effective manner,

" This roadmap focuses on corn-based ethanol, hereafter referred to as ethanol, which accounts for 94% of U.S ethanol production.
The remaining 6% of U.S. ethanol production comes from cellulosic biomass (such as crop residues, grasses, and woody biomass),
sugar crops (like sugarcane and sugar beets), industrial waste and byproducts (including waste gases and food waste), and other
grains and crops (such as sorghum, barley, and wheat). Source: U.S. Department of Energy Alternative Fuels Data Center “Ethanol
Fuel Basics,” accessed February 9, 2024, https://afdc.energy.gov/fuels/ethanol fuel basics.html.
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and to recommend additional policy actions to accelerate the implementation of these
options.

This report does not analyze the impact of ethanol decarbonization on food or fuel
prices in the market. Any such impacts would need to account for the net cost impact
after the application of policy and financial incentives.

Economic Impact of U.S. Ethanol Industry: A Key
Contributor to Rural and National Growth

The U.S. ethanol industry contributes billions of dollars annually to the rural economy.*°
In 2022, the ethanol industry— including corn farming—contributed $57 billion to U.S.
GDP (about 0.25% of total U.S. GDP or 28% of national farming GDP) and created
$34.8 billion in household income. %% 5 Approximately 78,000 U.S. jobs are directly
associated with the ethanol industry, and an additional 342,800 indirect or induced jobs
across sectors like construction and retail are connected to ethanol production. 52

In the United States, nearly all gasoline sold today contains about 10% ethanol by
volume (E10). All vehicles sold in the U.S. can use E10, and vehicle models from 2001
on can use higher ethanol blends like E15.53 E85 (51% to 83% ethanol) is available only
for flex-fuel vehicles. Ethanol is the most commonly produced and consumed biofuel in
the United States. In 2022, it accounted for 82% and 75% of domestic biofuel
production and consumption, respectively, comprising 5% of total liquid fuel production
in the country.5* % Ethanol production in the United States has risen substantially over
the past two decades: From 2000 to 2023, U.S. ethanol production rose from 1.6 billion
gallons to 15.6 billion gallons.%® Of the ethanol destined for fuel, 98% of the total U.S.
ethanol production is destined for gasoline blending, >’ while the remaining 2% becomes
E85.°

National ethanol consumption similarly rose from 1.6 billion gallons to 14.2 billion
gallons from 2000 to 2023 (Figure 1).%8 Figure 1 shows a steady rise in ethanol
consumption, production, and exports over the past 20 years, with noticeable declines
during the COVID-19 pandemic. Currently, the United States exports around 9% of all
domestically produced ethanol—1.43 billion gallons, worth $3.82 billion>*—primarily to
Canada, India, and Brazil.®°

° Ethanol’s nonfuel applications—roughly 2% of total production—include pharmaceutical products, disinfectants, and solvents.
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Figure 1. Fuel ethanol domestic production, consumption, and
exports
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The United States became a net exporter of fuel ethanol in 2010. Data from: U.S. Energy Information Administration (2024): fuel
ethanol overview and U.S. exports of fuel ethanol.

The U.S. ethanol industry concentrates in rural areas across the Midwest, where most
corn farming occurs (Figure 2). Approximately 30% to 40% of the total U.S. corn crop is
used to produce ethanol, which uses 13.9 million acres of land, or 1.5% of total U.S.
farmland‘ 49, 61, 62, 63, 64

A total of 187 biorefineries located across the Midwest Corn Belt process and distill
ethanol made primarily from corn starch, which is transported by barge and rail to
blending terminals.®" There, ethanol is blended with gasoline and additives, placed on
trucks, and delivered to retail stations.
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Figure 2: U.S. ethanol production, transport, and blending
infrastructure
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This map highlights the distribution of ethanol plants across the U.S., with a concentration primarily in the Midwest Corn Belt region,
reflecting the area's prominence in corn production. Data from: Horizon Climate Group.

Ethanol Production Coexists with Food
Production

Box 1 illustrates that the increase in corn production over the past two decades has
resulted from enhanced yield productivity rather than expanded land use. A similar trend
is observed in other food crops. Since 2001, the U.S. food crops industry overall has
maintained relatively consistent land use for planting, while yields have continued to

increase, indicating that corn is not in direct competition for acreage with other food
Crops_14,15,16,17,18,19,20,21,23

The land used for planting U.S. food crops has decreased by 2.1% from 2001 to 2024,
while the yield has increased by 25.1%, showing the industry has been able to increase
crop yield substantially while keeping land use relatively consistent. This indicates that
increased corn ethanol production has not affected other food crops’ production and
land use. In addition, the byproducts of ethanol production can complement the food
supply; for example, distillers grains with solubles (DGS) provide high-protein feed for
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livestock, minimizing the amount of additional agricultural land used to grow food for
animals.

Box 1
Food crop production and yield

The U.S. corn industry has maintained a stable footprint, with land use for corn planting remaining
consistent over the years. Despite this, corn yields have continued to increase (Figure 3). This
demonstrates that corn production is becoming more efficient and productive with less land. This
trend is not unique to corn. Other staple grains, such as barley and rice, have also seen substantial
yield improvements, producing more with a relatively stable amount of land dedicated to their
cultivation.

Figure 3. Corn productivity increase — U.S. corn acreage and
average yield
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Corn yields have steadily increased over the years, despite consistent planted acres, indicating significant productivity gains in
corn production. Data from: U.S. Department of Agriculture National Agricultural Service “Quick Stats”: corn acreage and_corn
planted.

Wheat and soybean production also is climbing. According to National Agricultural Statistics Service
data from the U.S. Department of Agriculture, wheat acreage decreased by 12% from 2023 to 2024—
from 49 million to 43 million acres—yet yields increased by approximately 8% (Figures 4 and 5). In
contrast, soybean growers plan to expand their planted acreage to 86.5 million acres in 2024,
representing a 3% increase from the previous year.%°

These developments indicate that corn is not in direct competition with other food crops. Land use for
these crops remains relatively stable, as well as yields, which have shown a slight uptick in recent
years. This suggests that the production of corn for biofuel can coexist with food crops, allowing for
increased overall productivity across multiple staple grains without further encroaching on land
dedicated to food production.
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Figure 4: Planted acreage of staple grains
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Planted acreage of staple grains like soybean, wheat, rice, and barley has remained stable over the past two decades,
highlighting consistent cultivation patterns. Data from: U.S. Department of Agriculture National Agricultural Service “Quick Stats”:
soybean, wheat, rice, and barley.

Figure 5: Yield of staple grains
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Yields of staple grains have remained steady, with a slight increase in recent years, demonstrating that increased corn
productivity is not affecting food crop production. Data from: U.S. Department of Agriculture National Agricultural Service “Quick
Stats”: soybean, wheat, rice, and barley.
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Ethanol Production and Global Market: U.S.
Leads the Way in Biofuel Supply

Globally, the U.S. ethanol market is the largest in the world, responsible for producing
over half the total ethanol supply.®¢ Together, the United States and Brazil produce
around 81% of the global supply, followed by the European Union, China, and
Canada.®® In the U.S. and globally, demand for ethanol is driven primarily by
government mandates for blending ethanol with fossil-based gasoline. Brazil has the
highest ethanol blending mandate among these countries, requiring gasoline to contain
27% ethanol.®” Blending mandates in China, the EU, and Canada are 10%, less than
10%, and 5%, respectively-68 6 70 The global ethanol market size was valued at $94.2
billion in 2022 and is projected to reach $153.5 billion by 2032, driven by increasing
demand for renewable energy, government policies supporting biofuels, and advances
in production technologies.P

P With a compound annual growth rate of 5.1%.
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2. Ethanol’s Current Carbon Footprint
Is Less Than Gasoline’s but Not Yet
Zero

U.S. ethanol’s emissions intensity has continuously decreased in the last couple of
decades, primarily because of increasing corn grain and ethanol yields and decreasing
energy use in ethanol production. From 2005 to 2019, corn ethanol’s carbon intensity
(Cl) has decreased by 23%.% ' Currently, the corn-to-ethanol industry produces an
estimated 64.9 million metric tons per year of carbon dioxide (CO2) emissions over
ethanol’s life cycle, accounting for about 1% of total U.S. net CO2 emissions in 2022.

The baseline used in the assessment of decarbonization options was a reference
ethanol production facility consisting of a dry mill with corn extraction facility, which
represents more than 86% of ethanol production in the United States. > 7' The baseline
Cl value for this reference facility was estimated using the R&D GREET model*s
(Greenhouse gases, Regulated Emissions, and Energy use in Transportation), a tool
developed by Argonne National Laboratory to evaluate the energy and environmental
impacts in the energy system of various technology and fuel combinations.”’ The
resulting baseline estimate of carbon intensity was 53.6 grams of CO2 equivalent per
megajoule of ethanol produced (gCO2e/MJ) throughout the life cycle of the reference
case, which includes corn farming, ethanol production, and end-use. The estimated CI
aligns with the reported CI scores of existing ethanol facilities, which range from 48 to
68 gCO2¢e/MJ, indicating it accurately reflects a typical ethanol production facility. 72
Figure 6 breaks down ethanol’s life cycle emissions estimates from corn farming to
combustion. The major components comprising the baseline carbon intensity estimate
are described in further detail in the following sections.

Corn Farming Emissions

e Nitrogen fertilizer production and use (5.8 gCO2e/MJ): Manufacturing nitrogen
fertilizer is an energy-intensive process that typically relies on natural gas
(more details in Chapter 3).

4 Carbon intensity (Cl) refers to the amount of carbon dioxide emitted per unit of energy or activity.

" The dry mill ethanol production process grinds dry corn grains instead of soaking them (wet mill). This report focuses on dry mill
ethanol production because it is the most common and technically feasible production process, though it is more carbon intensive.

S R&D GREET is used to guide research, development, and decision-making for researchers, industry, or fuel consumers. A specific
GREET model could be developed for a policy program. For example, tax credits 40B and 45V and California’s Low-Carbon Fuel
Standard have their own versions of GREET.
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Figure 6. Components of the dry mill ethanol life cycle (emissions in
gCO2e/MJ)
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Ethanol emissions in a dry mill facility (the production method most common in the U.S.) occur during corn farming, fuel production,
and consumption. Emissions sources are depicted in black, and emissions sinks in green. Data from: GREET (2024); Horizon
Climate Group for fermentation emissions.

¢ On-field emissions from nitrogen fertilizer (13 gCO2e/MJ): Emissions from
nitrous oxide released because of fertilizer application.

e Other fertilizers, insecticides, pesticides, and on-field emissions from calcium
(4.4 gCO2e/MJ): Includes emissions from the use of urea, herbicides,
insecticides, and CaCOs (calcium carbonate), P20s (phosphorus pentoxide),
and K;O (potassium oxide), which are chemical compounds used in
agriculture as soil amendments and fertilizers to supply essential nutrients like
calcium, phosphorus, and potassium, improving soil fertility and plant growth.

e Farming fossil fuel use (3.7 gCO2e/MJ): Includes the fuel and electricity
consumed by machinery and equipment for planting, cultivating, irrigating,
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harvesting, and transporting agricultural products, such as diesel used in
vehicles.

e Domestic and international land use change! (8.4 gCO2e/MJ): Emissions from
converting land for agricultural use to produce bioenergy crops, both within
the United States and globally, impacting carbon storage and biodiversity.

Corn Growth CO;, Uptake

e To fermentation (-33.5 gCO2e/MJ): Ethanol production fermentation
emissions are considered biogenic, that is, offset during corn growth.”3 For
the purpose of calculating carbon credits, we estimate that fermentation
emissions are around 33.5 gCO2e/MJ, based on 2.85 kilograms (kg) CO2 per
gallon of ethanol according to stoichiometric calculations consistent with
previously published experimental data.”

e To ethanol fuel combustion (-68.9 gCO2e/MJ): Ethanol combustion in internal
combustion engines is also considered biogenic and offset during corn
growth.

e To animal feed: The dotted green box in Figure 6 represents the total CO2
absorbed by corn during its growth that surpasses the animal feed
displacement credits outlined next.

e Co-product animal feed displacement credit (-9.5 gCO2e/MJ) refers to the
reduction in the need for traditional feed crops, such as corn and soybeans,
when distillers grains (DGS), a byproduct of ethanol production, are used as
animal feed, leading to lower overall agricultural emissions as less land and
resources are required to produce these traditional feed crops, thus
generating a credit.

o Co-product cattle CH4 reduction credit (-2.1 gCO2e/MJ) occurs
because feeding DGS to cattle can improve their digestive efficiency,
resulting in reduced methane (CHa4) emissions from enteric fermentation,
which is a significant source of GHG emissions in livestock production.

' and use change emissions methodology considers international land use change (ILUC) emissions for corn used to produce
ethanol in the United States because increased corn demand can drive agricultural expansion globally, leading to deforestation,
habitat loss, and carbon emissions in other countries as they convert forests or grasslands into agricultural land to meet the rising
demand for bioenergy crops.
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Corn Transport Emissions

e Corn transportation to the biorefinery (1 gCO2e/MJ): Vehicle emissions from
transporting corn from farms to the biorefinery.

Ethanol Biorefining Emissions

e Fossil fuel use (19.8 gCO2e/MJ): Natural gas is the largest contributor to
biorefinery emissions (91.1%), accounting for the energy used to generate
process heat and steam during the ethanol production process, produce
electricity through combined heat and power systems, and dry DGS.

e Electricity (3.3 gCO2¢e/MJ): Emissions associated with the electricity
consumed by the biorefinery.

e Biochemical inputs (1.7 gCO2e/MJ): Emissions from the various biochemical
inputs required for the biorefining process—includes enzymes, yeast,
nutrients, chemicals for pH adjustment, and additives, all of which are
essential for converting biomass into ethanol and other products efficiently.

Ethanol Transport and Blending Emissions

e Ethanol transport and distribution (0.9 gCO2e /MJ): Emissions from
transporting and distributing ethanol, which mostly happens by rail and road.

e 2% gasoline denaturant (0.8 gCOze /MJ): Emissions from the gasoline used
to denature ethanol, making it unsuitable for drinking.

Vehicle Use Emissions

¢ Vehicle fuel combustion—gasoline denaturant and other GHGs (2.5
gCO2e/MJ): emissions released from combusting the denaturant added to
ethanol when it is burned as fuel in engines.

Ethanol’s emissions already are significantly lower than fossil fuel alternatives (e.g.,
gasoline and jet fuel emit around 94 gCO2e/MJ and 89 gCO2e/MJ, respectively). But
reducing ethanol’s carbon intensity even more will increase its contribution in a future
net-zero economy in which fossil fuel production and use are expected to decrease. The
next chapters will discuss the methods to decarbonize ethanol and the roadmap to
achieve them.
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3. Assessment of Measures to Further
Decarbonize the Life Cycle Carbon
Intensity of Ethanol

The assessment of the ethanol life cycle identified a broad range of measures that can
significantly reduce ethanol’s Cl. The assessment incorporated four factors:

e Adoption readiness
e Feasibility for widespread adoption
e The magnitude of Cl reduction potential

o Cost-effectiveness, as measured in terms of cost per ton of CO2 removed
from the life cycle baseline.

The measures examined included modifications in agricultural practices for growing
corn, improvements in biorefining, use of low-carbon fuels and electricity, and carbon
capture from the biorefining process. Figure 7 provides a summary of the assessment.

The magnitude of Cl reductions was measured using the R&D GREET model. Each
strategy’s potential Cl reduction is the maximum potential of a full adoption of each
strategy (e.g., replacing the entire electricity used in a biorefinery with carbon-free
electricity). The cost of each measure is a levelized cost of carbon abatement (LCCA), a
methodology that measures how much CO2z can be reduced by a specific technology or
policy, which is the net cost of each measure divided by the CO2 abated by adopting
each strategy. Negative LCCA results from reducing energy or fertilizer inputs, selling
energy back to the grid, or obtaining tax credits. The net cost was estimated based on
current production costs, market prices, and existing policy incentives, not based on
targets, commitment, or optimistic long-term projections (for details, see Appendix C).
The market feasibility was evaluated by reviewing publicly available data and literature
on technological and economic feasibility and the barriers to adoption.
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Figure 7. Assessment of ethanol decarbonization measures

Cl reduction Feasibility
Decarbonization measures potential Cost Feasibility for widespread  Readiness for
(% of ethamol CI) adoption adoption

Corn yield improvement [ 0.7% ] [ < 7ero ] [ High ] [ MNear term ]

No-till farming [ 6% ] [ < zero ] [ High ] [ MNear term ]

clim':f:— Ejmm 4R nitrogen management [ 4% ] [ < Z&ro ] [ High ] [ MNear term J

agri cu!tural Enhanced efficiency fertilizers [ 4% ] [ <Zzero ] [ Medium ] l Near tarm ]
practices :

Cover crops [ 45% ] [ $24 to $64/1CO, ] [ Medium ] [ Mear term J

Use low- Blue ammonia-based fertilizers ( 10% | [ $29 (with 45Q) to $1001CO, | [ Medium ] [ Migterm |

f:::.l?:enrs Green ammonia-based fertilizers [ 10% ] [ $0 (with 45V) to $526/tCO, ] [ Medium ] [ Mid term ]

Use renewable diesel in farm machinery [ < 4% ] [ $127 to $1391C0O, ] [ Medium ] [ Mear term J

Use renewable diesel for corn transport [ <2% J[  $12710$139nC0, ][ Medium ][ Neartem ]

Ethanol yield improvement [ 6% ] [ < Zero ] [ High } [ Near term J

Fermentation CCUS ( 57% | [ -848 (with 45Q) to $37/tCO, ][ High ] [ Mid term ]

Carbon-free electricity use [ 6% ] [-MB (PPAs) to $18/1CO, {RECS}][ High ] [ Near term ]

Fuel switching to hydrogen ( 37% | [$124 (with 45) to $412tCO, | [ Medium | [ Longterm

Fuel switching to RNG [ 32%-160% | $76 to $220/1CO, ) [ Medium ] [ Migterm |

Detcr:frbon:ze Biomass CHP [ 37% ] [ < Zero ] [ Medium ] Near term ]

ene?;;n:se Hydrogen CHP ( 37% | (871 (with 45V) t0 $376/CO, | [ Medium ][ Longterm |

RNG CHP [ s2m-160% [ ss7to$201ncO, || Medium [ Midterm |

CCUS in thermal energy generation 37% ] ($21 (with 45Q) to $1061CO, | [ Medium ][ Migterm |

Use renewable diesel in ethanol delivery ( <2% ][ $127t08130cO, | [ Medium | [ Nearterm |

Strategies for corn farms Strategies for biorefineries

The CI reduction potential represents the proportion of expected carbon intensity reduction relative to the baseline carbon intensity
of ethanol, 53.6gCO.e/MJ. It is the maximum potential for full adoption of each measure, estimated using the GREET model. The
cost is a levelized cost of carbon abatement (LCCA), relative to the cost of the business-as-usual alternative. It is calculated by
dividing cost by CO, abated. Negative LCCA results from reducing energy or fertilizer inputs, selling energy back to the grid, or
obtaining tax credits. The market feasibility was evaluated by reviewing publicly available data and literature on technological and
economic feasibility and the barriers to adoption. In the context of readiness for adoption, 'near-term' refers to the measures that can
be adopted immediately or within a few years, 'mid-term' refers to those likely to be adopted by 2035, and 'long-term' refers to those
expected to be adopted after 2035.

4R - right source, time, rate, and place; blue ammonia — produced with capturing and sequestrating CO, from hydrogen production;
green ammonia — produced with renewable energy for hydrogen production (note that hydrogen is a primary feedstock for making
either blue or green ammonia); CCUS — carbon capture, utilization, and storage; RNG — renewable natural gas; CHP — combined
heat and power; PPAs — power purchase agreements; RECs — renewable energy certificates; 45Q — tax credit for carbon oxide
sequestration; 45V — clean hydrogen production tax credit. Source: EFI Foundation analysis.

In the figure, the various decarbonization measures are organized by the various stages
in the ethanol production life cycle, with items in green consisting of measures that
could be implemented on the farm and items in blue consisting of measures that could
be implemented at the biorefinery.

As shown in the figure, the measures providing the largest reductions, in terms of the
magnitude of Cl reduction potential, include:
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e Carbon capture, utilization, and storage (CCUS) in the fermentation process"

e Replacing the use of natural gas for process heat with low-carbon fuels such as
renewable natural gas (RNG)

e Planting cover crops in corn farms in intervals between regular corn crops.

These three measures alone could result in an estimated reduction of up to 140
gCO2e/MJ, resulting in a net-negative ClI score.

The mix of options changes when other factors are considered, such as cost-
effectiveness and feasibility for adoption. Widespread adoption of RNG is restricted by
high costs, limited supply and competition with other uses. Even if all available U.S.
RNG is dedicated to the ethanol industry, it could replace only 76% of the industry’s
natural gas use.”®

Options that are ready for widespread adoption at a relatively low cost per ton of CO2
removed (less than $18 per ton reduced) can reduce overall Cl by 14 gCO2e/MJ (26%
reduction from the current baseline) and include:

e Purchasing carbon-free electricity in the biorefinery

e Continuously improving ethanol yield

e Procuring corn from farms continuously improving corn yield
e Employing no-till farming

e Using enhanced efficiency fertilizers (EEFs)

e Adopting 4R (right source, right time, right rate, and right place) nitrogen
management practices

Introducing a combined heat and power (CHP) system running on biomass, such as
residual agricultural wastes like corn stover also can be a cost-efficient option for the
long term because of the low cost of biomass and increased energy efficiency.

Assessing Measures to Decarbonize
Biorefineries

Ethanol Yield Improvement

A 10% ethanol yield improvement could reduce Cl by 3.2 gCO2/MJ, or 6%. Over the
years, ethanol yield has shown significant improvement, driven by advancements in

Y CO., utilization is considered with CO, sequestration as the technologies converting captured CO into products are under
development.
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conversion efficiency at ethanol facilities. Ethanol yield increased to 2.95 gallons per
bushel of corn in 2023 from 2.83 gallons per bushel in 2015, representing a 4%
increase in eight years.”® Modern ethanol facilities achieve higher yields through
enhanced energy efficiency and improved fermentation processes, resulting in greater
output and reduced input costs. As facilities continue optimizing their processes, the
economic incentives remain strong for further improvements in energy use and
fermentation efficiency, ultimately supporting higher ethanol yields. A study suggested
that the maximum theoretical ethanol yield could reach 3.17 gallons per bushel by
increasing the starch content of corns.””

The GREET model currently uses a facility yield of 2.81 gallons of ethanol per bushel of
corn. However, as mentioned above, recent data suggests that this figure could be
updated to reflect a more accurate yield of 2.95 gallons per bushel.”® Looking ahead to
2035 and 2050, it is reasonable to project further increases in ethanol yield as
technology and processes advance. However, ethanol yield improvement will reach a
ceiling, considering the potential for diminished returns as efficiencies approach their
theoretical limits.

Fermentation CCUS

Carbon capture, utilization, and storage for ethanol’s fermentation emissions could
decrease ethanol’s Cl by 30.5 gCO2e/MJ, or 57%. CCUS in ethanol plants has great
potential to scale because capture costs are relatively low because of the high purity of
CO2 generated from ethanol fermentation. The cost of CCUS for ethanol fermentation
emissions is estimated to be $37 per ton of CO2 (tCOz2), which is lower than the amount
offered by the 45Q carbon sequestration tax credits of $85/tCOz. In recent years,
ethanol producers have been actively developing CCUS projects. As of 2023, four
CCUS projects of 1.78 million metric tons per annum of CO2 (Mtpa CO2) in total
capacity are in operation, 39 projects of 11 Mtpa CO: in total capacity are in advanced
development, and 22 projects of 6 Mtpa COz: in total capacity are in early development
in ethanol plants.”® In sum, CCUS projects in development represent 18.78 Mtpa CO2
carbon storage capacity compared to the corn-to-ethanol industry’s emissions of around
64.9 Mtpa COa.

Although capturing CO2 emissions is relatively straightforward in ethanol plants,
transportation and sequestration of CO2 are challenging. As shown in Figure 8, most
ethanol plants are located in areas unsuitable for geologic sequestration of CO2, so the
captured CO2 must be transported out of state to appropriate geological sites, which
requires building interstate pipelines.
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Figure 8. Ethanol plants and saline CO: storage
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Most ethanol plants in the Midwest require pipelines to transport captured CO; to storage sites. The map shows the proposed
Trailblazer pipeline from Tallgrass Energy and the planned Summit Carbon Solutions pipeline within the region. Source: Horizon

Climate Group.

The uncertainties surrounding pipeline permitting have been the most significant barrier
to scaling up COz2 transportation and sequestration infrastructure. Interstate CO:2
pipeline developers encounter varying regulations, as state governments are
responsible for permitting COz2 pipeline siting. Each state has different regulations for
CO:2 pipelines, and some states lack clear regulations altogether.”® Obtaining permits
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for geologic sequestration is particularly challenging as the timeline to obtain
Underground Injection Class (UIC) VI permits from the U.S. Environmental Protection
Agency to inject CO2 in geologic reservoirs has been lengthy and uncertain.”® Although
the EPA aims to complete permit reviews within two years, approval typically takes
three to six years. The EPA cited staff shortages as a principal reason for permitting
delay.

The recent cancellation of a COz2 pipeline project—Navigator CO2 Ventures’ Heartland
Greenway —highlights the regulatory challenges. In October 2023, Navigator
announced the cancellation of its COz2 pipeline project, which was supposed to capture
up to 15 million metric tons of CO2 per year from more than 30 Midwest ethanol plants
and transport it to lllinois via pipeline. The month before, the South Dakota Public
Utilities Commission denied Navigator construction permits. Navigator cited the reason
for cancelation as “the unpredictable nature of the regulatory and government
processes.”80

Despite regulatory challenges, several CO:2 pipeline projects are still going. In
partnership with 57 ethanol plants in multiple states, Summit Carbon Solutions has been
developing a multi-state COz2 pipeline project, including lowa, Minnesota, North Dakota,
South Dakota, and Nebraska. CO2 storage will take place in North Dakota.8' This
multibillion-dollar project was enabled by the investments of many companies, including
John Deere, Continental Resources, and ethanol producers, and by the commitment of
ethanol producers to use the pipeline infrastructure. Having commercial contracts with
ethanol producers helps CO2 transport and sequestration infrastructure projects secure
sufficient financing.

Tallgrass Energy is also advancing a project to convert its Trailblazer natural gas
pipelines to CO:2 pipelines, transporting CO2 captured in Nebraska and Colorado to a
sequestration site in Wyoming. The project was granted a permit from the Federal
Energy Regulatory Commission (FERC) in October 2023 and signed a community
benefits agreement with Bold Alliance, a local group working on eminent domain issues,
clean energy, and water.82

Carbon-Free Electricity

Using carbon-free electricity in a biorefinery enables a CI reduction of up to 3.3
gCO2e/MJ, or 9%. Currently, the U.S. electricity generation emits 0.39 tCO2 per
megawatt-hour (MWh).8 Biorefineries can reduce the emissions from their electricity
use by obtaining electricity from carbon-free alternatives, such as wind, solar, or nuclear
energy. One option is for biorefineries to work with their current utilities to encourage
them to accelerate their efforts to transition to carbon-free electricity. Other options
include seeking direct power-purchase agreements (PPAs) with suppliers, purchasing
renewable energy certificates (RECs), and installing on-site electric generation facilities.

Current market data indicate that seeking direct PPAs with independent power
producers, where available, may be the lowest-cost option for a biorefinery to obtain
carbon-free electricity. In 2022, for example, the average prices for electricity via PPAs
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were $26/MWh for wind power, and $35/MWh for solar power in the Central region,
which is much lower than the wholesale electricity price in the MISO region of $75/MWh
in 2022 and $45/MWh in 2023.V-84.85,86

Purchasing RECs is a higher-cost option than PPAs to secure carbon-free electricity.
Although the average REC price has been low much of the last decade—around
$1/MWh—in 2021, it reached almost $7/MWh.8” Only Installing on-site electric
generation facilities is estimated to be the most expensive option to secure carbon-free
electricity since it requires upfront investment. Combined heat and power systems, as
described further in the section below, are more cost effective.

For purposes of this analysis, the LCCA of using carbon-free electricity is estimated to
range from -$48/tCO2 to $18/tCO2. The option of entering into PPAs brings cost savings
since the electricity price via PPAs is estimated to be lower than the wholesale
electricity price. The option of purchasing RECs ranges from $3/tCO2 to $18/tCO2
depending on the price of RECs.

Current efforts by industry to move toward an administration goal of 100% carbon-free
electricity by 2035 has the potential to help biorefineries increase their use of carbon-
free electricity as it drives decarbonizing the U.S. electric grid. With a fully decarbonized
electric grid, biorefineries would not need to pursue PPAs, RECs, or on-site generation
facilities to decarbonize.

Decarbonize Thermal Energy Use in Biorefineries

Thermal energy use in biorefineries is the source of 19.8 gCO2e/MJ of emissions or
37% of ethanol’s total emissions. Decarbonizing thermal energy use is challenging as
the existing options—combined heat and power (CHP) with biomass, RNG, hydrogen,
and CCUS in heat generation—cost more than natural gas, require upfront investment,
or are in the early phases of market development.

e Combined heat and power (CHP) with biomass: CHP with biomass is estimated
to be the lowest-cost option to decarbonize thermal energy in biorefineries. The
LCCA of biomass CHP ranges from -$38/tCO: to -$1/tCO2 depending on the cost
of biomass. The negative cost comes from saving energy costs as CHP
generates electricity as well. With the CHP capacity meeting the entire heat
demand in a biorefinery, the generated electricity may exceed the biorefinery’s
electricity demand in the biorefinery; thus, the excess electricity needs to be sold

¥ The Central region encompasses MISO, SPP, and ERCOT, where most biorefineries in the U.S. are located. MISO (Midcontinent
Independent System Operator) is the largest regional transmission organization (RTO) stretching across Arkansas, lllinois, Indiana,
lowa, Kentucky, Louisiana, Michigan, Minnesota, Mississippi, Missouri, Montana, North Dakota, South Dakota, Texas, Wisconsin,
and the Canadian province of Manitoba. SPP (Southwest Power Pool) manages the electricity grid across Arkansas, lowa, Kansas,
Louisiana, Minnesota, Missouri, Montana, Nebraska, New Mexico, North Dakota, Oklahoma, South Dakota, Texas, and Wyoming.
ERCOT (Electric Reliability Council of Texas) operates Texas’ electrical grid.
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to the grid, generating additional revenue. To do so, may require overcoming
additional regulatory and permitting hurdles to gain grid access.

Currently, about 20% of the existing 187 U.S. ethanol plants already have CHP
systems.88 Although most of the systems use natural gas, biomass can be mixed
with natural gas in many CHP boiler systems at biorefineries. Corn stover
appears to be an attractive option to provide biomass fuel® for CHP systems
because it is relatively low-cost and readily accessible. However, the choice of
using corn stover as a fuel for CHP needs would require a substitute for corn
stover currently being used for soil conservation and other uses.

e Blue and green hydrogen: The LCCA of replacing natural gas with blue hydrogen
is estimated to be $158/tCO2, and it can be lowered to $124/tCO2 with 45Q
carbon sequestration tax credits. Green hydrogen is more expensive, ranging
from $184/tCO2 with the 45V tax credit for clean hydrogen production to
$412/tCO2 without 45V. If the DOE goal to reduce the cost of clean hydrogen to
$1 per kilogram of hydrogen can be achieved, the cost could be lowered to
$46/tCO2. With existing technology, it is estimated that hydrogen can be blended
with natural gas only up to 20% without significant upgrades to the thermal
energy system.® Moreover, existing natural gas infrastructure is not readily
compatible with hydrogen, requiring modifications to pipelines and storage
facilities.®' Therefore, using hydrogen for heat generation can be considered a
mid- or long-term solution.

e Renewable natural gas: Switching from natural gas to RNG can reduce ethanol’s
Cl by 17 to 86 gCO2e/MJ. The LCCA of this option ranges from $76/tCO:2 to
$220/tCO2 depending on the sources of RNG. In the Midwest, where most
biorefineries are located, both agricultural and landfill biogas resources are
abundant but currently largely untapped for RNG production.®? Livestock biogas-
producing facilities in the Midwest are already equipped with anaerobic digestors
although they are not optimized for RNG production. While there is potential to
significantly increase RNG production, it is estimated that its full potential will
provide only limited displacement of natural gas in biorefining. The full potential
of biogas resources in the United States is estimated to be 351 billion cubic feet
(Bcf) per year, which is equivalent to 1.1% of the U.S. natural gas consumption in
2023 of 32 trillion cubic feet. If all available U.S. RNG is used for the ethanol
industry, it could replace 76% of the natural gas use in the industry.% There is,
however, rising demand for RNG to decarbonize a range of hard-to-abate end
uses, such as heating and industrial uses.

e CCUS in thermal energy generation: Discussions on capturing CO2 from the
thermal energy generation in biorefineries have been emerging since CCUS in
the fermentation process became a promising option. As COz2 transport and
sequestration infrastructure is built for fermentation CCUS, adding a carbon
capture facility in biorefineries would eliminate the need for additional transport
and sequestration investment. However, the economic viability of this option is
uncertain as robust techno-economic studies are lacking. The LCCA is estimated
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to be around $94/tCO2 to $118/tCOz, similar to the cost of CCUS in combined
cycle gas turbine plants. Thus, it would command a premium above the current
45Q credit of $85/tCOs-.

Assessing Measures to Decarbonize Corn
Farming

Climate-Smart Agricultural Practices

Adopting climate-smart agricultural (CSA) practices in corn farming has the potential to
reduce ethanol’s Cl score by 31.4 gCO2e/MJ, or 56%. Climate-smart agriculture is a
way to build resilience in farming operations, benefiting both farmers and ranchers and
the environment. The goals of CSA are to:

e Increase or maintain productivity and yield
¢ Enhance resilience to environmental changes
e Reduce GHG emissions%

CSA practices include many techniques already used by farmers, such as cover
cropping, reduced tillage, and nutrient management. The USDA’s Natural Resources
Conservation Service (NRCS) released a list of 55 climate-smart agriculture and
forestry (CSAF) practices eligible for Inflation Reduction Act (IRA) funding for
conservation programs in fiscal year 2024. These practices are divided into nine
mitigation categories:

e Soil health: reducing emissions and enhancing soil carbon sequestration.

¢ Nitrogen management: improving nitrogen management to reduce nitrous oxide,
a potent greenhouse gas.

e Livestock partnership: reducing potent methane emissions from manure.

e Grazing and pasture: reducing emissions and building soil carbon stocks in
grazing systems.

e Agroforestry, forestry and wildlife habitat: building carbon stocks in perennial
biomass and soils.

e Restoration of disturbed lands: improving the quality of previously mined or
degraded lands to increase soil and perennial biomass carbon stocks.

e Energy, combustion and electricity efficiency: reducing emissions from
agricultural operations and infrastructure through energy and fuel efficiency and
system and operational improvements.

o Wetlands: restoring wetlands to enhance carbon storage in soils and vegetation.
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¢ Rice: reducing methane emissions from rice fields through irrigation water
management. %>

The IRS guidance for the 40B sustainable aviation fuel (SAF) production tax credit,
released in April 2024, identified three farming practices as a requisite bundle of CSA
practices for alcohol-to-jet (ATJ) ethanol production to be eligible for a credit of 10
gCO2e/MJ of emissions reduction that can be used to help qualify for the credit. The
requisite bundle of practices include no-till farming, planting cover crops, and applying
enhanced efficiency fertilizers (EEFs). The GREET model includes a fourth farming
practice—manure application—that is not eligible for purposes of qualifying for the credit.
Precision agriculture—a suite of technologies enabling precise application of water,
fertilizer, and feed—also helps minimize GHG emissions, but they also are not eligible
for the credit.

The 40B tax credit will be replaced with the 45Z tax credit for clean fuel production at
the end of this year, and as such there has been a growing interest in how the full suite
of CSA practices will be incorporated into the eligibility determination for the new credit
in the upcoming 45Z guidance. Stakeholders have raised concerns about prescriptive
and all-or-nothing approaches on CSA practices and have suggested a more flexible
approach. The IRS announced that it will do further work on modeling, data,
assumptions, and verification to credit CSA practices in the 452.%

The rate of adoption rates of CSA practices has been low. No-till farming was used on
38% of U.S. cropland as of 2022, increasing only slightly from 35% in 2012.42 The
adoption rate of cover cropping in the Midwest reached only 7.2% in 2021, even after a
rapid increase from 1.8% in 2011.43 Precision agriculture practices were adopted by
27% of U.S. farms or ranches in 2023.44

Adopting CSA practices is not always economically viable. Farmers need to make
upfront investments, such as purchasing special equipment, which do not necessarily
result in increased productivity. No-till farming, 4R (right source, right rate, right time,
and right place) nitrogen management and applying EEFs are expected to be paid off
by saving fuels, fertilizers, or labor. However, the LCCA of planting cover crops is
estimated to be $44/tCO2 on average, ranging from $24 to $64/tC02.°7-%8

Two kinds of support have helped farmers fill the cost gap to adopt CSA practices:
direct support from the federal and state governments (e.g., grants, cost-sharing
programs) and voluntary purchases of carbon offsets. The USDA's financial assistance
for conservation practices has helped implement CSA practices. Still, many farmers
have not been able to benefit from the assistance because the USDA conservation
programs have been popular and oversubscribed.®® Selling carbon offsets to voluntary
markets helps fill the cost gap, but offset prices are not high enough to cover the cost in
many cases. For example, carbon credit prices in voluntary markets, estimated to be
$10 to $28/acre based on California carbon prices in 2022, do not exceed the cost
estimate of cover crops, which was around $35 to $45/acre per year in the Midwest in
2017.100
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Another barrier to adopting CSA practices is the lack of a robust measuring, monitoring,
reporting, and verification (MMRYV) framework. Existing GHG emissions estimates and
modeling of agricultural practices are not keeping pace with current on-farm conditions
and advances in best practices. %" The challenge of providing accurate, up-to-date
estimates of GHG emissions reductions from adopting CSA practices discourages
investment.

More importantly, because of the lack of such an MMRV framework, the current
guidance for the 40B SAF credit may underestimate the actual impact of CSA practices
on carbon intensity. The IRS 40B guidance included the “limitations of currently
available verification mechanisms, empirical data, and modeling” as the principal
rationale for bundling CSA practices under a single default value. The Cl reduction
value of the bundle of three CSA practices is 10 gCO2e/MJ in the 40B tax credit
guidance. Analysis of the individual measure suggests that the actual CI reduction of
these practices could total 29 gCO2e/MJ.

Corn Yield Improvement

Improving corn yield by 10% reduces the ethanol Cl by 0.4 gCO2e/MJ. Although the CI
reduction value is relatively low, it can be achieved at little or no incremental cost
relative to what will otherwise occur in the market.

Corn yield in the United States has seen remarkable improvements over the years,
driven by advancements in agricultural practices, technology, and crop genetics. 12
According to the USDA, corn yield has consistently increased in the last few decades,
from 113.5 bushels per acre in 1995 to 183.1 bushels per acre in 2023, reflecting the
efficiency and productivity gains in U.S. agriculture (Figure 9).'% Enhanced farming
techniques, better pest and disease management, and adoption of genetically modified
crops have all contributed to this upward trend. As a result, the ability to produce more
corn per acre has not only bolstered the agricultural sector but also supported the
ethanol industry's growth by providing a more abundant and reliable feedstock.
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Figure 9. Corn yield in the United States, 1994-2023
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The increase in corn yield from 113.5 bushels per acre in 1995 to 183.1 in 2023 demonstrates improved corn production efficiency.
Source: USDA, “Corn Yield: United States,” August 12, 2024,
https://www.nass.usda.gov/Charts and Maps/Field Crops/cornyld.php

Increasing corn yield helps reduce the Cl of ethanol production by improving land and
resource efficiency. Higher yields mean more corn can be produced on the same land,
reducing the need for agricultural expansion and minimizing emissions from land-use
change. Additionally, fewer inputs such as fertilizers and water are required per unit of
corn, lowering the overall carbon footprint of farming.

Low-Carbon Fertilizers

Decarbonizing fertilizer production using green or blue ammonia could reduce ethanol’'s
Cl by 5.3 gCO2e/MJ, or 10%. Current production of nitrogen fertilizers is carbon-
intensive and relies heavily on fossil fuels.'®* Most CO2 emissions in fertilizer production
come from ammonia production, the key component of nitrogen fertilizers. Thus,
decarbonizing fertilizer production requires decarbonizing ammonia production.

Fertilizer production involves several steps (Figure 10). It begins with the production of
hydrogen, which is typically derived from natural gas through steam methane reforming
(SMR). The hydrogen is combined with nitrogen gas from the air under high pressure
and temperature to synthesize ammonia. In the conventional production process, the
GHG emissions from hydrogen production is 1.6 tCOze per metric ton of ammonia, and
the emissions from ammonia production is 0.8 tCO2e per metric ton of ammonia. %
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Figure 10. Fertilizer Production Process
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Traditional fertilizer production starts with hydrogen production from natural gas through steam methane reforming. The hydrogen is
combined with nitrogen to produce ammonia, serving as a key component of various fertilizers. Adapted from Fertilizers Europe,
“Decarbonizing Fertilizers and Food,” https://www.fertilizerseurope.com/decarbonising-fertilizers-by-2050/ using data from Xinyu Liu
et al., "Life cycle energy use and greenhouse gas emissions of ammonia production from renewable resources and industrial by-
products," Green Chemistry 22, no. 17 (2020): 5751-5761. https://pubs.rsc.org/en/content/articlelanding/2020/gc/d0gc02301a

Replacing natural gas with renewable energy for hydrogen production (i.e., green
ammonia) or capturing and sequestrating CO2 from hydrogen production (i.e., blue
ammonia) are among the most advanced strategies to decarbonize ammonia
production. Although the costs of green and blue ammonia are currently higher than
gray ammonia produced from natural gas without carbon capture and storage (CCS),
with the existing incentives, low-carbon ammonia could become cost competitive with
gray ammonia in some U.S. regions. % Existing incentives include the carbon
sequestration tax credit (45Q), hydrogen production tax credit (45V), clean electricity
production tax credit (45Y), and clean electricity investment tax credit (45E). Moreover,
projections of declining equipment and renewable energy costs could make green
ammonia cheaper than gray ammonia in the United States by 2040.'%” The LCCA of
blue ammonia is estimated to be $100/tCO2, but with the 45Q tax credit, the LCCA
could be reduced to $29/tCO2. The LCCA of green ammonia would be $526/tCO-, but
with all policy incentives, it could reach almost zero.

Supply is the challenge. Announced low-carbon ammonia projects set to be built by
2035 could decarbonize most of the current ammonia demand, which is 187 million tons
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per year; however, these announced projects have yet to reach final investment
decision (FID) because of a lack of secured offtake contracts and financing.’®” Of the
185 low-carbon ammonia projects, only 45 have offtake agreements, and only 15 are
under construction or have secured financing. The lack of clarity over the value of the
45V tax credit for clean hydrogen feedstock for ammonia has created significant
uncertainty, and farmers are unwilling to pay a significant premium for green
fertilizers. %7

Replace Diesel with Renewable Diesel in Farm Machinery

On-farm energy use accounts for 3.7 gCO2e/MJ of ethanol's Cl. Corn farms could
decarbonize energy use by replacing fossil fuels with lower-carbon fuels and using
lower-carbon electricity. Replacing fossil fuels with lower-carbon options could
significantly reduce emissions since diesel and gasoline account for 13% and 5% of the
energy inputs in corn production, respectively.® However, as electricity accounts for
less than 1% of energy inputs in corn production, using lower-carbon electricity will not
contribute greatly to emissions reduction.%®

Currently, diesel is the dominant fuel in trucks, tractors, and other agricultural equipment
used in farm operations. In 2021, diesel accounted for more than 60% of fuel
expenditure in U.S. farms, followed by gasoline (20%), and liquefied petroleum gas
(8%).109

Electrification of farm vehicles and equipment and using low-carbon biofuels have been
explored to minimize diesel use in farm operations. Electrification of farm machinery and
equipment could reduce their emissions by 65% to 90% of the farm machinery and
equipment emissions. ' However, the high capital cost to switch to electrified
equipment, the electric infrastructure limitation in rural areas, and the reluctance of
farmers to bear technology risk for vehicle lifespan and charging times are barriers to
electrifying farm machinery.'%® As of early 2022, the sales of electric tractors were only
0.02% of the total U.S. tractor sales. "

Renewable diesel can be used as a direct replacement for conventional diesel in
existing combustion engines without engine modification; however, renewable diesel is
a costly option for decarbonization. The price of renewable diesel as of April 2024 was
$5.36/gallon, while the price of conventional diesel in the Midwest was
$3.95/gallon. 2113 This difference in price makes the LCCA of renewable diesel
$138/tCO2, which is higher than the costs of many other ethanol decarbonization
strategies analyzed above. Moreover, the limited potential supply of renewable diesel
will restrict its widespread use in farm machinery. According to the U.S. Energy
Information Administration (EIA), the projected total renewable diesel market share
could increase to 6% of current diesel fuel demand by 2035 and 8% by 2050 in the
United States.'* Given the expected competition for renewable diesel with other users,
replacing conventional diesel with renewable diesel on farms will be very challenging.
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Renewable diesel also can be used for transportation of both corn and ethanol. Doing
so reduces the ethanol Cl by up to 2 gCO2¢e/MJ, a less than 4% reduction of the total
ethanol ClI.

Other Options for Further Innovation

Several options were excluded from the assessment because they would be difficult to
apply widely in the ethanol industry without further innovation. While immediate
integration of these options is constrained by technological, economic, or logistical
challenges, further innovation could enable these solutions to help the industry's deep-
decarbonization efforts.

e Increasing wet DGS production: Shifting from dried DGS to wet DGS could
significantly reduce ethanol Cl by saving the energy used to dry the grains at
each facility. However, currently wet DGS production is limited in serving the
entire DGS demand because of transportation and storage challenges. For this
option to play a more prominent role in reducing ClI, innovations in storage and
transport technologies or local demand creation are needed.

e 1.5-generation ethanol biorefining technology: 1.5-generation ethanol technology
allows existing ethanol facilities to add corn kernel fiber to ethanol production,
improving ethanol yield and reducing Cl. At the same time, however, adding fiber
requires additional energy inputs and reduce DGS production, leading to lower
DGS displacement credits and heating energy demand to dry DGS. With these
factors offsetting each other, the use of 3.5% of corn stover is estimated to
reduce 0.6 gCO2/MJ, or 1.1% of total ethanol CI. This technology has not been
scaled up because of multiple barriers, including high production costs, policy
uncertainty, and the competition with petroleum fuels. "5

e Integrated corn and corn stover ethanol production: Integrating corn ethanol and
corn stover ethanol processes can reduce Cl by 27.4 gCO2/MJ. In this process,
corn stover can be used as both feedstock material and a fuel source to supply
process heat. This option has significant potential for Cl reduction, but utilizing
corn stover as additional feedstock material would require significant retrofitting
of existing plants.
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4. Strategic Decarbonization Pathways
for the U.S. Ethanol Industry

Based on the assessment of options, EFIF developed two strategic pathways that the
ethanol industry could take to achieve net-zero or even negative emissions by
midcentury:

e Net-Zero by 2050 Pathway: This pathway includes core decarbonization
measures to enable the ethanol industry to reach net-zero emissions by
midcentury, with substantial progress toward that goal by 2035. The core
decarbonization measures are ready-to-adopt and relatively low-cost per ton of
CO2 removed. Many measures have a net cost of less than zero because of
accompanied cost savings, and the highest-cost measure is capped at $64/tCO:x.

o Deeper-Decarbonization Options: Adopting additional measures enables the
ethanol industry to reach almost net-zero emissions by 2035, and negative
emissions in 2050. The additional measures are not yet ready-to-adopt and their
costs are relatively higher or uncertain, with a wide range of estimates. Since
most measures, such as clean ammonia, are in the early phases of market
development, their degree of penetration into the ethanol supply chain is
uncertain in the near term and midterm. The costs of these additional measures
range from zero to $516/tCO2 (Figure 11).
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Figure 11. Cost and carbon intensity reduction potential by
decarbonization measure
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A negative cost means that the new measure costs less than the currently adopted measure because of reduced energy or fertilizer
inputs (e.g., no-tillage farming, 4R nitrogen management), a lower cost for securing energy (e.g., PPAs), policy incentives (e.g.,
fermentation CCUS), or additional electricity production (e.g., biomass CHP). Biofuels with positive Cls can still represent carbon
reductions, since they replace fossil fuels. Source: EFI Foundation analysis.

Assumptions for Pathways

The midterm pathway (by 2035) and the long-term pathway (by 2050) were modeled
with varying assumptions about the prevalence of each decarbonization measure (Table
1). The projection includes the adoption of no-till farming and 4R nitrogen management
by 50% of corn farms by 2035 and 100% by 2050, based on their current adoption rate
of approximately 30%. The model assumes that the transition to 100% carbon-free
electricity can be achieved by 2035, consistent with the Biden-Harris administration’s
goal. The expected improvement in ethanol yield by 10% by 2050 is based on an expert
interview suggesting a ceiling for yield enhancement. Corn yield is projected to match
the current best practice by 2050. The adoption of enhanced efficiency fertilizers (EEFs)
and cover crops is estimated at 30% by 2035 and 50% by 2050, considering that these
practices may not be suitable for all farms because of environmental factors such as soill
type and climate.
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Assumptions of decarbonization pathways

Net Zero
by 2050

measures No-till farming

4R nitrogen
management

Carbon-free
electricity in
biorefinery
Ethanol yield
improvement

Corn yield
improvement

Enhanced
efficiency fertilizers
(EEFs)

Fermentation
CCuUs

Cover crops

CHP boiler/steam

turbine with a mix of

fuels
Blue ammonia
Green ammonia

Renewable diesel
in farm machinery

CHP boiler/steam

Deeper-
decarbonization
measures

turbine with a mix of

fuels

Renewable diesel

vehicles for ethanol

transport
Renewable diesel
vehicles for corn
transport

20% of biorefineries have

20% of biorefineries have

Current Status Assumption by

2035
38% adoption rate (U.S., 50%
2022)#2
27% adoption rate 50%
(precision agriculture,
U.S., 2023) 44
40% (U.S., 2023) 116 100%

0.5% increase per year 5% improvement
on average in the last

eight years 17
1.2% increase per year
on average in the last
three decades 18

12% improvement

12% of U.S. corn 30%
cropland used nitrogen
inhibitor 11°
Four facilities are in Adopted
operation in 2023 120
7.2% adoption rate in the 30%

Midwest in 202143

Replace 20% of

CHP systems?®® natural gas with

biomass
Early phase of market 25%
development 25%
Minimal 5%

Replace 40% of
natural gas with a
mix of biomass,

CHP systems?®®

RNG, and blue
hydrogen
Minimal 5%
Minimal 5%

Assumption by
2050

100%

100%

100%

10% improvement

18% improvement

50%

Adopted
50%

Replace 50% of
natural gas with
biomass
0%

100%

10%

Replace 100% of
natural gas with a
mix of biomass,
RNG and green
hydrogen
10%

10%

The model assumes that CCUS in the fermentation process will be adopted by 2035,
based on the economic viability provided by existing tax incentives and the proposed
construction of CO2 transport and sequestration infrastructure by that year. For
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combined heat and power (CHP) systems, the model projects that 20% of natural gas
will be replaced with biomass by 2035, increasing to 50% by 2050. This projection
considers the potential availability of biomass, estimating that using 50% of biomass in
CHP across the entire ethanol industry would consume 8% of the available biomass in
the United States. '?!

Blue and green ammonia are assumed to replace the gray ammonia feedstock of
fertilizers by 50% in 2035 and 100% in 2050. Fertilizers use about 70% of total
ammonia produced, and are expected to continue to dominate the market in 2050
(resulting in minimal competition with other uses).'?> The clean ammonia market is
expected to be established by 2035 since announced blue and green hydrogen projects
for ammonia production can replace about 90% of gray ammonia by 2035.'%” Among the
announced clean hydrogen projects in the United States, blue hydrogen is the dominant
production method; thus, blue ammonia was modeled for 2035, but was assumed to be
replaced by green ammonia in 2050 if the cost of green ammonia is lower than that of
blue ammonia in the United States by 2040, as shown in some projections.%”

Renewable diesel was assumed to replace 5% and 10% of diesel use in farm
machinery, corn transport, and ethanol transport in 2035 and 2050, respectively,
reflecting the limited current resource supply base. This estimate of market penetration
for on-farm use is consistent with the national projection that renewable diesel could
reach market penetration of about 6% and 8% of total current diesel use in 2035 and
2050, respectively. 123

Lastly, in the pathway with Deep-Decarbonization Options, in addition to biomass,
renewable natural gas (RNG), blue hydrogen, and green hydrogen were assumed to be
used in the CHP system in a biorefinery. Since RNG and clean hydrogen are limited in
replacing 100% of natural gas, they were assumed to be used as a mix with other
fuels.1?* Given the rising demand for RNG for other industry applications, the ethanol
industry may secure a much smaller share of the RNG market. Technically, hydrogen
can be blended up to 20% without significantly modifying facilities.

Pathways of Carbon Intensity Reductions

Under the Net Zero by 2050 Pathway, a biorefinery can reduce almost 90% of the
ethanol Cl by 2035 and reach net-zero emissions by 2050. With the Deeper-
Decarbonization Options, a biorefinery can reach almost net-zero by 2035, and negative
emissions in 2050 (Figure 12).
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Figure 12. Ethanol carbon intensity in the baseline, Net Zero by 2050
Pathway, and Deeper-Decarbonization, 2035 and 2050
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The Net Zero Pathway and Deeper-Decarbonization Options achieve major Cl reductions by 2035 and both have negative or net
zero emissions by 2050. Source: EFI Foundation analysis.

Net Zero by 2050 Pathway

Under the Net-Zero by 2050 Pathway, the ethanol Cl reaches 6.2 gCO2e/MJ by 2035,
and -6.5 gCO2e/MJ by 2050. The largest reduction comes from CCUS in the
fermentation process, which reduces the Cl by 30.5 gCO2e/MJ, a 60% reduction.
Decarbonizing the energy use in a biorefinery is the second largest source of reduction.
Decarbonizing electricity use reduces the Cl by 3.3 gCO2e/MJ in 2035 and 2050, while
decarbonizing thermal energy use reduces 4 gCO2e /MJ and 9.9 gCO2/MJ in 2035 and
2050, respectively. Increasing soil organic carbon (SOC) stocks by planting cover crops
reduces the Cl by 6.5 gCO2e /MJ and 10.9 gCO2e /MJ in 2035 and 2050, respectively.
Decarbonizing farm energy and fertilizer uses cause significant but relatively small ClI
reductions (Figure 13).
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Figure 13. Sources of Cl reduction, Net-Zero by 2050 Pathway, 2035,
2050
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Under the Net Zero by 2050 Pathway, ethanol Cl drops to 6.2 gCO.e/MJ by 2035 and -6.5 gCO.e/MJ by 2050, with the largest
reduction coming from CCUS in fermentation (30.5 gCO.e/MJ). Source: EFI Foundation analysis.

Pathway with Deeper-Decarbonization Options

Under this pathway, the ethanol Cl reaches 0.4 gCO2e/MJ by 2035 and -20.3 gCO2e/MJ
by 2050. Like in the Net Zero Pathway, the largest reduction comes from CCUS in the
fermentation process, which reduces the Cl by 30.5 gCO2e/MJ, a 60% reduction.
Compared to the cost-effective pathway, decarbonizing energy use in a biorefinery
reduces a larger amount of the CI as natural gas use for thermal energy generation is
completely replaced by a mix of low-carbon fuels by 2050. Decarbonizing thermal
energy use reduces 7.9g CO2e/MJ and 19.8 gCO2e/MJ in 2035 and 2050, respectively.
Decarbonizing farm energy and fertilizer uses reduces a larger amount of the ClI
because of decarbonizing fertilizers using blue and green ammonia (Figure 14).
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Figure 14. Sources of Cl Reduction with Deeper-Decarbonization
Options, 2035, 2050.
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With the Deeper-Decarbonization Options, ethanol Cl drops to 0.4 gCO,e/MJ by 2035 and -20.3 gCO,e/MJ by 2050. The largest
reduction comes from CCUS in fermentation, while replacing natural gas with low-carbon fuels for thermal energy further reduces
Cl. Source: EFI Foundation analysis.
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5. Enabling Decarbonization of the
Transportation Sector

As this roadmap outlines, decarbonizing ethanol can increase its contribution to a future
low-carbon economy. Ethanol’s value proposition lies in its established infrastructure
and widespread availability. These make ethanol a practical and immediate solution for
reducing carbon emissions in transportation by complementing the growing electric
vehicle (EV) market and as a feedstock for sustainable aviation fuels (SAF).

Transportation emissions are currently the largest source of GHG emissions in the
United States (29% in 2021)."%® To decarbonize light-duty passenger vehicles weighing
less than 10,000 pounds, '?¢ the Biden-Harris administration set a goal that half of all

new vehicles sold by 2030 be EVs, with most vehicles expected to be electric by 2050.
127

On the path to reaching such climate milestones, lower-Cl ethanol blended with
gasoline can help reduce overall light-duty transportation emissions for the remaining
gasoline vehicles in the fleet as vehicle electrification progresses.?” Currently, blending
ethanol with gasoline reduces GHGs by roughly 3%.'28 A gallon of gasoline emits
approximately 8.887 kg of CO, per gallon, while a gallon of E10 emits
8.346kgCO2/gallon.'?® Implementing the decarbonization technologies proposed in this
roadmap can further reduce this.

Ethanol also can contribute to decarbonizing remaining emissions that cannot be
mitigated with electrification, such as in aviation, a sector that relies heavily on liquid
fuels and faces significant barriers to electrification. 130

The DOE SAF Grand Challenge is a coordinated effort launched in 2021 to advance
SAF production and achieve significant emissions reductions in the aviation sector by
2050. The Grand Challenge aims to produce SAF to fulfill 100% of U.S. aviation fuel
demand by 2050, or 35 billion gallons annually. 3! In addition, SAF produced from low-
carbon feedstocks qualify for the clean fuel tax credit under the Inflation Reduction Act
(IRA). Also known as 457, this tax credit is awarded to transportation fuels whose
carbon intensity is no more than 47.4 gCO2e/MJ, or, as detailed in the IRA text, 50 kg
CO2e per million British thermal units (MMBtu). 132

Sustainable Aviation Fuel (SAF)

SAF is a synthetic, drop-in fuel with properties similar to jet fuel but with lower
emissions. 33 As such, using SAF does not require aircraft or supply chain infrastructure
changes, avoiding substantial logistical, safety, and cost challenges. 134

SAF is produced from renewable resources including ethanol, municipal waste,
hydrogenated fats, and oils. In order for SAF to be blended and used as a drop-in fuel,
safety certification is required. The most common certification standard for SAF is the
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American Society for Testing and Materials (ASTM) D7566. Once SAF has received
ASTM D7566 certification, it can be blended up to 50% with standard jet fuel, which
then receives ASTM D1655. This certifies that SAF meets all the necessary technical
specifications of jet fuel, including density, flash point, freezing point, sulfur content,
aromatics content, and net heat of combustion. 13%

SAF has similar GHG emissions characteristics during combustion, but its emissions
reduction potential lies in its use of renewable biogenic feedstocks in lieu of
conventional fossil fuel energy sources. Table 2 lists the existing approved SAF
production pathways.

Table 2
SAF Production Pathways

Production method Blending Possible feedstocks
limitation
Fischer-Tropsch synthetic paraffinic 50% Woody biomass (municipal solid waste,
kerosene (FT-SPK) agricultural and forest wastes, wood, energy
crops)
FT-SPK with aromatics ¥ 50% Same as above
Hydroprocessed esters and fatty 50% Oil-based feedstocks (jatropha, algae, camelina;
acids (HEFA-SPK) plant oil; yellow/brown greases; animal oil; waste
fat, oil, and greases)
Hydrocarbon-hydroprocessed esters 10% Algal ol
and fatty acids (HC-HEFA-SPK)
Hydroprocessed Fermented Sugars 10% Sugars, cellulosic biomass feedstocks
to Synthetic Isoparaffins (HFS-SIP) (herbaceous biomass and corn stover), pretreated
waste fat, oil, and greases
Alcohol-to-jet synthetic paraffinic 50% Cellulosic or starchy alcohol (isobutanol and
kerosene (ATJ-SPK) ethanol—ATJ E-SAF), including from
lignocellulosic biomass (e.g., corn stover)
Catalytic hydrothermolysis 50% Fatty acids or fatty acid esters or lipids from fats,
synthesized kerosene (CH-SK or oils, and greases
CHJ)
Fats, oils, and greases (fog) co- 5% Fats, oils, and greases (e.g., cooking oil and
processing waste animal fats) coprocessing with petroleum
intermediates
FT co-processing 5% Biocrude (5% Fischer-Tropsch syncrude

coprocessing with petroleum crude oil)
Adapted from: U.S. Department of Energy (DOE), “Alternative Fuels Data Center: Sustainable Aviation Fuel,” accessed May 16,

2024, https.//afdc.energy.qgov/fuels/sustainable-aviation-fuel.

Ethanol SAF is produced through the alcohol-to-jet, or ATJ pathway (ATJ E-SAF), which
transforms ethanol into hydrocarbons suitable for blending with jet fuel. ATJ E-SAF’s
carbon intensity is currently 70.36 gCO2e/MJ, compared to conventional jet fuel’s CI of

" Aromatics are hydrocarbons derived from crude oil or coal. The main aromatics are benzene, toluene, and xylenes, and are used in
many consumer products.
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89 gCO2e/MJ. The CI of ethanol SAF is roughly 40% to 60% higher than the CI of the
original ethanol feedstock (53.6 gCO2e/MJ), primarily because of the energy-intensive
nature of the conversion process and the loss of efficiency during the transformation. 136

Figure 15 compares the carbon intensity (gCO2e/MJ) of different types of jet fuels and
SAF production pathways. The carbon intensity of SAF likewise depends on the
feedstock used. ATJ E-SAF is above the 457 tax credit threshold. Therefore, U.S. corn
ethanol must significantly reduce its Cl score to be competitive as a SAF pathway.

Figure 15. Current GREET default carbon intensity of jet fuel, ATJ E-
SAF, palm oil and soy oil HEFA SAF
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The carbon intensity (gCO.e/MJ) of various jet fuels and SAF production pathways highlights that SAF's Cl varies depending on the
feedstock used. Notably, ATJ E-SAF exceeds the 45Z tax credit threshold, emphasizing the need for U.S. corn ethanol to
significantly reduce its Cl to remain competitive as a SAF production pathway. Data from: Argonne National Laboratory,
“Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies (GREET) Model,” accessed September 11, 2024.
https://greet.anl.gov/.

SAF Market

The U.S. ATJ E-SAF industry is still in its early stages. In 2024, U.S. companies
producing ATJ E-SAF primarily rely on Brazilian sugarcane ethanol because of its lower
Cl score, which makes it compatible with international SAF certification. 3’
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SAF demand is expected to grow significantly in the coming years as U.S. airlines
intensify their need for sustainable fuel options. Global SAF production reached only
158 million gallons in 2023 and is expected to triple to 480 million gallons in 2024,
meeting just 0.53% of the aviation fuel demand and representing 6% of the total
renewable fuel capacity. 38 Airlines and shipping companies have contracted more than
100 SAF offtake agreements since 2013, amounting to a cumulative volume of about 14
billion gallons. '3® As mandates and decarbonization targets are pursued in the coming
years, the SAF market is projected to grow at a compound annual growth rate (CAGR)
of nearly 50% by 2030, reaching a value of $16.8 billion globally by 2030."'4°

Current SAF production levels are far below projected demand, and the limited SAF is
expensive. In the United States, SAF costs around $6.69/gallon, or 235% more than
fossil-based jet fuel, which costs around $2.85/gallon.'#! After considering the full 45Z
tax credit, the cost of SAF could decrease to $4.94/gallon. If used in a Minnesota or
lllinois airport—states that also have SAF incentives (see next section)—SAF’s cost
could decrease further to $3.44/gallon.

Most SAF produced in the U.S. today is made from waste fats, oils, and greases
(commonly referred to as FOGs), as well as other bio-based feedstocks like corn oil and
used cooking oil. *2 However, few feedstocks have the necessary scalability and
available infrastructure to reach projected demand in the coming years. SAF will rely
heavily on economies of scale to offset the high costs associated with the necessary
infrastructure, energy inputs, and processing technologies. As a result, continued
innovation and scale-up are needed in the sector to reach production and sustainability
goals.

SAF Cost Reduction Incentives in the United States

The IRA established the SAF blending tax credit (40B) to foster SAF production. The
40B tax credit starts at $1.25/gallon of SAF, with an additional $0.01 per percentage
point over 50% emissions reductions and a maximum value of $1.75/gallon.* To
qualify for the credit, SAF must meet ASTM SAF requirements and have estimated
emissions reductions of at least 50% compared to conventional jet fuel. 143144

Climate-smart agriculture (CSA) practices are included in the determination of whether
SAF meets the 50% reduction target. Three CSA practices under the USDA CSA Pilot
Program*—no-till farming, planting cover crops, and applying enhanced efficiency
nitrogen fertilizer—must be adopted in conjunction on the same acreage for SAF
produced from corn ethanol ATJ to receive a 10 gCO2e/MJ reduction in its life cycle
emissions. For SAF produced from soybean hydroprocessed esters and fatty acids

* The USDA Climate-Smart Agriculture (CSA) Pilot Program aims to promote agricultural practices that reduce GHG emissions and
increase carbon sequestration. The program focuses on no-till farming, cover cropping, and the use of enhanced-efficiency
fertilizers. A specific emphasis is placed on crops used as feedstocks for bioenergy, including biofuels like ethanol and SAF.
Recognizing the significant emissions reduction potential of CSA and the existing challenges in verifying these benefits, the program
grants life cycle emissions reduction credits to crops grown with CSA methods.
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(HEFA), two CSA practices must be adopted on the same acreage for a 5 gCO2e/MJ life
cycle emissions reduction: no-till farming and planting cover crops.'* These practices
must be bundled, and other CSA practices currently do not qualify.

The 40B credit is short-lived, however, expiring in December 2024. Beginning in 2025,
SAF incentives will immediately fall under the technology-neutral 45Z clean fuel
production tax credit (PTC). %> The 45Z PTC value starts at $0.2/gallon of clean fuel and
$0.35/gallon of SAF, with a maximum value of $1/gallon and $1.75/gallon, respectively,
depending on emissions factor and meeting wage and apprenticeship (W&A)
requirements (Table 3).'46 Under 45Z, SAF must emit no more than 50 kilograms of
CO2 (or CO2 equivalent) per MMBtu, based on the forthcoming SAF GREET model
methodology, which DOE is currently developing.'44

Table 3
Estimated §45Z clean fuel production credit values

Assumed kg of Emissions Does not meet W&A Meets W&A
CO2e/MMBtu factorY requirements ($/gal) requirements ($/gal)

Nonaviation Fuels

0 1.0 $0.20 $1.00

10 0.8 $0.16 $0.80

25 0.5 $0.10 $0.50

40 0.2 $0.04 $0.20

50 0.0 $0.00 $0.00
Aviation Fuels

0 1.0 $0.35 $1.75

10 0.8 $0.28 $1.40

25 0.5 $0.18 $0.88

40 0.2 $0.07 $0.35

50 0.0 $0.00 $0.00

0 1.0 $0.35 $1.75

Data from: Congressional Research Service, “The Section 45Z Clean Fuel Production Source,”
https://crsreports.congress.gov/product/pdf/IF/IF12502.

The Treasury Department is expected to release further guidance on the 45Z PTC until
the end of 2024. The 45Z tax credit will be available for SAF production over a three-
year period, expiring on Dec. 31, 2027. Several states also have SAF-supporting
policies.

Y To determine the credit size, the maximum credit value ($1.75) is multiplied by an emissions factor that is equal to: [(50 kg of CO2e
per MMBtu) — (Fuel kg of CO2e per MMBtu)] / [50kg of CO,e per MMBtul].
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e Minnesota: a tax credit value of $1.50/gallon available to producers or
purchasers departing from a Minnesota airport from June 30, 2024, to July 1,
2030.147

e lllinois: a credit of $1.50/gallon purchased in an lllinois airport from July 1, 2023,
to Dec. 31, 2032."4®

e Nebraska: a credit up to $1.25/gallon available to producers starting in 2027
based on the fuel’s life cycle greenhouse gas emissions reduction. '4°

¢ Washington: Revenue from the Climate Commitment Act (CCA), the state’s “cap-
and-invest program,” will be used to promote and accelerate SAF production. %0

Figure 16 compares estimates of SAF costs with and without state and federal
incentives. Without incentives, SAF costs $6.69/gallon, significantly higher than
conventional jet fuel at $2.85. With the 45Z federal tax credit, SAF costs drop to $4.84.
When combined with state-level incentives in Nebraska, lllinois, and Minnesota, the cost
further decreases to $3.69, $3.44, and $3.44 per gallon, respectively, making SAF more
competitive with conventional jet fuel.

Figure 16. Cost estimates for SAF with state and federal incentives

Conventional jet fuel _ $2.85

SAF w/o incentives $6.69

SAF w/45Z $4.84

NE+457 $3.69

IL+457 $3.44

MN+45Z $3.44
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Stacking 45Z with emerging state SAF incentives boosts chances for the SAF market to be cost-effective with traditional jet fuel.
lllinois, Nebraska, and Minnesota have implemented legal incentives in recent years. Data from |llinois General Assembly (2023),
Bose (2023), Nebraska Legislature (2024), Minnesota Legislature (2023).

International Policies Supporting SAF

Other countries have taken a more proactive stance on reducing aviation emissions by
establishing SAF mandates as part of their broader climate goals. The United Kingdom
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SAF mandate, for example, will be effective on Jan. 1, 2025. It requires that SAF
achieves at least a 40% reduction in carbon intensity compared to standard jet fuel and
fulfills 10% and 22% of U.K. aviation fuel demand by 2030 and 2040, respectively. The
mandate is technology agnostic and does not differentiate between domestic or
international SAF origin. Although it encourages diverse SAF feedstocks, eligibility
excludes food, feed, or energy crops.™’

Similarly, the EU’s "ReFuelEU Aviation" initiative has introduced a gradual mandate
requiring airlines to blend an increasing percentage of SAF with conventional jet fuel.
Starting in 2025 with a mandate of 2% SAF, the required blend will progressively
increase to 6% by 2030, 20% by 2035, and is expected to reach 70% by 2050. 52

If the U.S. were to require a similar percentage of SAF blended with conventional jet
fuel, approximately 360 million gallons of SAF would be needed by 2025, 1 billion
gallons by 2030, 4 billion gallons by 2035, and 24.5 billion gallons by 2050.

SAF Cl and Cost Reduction Analysis

Figure 17 compares the carbon intensity and 45Z credit values for conventional jet fuel
and various ethanol-to-SAF production pathways. The figure illustrates that SAF
produced from current ethanol supplies (i.e., conventional ATJ E-SAF) does not qualify
for the production tax credit under the current 45Z guidelines. In contrast, in the future
decarbonization scenarios outlined above, ethanol SAF can qualify for between
$1/gallon and $1.75/gallon. As suggested in the figure, deep decarbonization is needed
to reach the maximum credit value under 45Z, but significant credit savings exist with all
of the pathways EFIF has identified. The 45Z credit values were estimated with the
assumption of meeting prevailing wage and registered apprenticeship requirements.
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Figure 17. Comparative analysis of carbon intensity and 45Z credit
values in ethanol-to-SAF pathways
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While current ethanol-based SAF does not qualify for 45Z tax credits, future decarbonization efforts could enable it to earn credits of
up to $1.75 per gallon, with significant savings across all identified pathways. Source: EFI Foundation analysis.

The potential for decarbonized ethanol to become a feedstock for SAF will open the
door to a new market for ethanol to complement its role in reducing emissions in
gasoline for light-duty vehicles (LDVs). As electrification of the LDV fleet increases (Box
2), the current ethanol production level can support increased blend rates in gasoline as
well as significant market penetration of SAF.

To fully realize this potential, substantial efforts are needed to reduce the carbon
intensity of ethanol to enable scale-up of SAF production, ensuring that ethanol remains
a competitive and sustainable option in the evolving energy landscape. The continued
development of supportive policies, innovation and technological advancements, and
market growth will be crucial to overcoming these challenges and unlocking the full
potential of ethanol to contribute to global climate goals.
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Box 2
The U.S. ethanol industry’s contribution to gasoline blending and

SAF production volumes

The existing U.S. ethanol market—15 billion gallons per year—has the potential to
contribute to both emerging SAF markets and gasoline blending, helping to close the
transportation emissions gap. If EVs become 84% of the light-duty vehicle fleet and
ethanol blending with gasoline increases to 20% by 2050, the vehicle market will
consume approximately 4 billion gallons of ethanol annually.? The remaining 11 billion
gallons could serve as feedstock for SAF, potentially covering 20% to 25% of the
market if SAF replaces all jet fuel in the United States by 2050, as outlined in the DOE
SAF Grand Challenge target (Figure 18).153 Currently, 1 gallon of SAF requires 1.7
gallons of ethanol. Meeting 100% of the SAF Grand Challenge goal of 35 billion
gallons would require approximately 59.5 billion gallons of ethanol per year, an
amount nearly four times larger than current U.S. ethanol production levels of about
15 billion gallons a year.

Figure 18. Ethanol’s potential role in gasoline blending and SAF
production in the 2050 time frame

a) Passenger vehicle fuel consumption, E20 by 2050 b) Conventional jet fuel and SAF volumes, 100% SAF by 2050
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In a future fuel market with high EV uptake, the current ethanol production capacity (15 billion gallons per year) can be deployed

for gasoline blending (E15 by 2035 and E20 by 2050) and SAF production. Note: GGE/gge: gasoline gallons equivalent. Source:
EFI Foundation estimates using the GREET model.

2 For this scenario, we assume that E20 will be introduced in the United States by 2035.
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6. Current Incentives Provide a
Foundation for Ethanol
Decarbonization

The ethanol life cycle is complex, and the implementation of a strategic decarbonization
roadmap requires coordinated action among five major players: corn growers, ethanol
bio refiners, energy suppliers (electricity and fuels), fertilizer producers, and an
emerging carbon management industry. Government policy is needed to provide the
glue to enable players to integrate their actions effectively and efficiently.

Although some decarbonization efforts are occurring, most strategies are not yet widely
adopted by ethanol producers and corn growers. Existing policies help incentivize
ethanol producers and corn growers to start decarbonizing the ethanol supply chain, but
additional policies are necessary to accelerate decarbonization efforts and motivate
major players to invest in new strategies.

Before diving into the roadmap recommendations, this section will list existing policies
supporting ethanol decarbonization efforts, such as renewable fuel standards, low
carbon fuel standards, and various tax incentives that have created and sustained the
existing ethanol market.

Since the late 1970s, proactive U.S. policies have fostered ethanol production,
consumption, and exports, driven by key legislation, including the Energy Tax Act of
197854 and the Renewable Fuel Standard (RFS) of 2005 '5° (See Appendix A for more
details). The RFS, expanded under the Energy Independence and Security Act of 2007,
mandated blending ethanol with gasoline, significantly increasing ethanol use in
transportation fuels. By 2010, E10 was sold nationwide, doubling ethanol production
and consumption from 2005 to 2023. The RFS created a guaranteed market for ethanol,
spurring investment in production capacity and cementing ethanol's role in reducing
dependence on oil imports and lowering greenhouse gas emissions.

Further support came from state-level low-carbon fuel standards (LCFS), which
incentivized ethanol use and carbon intensity reductions in the ethanol supply chain.
The 2022 Inflation Reduction Act (IRA) added more incentives, including tax credits for
carbon capture and SAF production. Additionally, while no specific tax incentives exist
exclusively for corn used in ethanol, various agricultural and renewable energy
programs, along with federal farm subsidies, indirectly support ethanol production by
promoting corn farming. This comprehensive policy landscape has enabled the U.S.
ethanol industry to thrive, contributing significantly to a cleaner, more sustainable
energy future.

There has been a growing number of industry actions and various types of policy
support for decarbonizing the ethanol supply chain. These ongoing efforts should be
continued and accelerated for more significant Cl reduction.
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457 Clean Fuel Production Tax Credit

The IRA introduced the new 45Z clean fuel production tax credit, a technology-neutral
credit for transportation fuels that, beginning in 2025, will replace all existing fuel-related
tax credits (including the 40B credit) as well as other credits affecting production of
biodiesel, renewable diesel, second-generation biofuel, sustainable aviation fuel (SAF),
and alternative fuels. %% 157 As written, 45Z will expire on Dec. 31, 2027. Treasury has
yet to release final guidance or a 45Z GREET model to determine the guidelines for
evaluating and quantifying life cycle emissions under the tax credit.

While 45Z provides a clear financial incentive of up to $1.75/gallon for SAF, as Chapter
5 outlines, its current timeline is insufficient to incentivize fuel decarbonization at the
necessary scale to reach net zero. Stakeholders interviewed for this report highlighted
the short life of the 45Z tax credit as their primary concern in using this tool in
decarbonizing ethanol.

The 45Z tax credit is calculated based on a fuel’s life cycle GHG emissions, which must
have a carbon intensity of no more than 50 kg CO2e/MMBtu, or 47.4 gCO2e/MJ, in order
to qualify. The performance-based design of the 45Z credit incentivizes to seek and
adopt a wide range of decarbonization measures across all stages of ethanol
production, including cleaner production technologies, use low-carbon and carbon-free
energy sources, and implement sustainable agricultural practices.

The 45Z credit could also spur investment in clean fuels such as biodiesel and
renewable diesel, which in turn contribute to lower-carbon ethanol production.
Switching from diesel to renewable fuels for vehicles used in the ethanol value chain
can contribute to decreasing ethanol’s Cl, as outlined in Chapter 3. Additionally, the 45Z
credit can be used for ethanol blending, incentivizing higher ethanol concentrations in
gasoline blends, such as E15. For non-aviation fuels, such as ethanol blends, the base
credit amount is $0.20/gallon, which can increase to $1.00/gallon if the production
facility meets prevailing wage and registered apprenticeship requirements. 18

The 45Z tax credit is currently available for three years (2025 to 2027), which is
insufficient for large-scale projects to be financially viable, given high capital
expenditures and long payback periods. First-of-a-kind low-carbon fuel projects will
require an extended production tax credit (PTC) to remain competitive with traditional
fossil fuel alternatives that will remain in widespread use over the lifetime of the 45Z
projects. 1%°

State-Level Low-Carbon Fuel Standards

The low-carbon fuel standard (LCFS), also known as a clean fuel standard (CFS),
requires the production and use of lower-carbon fuels through credits paid to fuels with
Cl scores below a baseline value, usually the CI of gasoline or diesel fuel. Through
mandated reductions in Cl scores, state-level LCFS programs provide an effective
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mechanism for gradually decarbonizing transportation fuels such as ethanol, spurring
supply chain innovation and technology deployment.

Apart from reducing the Cl value of ethanol, state LCFS have: led to reductions in the CI
of other alternative fuels, including renewable natural gas (RNG), provided flexible and
technology-neutral compliance options, spurred private investment in lower-Cl
technologies, and incentivized cleaner production beyond state borders. 6

Currently, four U.S. states have an LCFS in place or pending: California, Oregon,
Washington, and New Mexico.

California’s LCFS has been used as a model for similar state and country-wide clean
fuel standards in Oregon, Washington, New Mexico, and Canada. Evidence from
California indicates that the LCFS is a powerful incentive for ethanol decarbonization
(Figure 19). Since the policy’s implementation in 2011, California’s LCFS has driven
ethanol Cl reductions of over 25%."'6' Oregon’s LCFS has reported similar results,
spurring ethanol Cl reductions of approximately 18%. 62

Figure 19. Average low-carbon fuel standard (LCFS) ethanol carbon
intensity, 2011-2019
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California’s Low Carbon Fuel Standard has been shown to reduce the CI of ethanol from 2011-2019. Showing it as a powerful
incentive for ethanol decarbonization. Source: U.S. Department of Agriculture, California’s Low Carbon Fuel Standard: Incentivizing
Ethanol Industry Greenhouse Gas Mitigation, 2022, accessed August 28, 2024,
https://www.usda.gov/sites/default/files/documents/CA-LCFS-Incentivizing-Ethanol-Industry-GHG-Mitigation.pdf.

Twelve states have introduced or discussed LCFS legislation (MN, IL, MI, NY, VT, MA,
NE, OH, PA, NJ, HI, CO). Three of these states (NY, MI, and IL) are among the top
ethanol consumers.
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USDA Funding for CSA Practices and On-Farm
Energy Use

The IRA provided $19.5 billion of additional funds over a five-year period to a portfolio of
USDA conservation programs targeted to support adoption of climate-smart agricultural
practices. The $19.5 billion in funds was allocated among six separate programs: the
Environmental Quality Incentive Program ($8.45 billion), Regional Conservation
Partnership Program ($4.95 billion), Conservation Stewardship Program ($3.25 billion),
Agricultural Conservation Easement Program ($1.4 billion), Conservation Technical
Assistance ($1 billion), and measuring, evaluating, and quantifying GHG emissions
reductions ($300 million). 163

The USDA has allocated $2.1 billion of these funds in 2022 and 2023, is estimated to
allocate $3.1 billion by the end of 2024, and plans to allocate $5.6 billion in 2025,
though farmer interest to date has far exceeded the available funds. When the USDA
made $850 million of these funds available in 2023, applicants requested almost $3
billion in total. 164

The USDA also is responsible for administering two other programs that can provide
financial incentives for helping decarbonize on-farm energy use. The Rural Energy for
America Program (REAP) provides guaranteed loan financing and grant funding to
agricultural producers and rural small businesses for renewable energy systems or to
make energy efficiency improvements. Funds can be used to purchase and install
renewable energy systems such as biomass, geothermal, hydropower, hydrogen, wind
and solar generation, or ocean generation. Funds can also be used to buy, build, and
install energy efficiency improvements such as switching from a diesel to an electric
irrigation motor.'%® Since the start of the Biden-Harris administration, the USDA has
invested more than $1.8 billion via REAP in 6,000 renewable energy or energy
efficiency projects. 166

The Rural Energy Savings Program (RESP) provides zero-interest loans to rural utilities
and other companies that provide loans to qualified consumers to implement energy
efficiency measures. From 2017 to 2023, the USDA approved 44 loans via RESP. 167
This program does not include mandatory funds. Congress appropriated $75 million in
discretionary funds in 2023, but only $3.6 million has been made available in 2024. A
$3.6 million fund is limited in serving the increasing demand. Among the $500 million
awarded since 2016, more than $200 million in loans were obligated in the past year,
requiring more than $20 million in federal appropriations. '8 Lower appropriation in 2024
is expected to leave many prospective borrowers waiting until more funds become
available.
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7. Additional Policies Are Necessary
to Accelerate the Decarbonization of
Ethanol Supply Chains

Currently available incentives are helpful starting points for leveraging the roadmap’s
decarbonization options, but they are not enough on their own. Additional policy
measures will accelerate the adoption of a strategic decarbonization roadmap for the
ethanol industry to reach net-zero Cl and move beyond to net-negative Cl. Employing
ready-to-adopt and modest-cost decarbonization measures will enable the ethanol
industry to reach net-zero emissions. But even these measures face barriers to
implementation, such as lack of infrastructure, the need for upfront investment, and
uncertain implementation outcomes. To lower these barriers, a range of industry actions
and policy changes are required.

A key factor in the design of additional policy measures is the need to address the roles
of all major players mentioned above, including ways to encourage cooperative and
mutually reinforcing actions. The recommendations that follow are intended to
comprehensively address decarbonization actions across all the players in the ethanol
life cycle (Figure 20).

Although CCUS is often considered a low-hanging fruit for ethanol decarbonization, it
faces various challenges for implementation. Capturing CO2 emissions from the
biorefining process is technologically feasible at a relatively modest cost of capture of
about $37/tCOz2. This cost could be covered by the 45Q tax credit of $85/tCOz2; however,
transportation and sequestration of COz2 are challenging. As most ethanol plants are
located in areas unsuitable for geologic sequestration of COz2, the captured CO:z in
ethanol plants would have to be transported via pipelines to suitable sites. Uncertainties
surrounding permitting of the COz2 pipeline infrastructure and geologic storage (GS) site
(Class VI) have been the most significant barriers to scaling up COz2 transportation and
sequestration infrastructure. The permitting issues are complex because the pipeline
infrastructure would cross multiple states (e.g., five states in the Summit pipeline
project, three states in the Tallgrass Energy Gas-to-CO2 project) and require permit
approvals by state and local governments. Because both the Summit and the Tallgrass
projects are in the middle of state and local government proceedings, this report does
not recommend any additional specific policy changes regarding CCUS at this time.
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Figure 20. Summary of recommended policy measures to support
implementation of the ethanol decarbonization roadmap
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Recommended policy measures directed at the five key players in the ethanol industry: corn growers, ethanol biorefiners, energy
suppliers (electricity and fuels), fertilizer producers, and an emerging carbon management industry, with support from Congress, the

administration, USDA, IRS, DOE, EPA, and state governments. Source: EFI Foundation analysis.

USDA Support for Expanding Farmers’ Adoption
of Climate-Smart Agricultural (CSA) Practices

CSA adoption rates are low because of economic challenges and uncertain outcomes
because of variation in environmental factors like soil type and climate. 42 43 44 In some
instances, CSA practices require significant upfront investments, such as purchasing
specialized equipment that does not necessarily result in an immediate increase in
productivity. Further, the lack of a robust measuring, monitoring, reporting, and
verification (MMRYV) framework for CSA practices is another critical barrier preventing
farmers from ensuring the outcome of their investment. Additional policy support is

needed to provide farmers with CSA data and funding.

e Recommendation 1. Congress should preserve the existing IRA funds for
conservation programs so the USDA can proceed with the full multiyear
funding allocations to expand the adoption of CSA practices.

It is critical that the multiyear funding provided in the IRA continue to be focused on the
adoption of CSA practices. Currently, the IRA fund is dedicated to the programs that

A Strategic Roadmap for Decarbonizing the U.S. Ethanol Industry

64



EFI FOUNDATION

generate climate mitigation benefits. If the current IRA funds are broadened to include
conservation practices that do not provide comparable CSA benefits, maintaining the
momentum of surging farmer interest in CSA practices would be diminished.

e Recommendation 2. The USDA should provide farmers with a
comprehensive information package, including grants, loan programs,
technical support, tools and contracts, which can be used to invest in CSA
practices.

The USDA has provided a wide range of financial and technical support for farmers, but
many farmers are still not benefiting from the programs because many grants are
popular and oversubscribed. Meanwhile, several loan programs have been
underutilized even though they support investment in agricultural operations, such as
purchasing equipment for precision agriculture. For example, the Conservation Loan
Program has disbursed no loans since 2017.4 The USDA should provide
comprehensive information to farmers, including about its grants and loan programs, as
well as tools and best practices. Beyond making the information package publicly
available, the USDA should raise awareness of the package among corn growers via
outreach and educational activities.

e Recommendation 3. The USDA should accelerate collecting field-based
data on CSA practices, develop an MMRYV framework for CSA practices, and
disseminate the data and framework to stakeholders, including federal
agencies designing incentive programs, GREET modelers, farmers, and the
ethanol industry.

The lack of a robust MMRYV framework is a barrier to accelerating the adoption of CSA
practices. The IRS adopted a bundling approach for CSA practices under the 40B SAF
credit, rather than basing it on the actual carbon intensity of each practice partially
because of limitations in verification mechanisms. The IRA provided $300 million over
eight years to expand USDA MMRYV programs to improve data, models, and tools for
quantifying the impact of agricultural practices on GHG emissions and carbon
sequestration. The USDA should work to improve these efforts, and disseminate widely
to relevant federal agencies, farmers, and the ethanol industry.

e Recommendation 4. The IRS, working with DOE, should expand the
portfolio of CSA practices that can be considered in qualification for the 45Z
credit to include all GREET options. Also, the IRS should allow flexibility in
letting farmers select individual measures in a practice-by-practice fashion,
rather than require bundling of measures—as has been done with the current
SAF tax credit (40B).

The 45Z credit is designed to incentivize the adoption of CSA practices that contribute
to emissions reductions. However, requiring the bundling of CSA practices (specifically,
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no-till farming, cover-cropping, and enhanced efficiency nitrogen management) as a
prerequisite for qualification could limit the flexibility of farmers, potentially discouraging
participation. Not all CSA practices may be relevant or feasible for every farm, and
bundling could impose unnecessary constraints.

Instead, allowing credit qualification based on the emissions reductions achieved for
each practice individually would provide a stronger incentive for farmers to consider the
appropriate portfolio of actions. This approach would encourage innovation and tailor
CSA adoption to the unique circumstances of each farm, ultimately leading to more
significant and verifiable emissions reductions.

e Recommendation 5. The IRS, in collaboration with the USDA, should
consider ways to help ethanol producers share the value of these credits with
corn growers who contributed to reducing the carbon intensity of ethanol by
adopting CSA practices.

Assigning a portion of the 45Z credit value to corn growers who adopt CSA practices
would recognize and reward their critical role in reducing the CI of ethanol production.
By collaborating with the USDA to develop a framework for assigning credit value to
these growers, the IRS would incentivize broader adoption of CSA practices and ensure
that the benefits of the 45Z credit are equitably distributed across the supply chain.

Production Tax Credits

The 45Z production tax credit, which becomes effective in 2025, can provide a powerful
incentive for the production of lower-Cl ethanol for use as a gasoline blending agent and
to significantly expand SAF supplies. It also could further reduce the CI of ethanol
blends in gasoline. Under current law, the 45Z credit will apply only until Dec. 31, 2027.
This period of time is insufficient to incentivize the capital investment needed to reduce
the Cl throughout the ethanol life cycle.

e Recommendation 6. Congress should modify the 45Z clean fuels tax credit
in a manner similar to other IRA incentives, i.e., extend it for 10 years to
facilities that commence production of qualified transportation fuels by Jan. 1,
2033.

Extending the 45Z tax credit is essential for ensuring ethanol decarbonization efforts are
able to get off the ground and are profitable in early years. Currently, the credit expires
in three years, on Dec. 31, 2027. By comparison, the 45Q tax credit for carbon
sequestration and the 45V clean hydrogen production tax credit are eligible for 10 to12
years for the facilities built prior to 2033. Extending 45Z will help build the SAF market
and facilitate adoption of renewable fuels for vehicles used in the ethanol value chain.
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e Recommendation 7. DOE, in collaboration with the USDA, should continue
improving the GREET model to reflect a broader range of emissions-
reduction practices, such as options for combined heat and power. These
practices should be incorporated into the IRS 45Z guidance.

Continuing to improve the GREET model in collaboration with the USDA and DOE is
essential for accurately reflecting the full spectrum of emissions-reduction practices in
agriculture and biofuel production. By incorporating a broader range of measures for
decarbonizing the energy use in the ethanol supply chain into the model, the emissions
reductions achieved through diverse technologies and practices could be fully
recognized and rewarded. This provides more precise incentives for adopting low-
carbon practices by aligning federal tax credits with the latest advancements in
sustainability. Updating the GREET model to include these practices in the IRS 45Z
guidance will enhance the model's utility as a comprehensive measure of carbon
intensity and drive more significant emissions reductions across the biofuel supply
chain.

Decarbonizing Energy Use in Biorefineries

Natural gas accounts for 91% of energy consumption at biorefineries, contributing
significantly to ethanol’s carbon intensity. Alternatives such as renewable natural gas
and clean hydrogen blended with natural gas can be used as drop-in fuels to reduce
ethanol’s Cl score. Both agricultural and landfill biogas resources are abundant in the
Midwest but conversion to RNG production has been limited. The impediments include
large upfront capital investment requirements, lack of transportation infrastructure, and
fragmented market demand. Other options that could also significantly lower ethanol’s
Cl from electricity use are procuring carbon-free electricity from utilities that are
decarbonizing their generation portfolio, seeking direct power purchase agreements
(PPAs) with clean electricity generators, or purchasing renewable energy certificates,
such as energy attribute certificates (EACs), with independent power producers.

e Recommendation 8. Ethanol producers should seek opportunities to
increase carbon-free sources of electricity for use at biorefineries—including
electricity from biomass and other renewables, hydrogen, nuclear,
hydropower, and others—in cases where the grid is not being decarbonized
fast enough.

Ethanol producers should consider opportunities to boost supplies of carbon-free
electricity for use at biorefineries, including from renewables, hydrogen, nuclear, and
other low-carbon sources. These should include working with current electric utilities
(investor-owned, municipal utilities and cooperatives) to support their efforts to
decarbonize their generation mix. Producers also could include seeking opportunities to
solicit direct power purchase agreements (PPAs) for clean electricity. Finally, they could
investigate options for on-site generation. Long-Term PPAs, for example, could provide
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ethanol producers with more stable and predictable electricity costs while enhancing
supply security by securing longer-term access to clean electricity.

e Recommendation 9. Ethanol producers should consider measures to
decarbonize process heat, including biofuels and RNG—for example,
facilitating demand aggregation that could incentivize expanded RNG
production while mitigating financial risks. Market demand formation
measures could range from establishing RNG certificate programs to forming
buyers’ cooperatives.

Ethanol producers should consider opportunities for encouraging formation of clean
fuels markets that can support the use of clean fuels such as RNG and hydrogen, as
this collective approach, such as a purchasing collective, could provide the market
certainty that RNG producers would need to finance new RNG conversion facilities.
This cooperative strategy would strengthen the financial stability of individual producers
and support the broader goal of reducing carbon intensity in ethanol production.
Agreements to purchase RNG certificates, in instances where physical delivery is not
feasible, also could provide the necessary incentive for RNG market formation.

Decarbonizing Fertilizers

Decarbonizing the production of fertilizers could significantly reduce ethanol's Cl, as the
emissions from fertilizer production account for about 11% of ethanol’s carbon intensity.
Low-carbon fertilizer production from either blue hydrogen or green hydrogen currently
is more costly than conventional fertilizer supplies. Farmers are not motivated to pay a
significant premium for low-carbon fertilizers, given their small profit margins and
uncertain incentives for using them. Implementation of the new 45V tax credit for clean
hydrogen, as well as DOE’s hydrogen hubs program and the Hydrogen Demand
Initiative, could potentially close this gap.

e Recommendation 10. DOE’s hydrogen hubs program and the Hydrogen
Demand Initiative (H2DI) should consider making clean ammonia one of their
early targets for financial support.

In October 2023, DOE selected seven regional clean hydrogen hubs to receive $7
billion in funding to accelerate clean hydrogen market formation. In January 2024, DOE
selected a consortium, the Hydrogen Demand Initiative (H2DI), to design and implement
demand-side support mechanisms for unlocking the potential of regional hydrogen
hubs. The proposed Heartland Hydrogen Hub, located in Montana, North Dakota, and

@ The Hydrogen Demand Initiative is a consortium selected by DOE and led by the EFI Foundation to help accelerate the
commercial liftoff of the clean hydrogen economy.
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South Dakota, plans to supply clean fertilizer to local farmers.'®® DOE and H2DI should
work closely with hub developers to ensure the successful development and operation
of hubs focused on clean ammonia.

e Recommendation 11. The USDA should re-open and repurpose its domestic
fertilizer production program, focusing on retrofitting existing facilities to
produce low-carbon fertilizers using funds from the Commodity Credit
Corporation (CCC). Congress should not restrict the USDA’s authority to use
CCC funds for this purpose in pending farm bill legislation.

The USDA provided grants to business owners to help boost domestic fertilizer
production and provide affordable fertilizers to U.S. farmers through the Fertilizer
Production Expansion Program (FPEP) with the CCC funds. Since the start of the
Biden-Harris administration, the USDA has invested more than $166 million in 40
domestic fertilizer production projects nationwide.'”? Although the USDA requires
applicants of the FPEP to show that their projects reduce GHG impact, the program
focuses more on expanding the capacity of domestic production. Among the selected
projects, only a few described expected climate impacts, which were mostly indirect,
such as purchasing climate-smart equipment for more efficient use of fuel, rather than
producing low-carbon fertilizer. "

Reopening and repurposing the domestic fertilizer production program to focus on
decarbonizing fertilizer production could provide the additional boost to scale the clean
fertilizer market.

Demand-Side Mandates for Clean Fuels

Demand-side mandates can have a synergistic effect when added to production
incentives. State-level low-carbon fuel standard (LCFS) policies, for example, have
proven effective in reducing the carbon intensity of ethanol. California’s LCFS, has led
to a 25% reduction in ethanol’s carbon intensity since its implementation in 2011.172

However, creating a national clean fuel standard (CFS) requires further investigation
into policy design options, as the specifics of the standard substantially shape its
efficacy. State-level LCFS programs have been evolving to address challenges such as
fluctuating prices. For example, the California Air Resources Board (CARB) considered
adjusting near-term targets to address the growing oversupply of credits and the decline
in prices this year.'”® A national CFS should be designed by carefully considering the
lessons learned from the experience of state-level LCFSs policies.

In addition, a key issue in the design of a national CFS is the interplay between a CFS
and the existing federal Renewable Fuel Standard (RFS) program. The current RFS
target implicitly considers the blend rates of ethanol in gasoline when setting the target.
A CFS could encourage higher blend rates reflecting the fact that today, the vast
majority of on-road vehicles are capable of using blends up to 15%.174
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e Recommendation 12. The administration should launch an interagency
study of the feasibility of a national CFS, including a process for broad public
engagement.

The success of state-level LCFS suggests that similar benefits could be realized on a
larger scale, promoting cleaner fuel production and contributing to national
decarbonization goals. A nationwide CFS could harmonize efforts across states, provide
a consistent regulatory framework, encourage investment in low-carbon technologies
and fuels, and ultimately lead to a significant reduction in the carbon footprint of
transportation fuels across the country. Further, when combined with the technology-
neutral 457 tax credit, a federal CFS would create a robust financial and regulatory
environment that encourages the use of, production of, and investment in low-carbon
technologies and fuels. This dual approach ensures that ethanol producers have
immediate and long-term incentives to reduce emissions, fostering innovation and
investment in cleaner production methods and ultimately contributing to national climate
goals.

However, further analysis is needed to fully develop and optimize this approach. A
comprehensive assessment of regional variations in fuel production and consumption,
as well as the potential economic impacts on different sectors, is essential. Additionally,
understanding the infrastructure and technological advancements required to support a
national CFS will be crucial in ensuring its feasibility and effectiveness. Finally, the
interplay between a proposed CFS and the existing RFS program is needed to
understand areas of overlap. Such analysis will help tailor the policy to address specific
challenges and opportunities, maximizing its benefits while minimizing any adverse
effects.

e Recommendation 13. The U.S. Environmental Protection Agency (EPA)
should consider the feasibility of higher blending levels in the formulation of
RFS standards, and states should consider expanding current mandates,
including establishing requirements for E15 and higher blends in gasoline.

Lastly, the EPA should explore options for incorporating higher blending levels in the
formulation of RFS targets, focusing on increasing the proportion of low-carbon fuels in
the national fuel mix to drive greater emissions reductions.
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8. Next Steps

EFIF’s roadmap identifies key pathways for transforming the U.S. ethanol industry into a
net-zero, sustainable biofuel industry capable of meeting the demands of a net-zero
economy. By focusing on decarbonizing farming and biorefinery processes and
fostering an environment for net-zero ethanol through a national CFS and technology-
neutral SAF production tax credit, this roadmap outlines the steps necessary to reduce
the ethanol industry’s carbon intensity. These efforts will enable the ethanol industry to
support the broader transition to a sustainable, low-carbon energy system.

This roadmap also identifies additional research areas that require further exploration.
They are listed below.

How can stakeholders share the cost of
decarbonizing the ethanol supply chain?

Decarbonizing the ethanol supply chain is costly, and determining effective cost-sharing
mechanisms among stakeholders is crucial to ensure sustainable implementation. This
is important because it reduces the financial burden on ethanol producers and farmers,
facilitating the adoption of decarbonization practices. Potential research areas should
focus on identifying and evaluating various cost-sharing strategies, such as government
funding, loans, and collaborative industry investments. Pilot programs and case studies
can provide valuable insights, helping to refine these mechanisms and promote the
widespread adoption of sustainable practices.

What is the role of ethanol in sustainable
aviation fuel?

Understanding the potential of sustainable aviation fuel (SAF) requires examining the
competition for bioenergy feedstocks among sectors such as power, heavy-duty
transportation, and building heating. This is crucial because each feedstock presents
unique challenges and benefits in terms of availability, cost, and life cycle emissions,
impacting the scalability of SAF production. Potential research areas should analyze
these competitive dynamics and their implications for SAF, focusing on optimizing
feedstock use and developing strategies for effective SAF integration into the aviation
sector. Energy systems modeling and case studies can provide essential data to inform
policies and strategies aimed at achieving net-zero emissions.
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How can the cost gap between SAF and
conventional jet fuel be filled?

There is a significant cost gap between SAF and conventional jet fuel, which is also
observed between ATJ E-SAF and SAF produced with other feedstocks. '”® Such cost
gaps can be addressed by tax credits, subsidies, and mandates for SAF usage. For
instance, this roadmap recommends extending the 457 tax credit, whose value could
also be increased to make SAF more economically viable. Subsidies for SAF producers
can lower production costs, while mandates for SAF blending in aviation fuel can create
a guaranteed market, driving demand and encouraging investment in SAF production.
These policy measures can help bridge the cost gap, which is crucial because it directly
impacts the economic viability and widespread adoption of SAF. Further research could
focus on economic models to assess the effectiveness of these policies in bridging the
cost gap and accelerating SAF adoption in the aviation sector.
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