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ABSTRACT

The world is currently facing an environmental dilemma. Industries and governments globally must
decide between maintaining relatively low transportation prices at the expense of atmospheric CO2
emissions, and upheaving current transportation infrastructure to pave the way for environmentally
friendly alternatives, like electric vehicles. Electrofuels (e-fuels) are synthesized hydrocarbon chains,
produced through the Fischer-Tropsch process, and have the potential to be carbon-neutral when
produced using green energy sources. E-fuels function in internal combustion engines without
modification, and are therefore deemed “drop-in fuels.” Due to the energy-intensive nature of the
Fischer-Tropsch process, electrolysis, and carbon capture, e-fuels are economically unviable. Blending
e-fuels with biofuels, combustible materials derived from organisms, alleviates the energy and cost
burden of using e-fuels. An electrofuel biofuel blend (e/biofuel) has the potential to overcome
economic shortcomings while maintaining the carbon neutrality of the fuel and compatibility with
current combustion engines. However, biofuel’s characteristics differ from e-fuels, creating blending
limits based on the acceptable deviation for viscosity, density, octane/cetane rating, and flash point.
Calculating the cost of e/biofuels using renewable energy, examining blending limits, and assessing
the advantages and disadvantages of this fuel are requisite to understanding the commercial and
functional viability of this promising technology.

1. INTRODUCTION

A typical American passenger vehicle emits roughly 4.6 metric tons of CO2 annually, or 8,887 grams
of CO2 for every gallon of gasoline burned.' This equates to a total of 4.74 million tons of CO2 in
passenger vehicle emissions per year in the United States alone.” All-time high rates of CO2 emissions
and fossil fuel consumption have contributed to a 1.28°C increase in global average surface
temperature from pre-industrial era levels.** With 2024 being the warmest year on record,’ scientists
worldwide have been developing renewable and sustainable fuels to replace fossil fuels in internal
combustion engines and mitigate the adverse environmental impacts of travel and transportation. In
particular, electrofuels (e-fuels) and biofuels provide promising pathways for carbon neutrality in the
transportation sector, as they are compatible with current internal combustion infrastructure. However,
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many of these fuels face issues with scalability and energy efficiency.

E-fuels are hydrocarbon chain fuels such as e-gasoline, e-kerosene, and e-diesel synthesized using
CO2 and H2. Green hydrogen gas, produced through electrolysis of H20, is combined with carbon
dioxide, typically obtained through carbon capture, using high heat and pressure to create
hydrocarbons and water. Because e-fuels are molecularly indistinguishable from conventional fossil
fuels,® they can be integrated into existing engine infrastructure without modification. Given their
compatibility with current combustion engines, these “drop-in fuels” continue to emit CO2 upon
consumption. However, overall carbon neutrality can be achieved through the capture of atmospheric
carbon during the production process. Though e-fuels provide a promising pathway for renewable
fuels, not requiring an upheaval of current infrastructures, they are only carbon neutral if the energy
used in their production comes from renewable sources, such as solar and wind power.” Further,
e-fuels are paramount to decarbonizing the aviation and maritime sectors. Though many argue that
electric vehicles should be the primary means of decarbonizing transportation, planes and large ships
cannot function on electric energy due to limitations in battery technology. Therefore, e-fuels are
imperative to creating environmental sustainability in sectors where infrastructure is solely built
around fossil fuels.® Biofuels are combustible materials derived from or produced by living
organisms.’ Currently, commercially produced biofuels include bioethanol, biodiesel, and n-butanol.’

Bioethanol Biodiesel n-Butanol
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Figure 1. Common commercially produced biofuels and their production pathways.
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These biofuels are blended with fossil fuel gasoline for cost efficiency and functionality in combustion
engines, as their energy contents are too low and their viscosities too high to perform independently in
unmodified ignition engines.'™ ' Biofuels have three generations, or sources, from which they are
derived. First-generation biofuels are sourced from carbohydrate-rich crops, planted for the express
purpose of producing biofuels, while second-generation biofuels are sourced from waste biomass, and
third-generation biofuels are sourced from microalgae and oleaginous microbes.’

First-generation biofuels have become controversial, as crops are grown purely to produce fuel,
diverting agricultural land and irrigation systems previously used for food production.'? Additionally,
increased land demands incur the risk of deforestation, while using freshwater, fertilizers, and
pesticides to cultivate land adversely affects the environment.'”> While second generation biofuels
address some of these issues, they are less economically viable. Second generation biofuels are derived
from lignocellulosic materials, which are more complex and challenging to ferment.'* Therefore, these
lignocellulosic materials require pre-treatment to break down the cellulose and lignin, which requires a
high up-front capital cost.'"* Third-generation biofuels could resolve the environmental impacts of
producing biofuels, as microalgae can be grown in wastewater on non-arable land.® However, the
energy-intensive process of producing microalgal biofuels and the capital cost of microalgal
bioreactors make third-generation biofuels economically unviable."

Despite promising scientific progress in biofuel and e-fuel development, these fuels lack commercial
competitiveness, as their energy-intensive production processes cause their final costs to exceed those
of fossil fuels."”” Additionally, biofuels may not be as ecologically clean as they superficially appear.
The conversion of natural vegetation to biofuel feedstocks emits a large amount of carbon from the soil
and biomass,'? while the water used to cultivate feedstocks may divert water used for other purposes,
potentially exacerbating the environmental impacts of biofuel production in water-scarce areas.

The upfront capital expenses of suitable land and bioreactors used to ferment yeasts and microalgae,
specifically for third-generation biofuels, pose challenges to commercial-scale production. While the
production of biofuels necessitates steep upfront investment, e-fuel production requires additional
continual investment to support processes such as direct air capture of CO2 and the Fischer-Tropsch
synthesis process. The energy input needed to synthesize e-fuels is significant due to the energy
required to create high-temperature and high-pressure conditions to synthesize hydrocarbon chains.’
The scalability issues these fuels face hinder their commercial potential. Though this challenge has
been remedied by blending these fuels with fossil fuels, doing so degrades the environmental integrity
and carbon-neutral intent behind these fuels.

However, blending e-fuels and biofuels may provide a more cost-effective and carbon-neutral
alternative to fossil fuels. Since biofuel infrastructure is already fairly developed and biofuel fossil fuel
blends are ubiquitous, the necessary infrastructure already exists to create biofuel-e fuel (hereafter
referred to as e/biofuel) blends if ratios remain the same. An e/biofuel blend would also enable e-fuels
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an opportunity for commercial expansion, as they would not need to support the fuel sector fully,
therefore being able to gradually scale and gain ubiquity as a renewable fuel source. Introducing
e/biofuel blends would save land and water used to cultivate feedstocks if the fuel industry leaned into
biofuels. The e-fuel production process can also be streamlined by using the byproduct of CO2 from
biofuel bioreactors to produce e-fuels.'®

Assessing the viability of an e/biofuel blend in internal combustion and compression engines requires
examining molecular compatibility, production energy consumption, production capacity, and the
challenges and advantages of large-scale production.

2. METHODS

A systematic approach was employed to evaluate and utilize existing sources to determine the
economic and chemical viability of e-fuels and biofuels in internal combustion engines. The
methodology focused on gathering reliable technical data on fuel properties, production processes,
costs, and environmental implications. Fuel property data primarily centered on viscosity, density, flash
point, and octane/cetane rating. Production energy requirements, capital costs, operational costs, and
renewable energy costs for e-fuels and biofuels were documented from governmental and industry
sources.

Literature was gathered from multiple databases and sources to ensure comprehensive coverage.
Google Scholar was used for broader academic resources on renewable fuel technology, while PubMed
was used for chemical and technical data on molecular characteristics. Industry reports from
companies such as Aramco and Shell Company provided statistics on fuel properties, production
capacity, and energy consumption. Government sources on environment and transportation were used
to assess and project future effects of e-fuels, biofuels, and e/biofuel blends on the atmosphere and
economy.

Sources were limited to those published from 2016 onward to evaluate the current state of the biofuel
and e-fuel industries, which are constantly evolving due to infrastructural expansion and increased
investment. This temporal focus was also essential for understanding the current fuel standards and
engine compatibility requirements. However, earlier sources were included selectively to establish
foundational knowledge on fuel property limits. Credible sources included peer-reviewed articles with
empirical data on fuel properties, production processes, or costs, government reports and statistics from
authoritative agencies, and industry data with verifiable claims. Sources with insufficient statistical
merit, unsupported by a peer-review process, or lacking methodological transparency were deemed
unreliable for the purposes of this article.
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While this article provides a comprehensive foundation for assessing e/biofuel viability, several factors
limited the scope of analysis. Economic calculations for e-fuel and biofuel production may lose
validity over time due to fluctuating costs of renewable energy, unpredictable technological
advancements, the uncertainty of investment levels, and policy changes. Furthermore, the rapidly
evolving nature of the alternative fuel sector may advance beyond the scope of currently available
literature. Thus, the figures presented are subject to change and should be interpreted as estimates
rather than definite projections.

Despite these limitations, the methodology applied provides an accurate assessment of the technical
feasibility, economic viability, and environmental implications of e/biofuel blends as carbon-neutral
alternatives to fossil fuels.

3. COMPARING MOLECULAR PROPERTIES OF E-FUELS AND BIOFUELS

3.1 E-fuel and biofuel properties

The most prominent biofuel blends for automobiles are E10, E15, E85, B2, B5, and B20."”

Fuel Ethanol content Fuel Biodiesel content
E10 10% (blended with B2 2% (blended
gasoline) with diesel)
El5 10.5%-15% (blended with | B5 5% (blended
gasoline with diesel)
E85 51%-83% (blended with | B20 20% (blended with
gasoline) diesel)

Table 1. Biofuel/fossil fuel blend proportions of commonly produced biofuel blends. Data from ref. 17.

Given the structure of their hydrocarbon chains, the chemical composition of e-fuels is identical to that
of fossil fuels. Because of this, both conventional and e-diesel, and conventional and e gasoline have
the same physical properties, as shown in table 2, and are therefore both compatible in internal
combustion engines.
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However, the introduction of biofuels must be limited, as the hydrocarbons produced via biofuel
processes have different properties from those of fossil fuels and e-fuels. Thus, high concentrations of
biofuels may cause properties to deviate beyond regulatory limits of viscosity, flash point, density, and
octane/cetane rating. For example, bioethanol, which is chemically identical to ethanol,' does not
share physical properties with e-gasoline and gasoline, as shown in table 2, and therefore does not
function independently in internal combustion engines.

E-diesel E-gasoline Bioethanol Biodiesel
Viscosity at 1.9-3.8"% 0.69-0.727 1.525% 3.6-5.0'8
40°C (cSt)
Density g/mL 0.834" 0.736" 0.789% 0.845%

Flash point (°C) 57" -45% 13% 55

Cetane/Octane 49" 842 1107 70.6"
rating
Energy  density | 138,700% 125,000% 76,330% 136,339%
(Btu/gal)

Table 2. Properties of various e-fuels and biofuels.

3.2 Analysis of blend limits

Using the data above, the change in the parameter of interest was calculated as more biofuel is added
to e/biofuel blends. Blend limits were then determined based on the viscosity, density, flash point, and
cetane rating of blends, and where numbers fell within acceptable ranges. Approximations assume
ideal linear mixing behavior. While this evaluation approach simplifies actual blending behavior, it
serves as a suitable method for first-order analysis.

Ethanol is most commonly blended with gasoline for automotive internal combustion engines."
Although pure ethanol has the potential to function independently in internal combustion engines,
various factors hinder its efficiency.*® Therefore, if ethanol levels affect crucial fuel properties, engine
modifications would be necessary to enhance fuel performance.’' Viscosity levels that exceed
parameters hinder atomization, as the thicker fuel cannot separate into fine droplets, thus preventing
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complete combustion.!" Gasoline functions with a viscosity of 1 centistoke (cSt) or below.?' As shown
in Figure 2, ethanol, with a viscosity of 1.525 ¢St, can be blended with e-gasoline in ratios up to 35%,
with a viscosity of 0.99 cSt.

Furthermore, gasoline density that exceeds the upper limit contains more heavy hydrocarbons, which
can lead to incomplete vaporization and poor combustion.** A gasoline density that falls below the
lower limit may vaporize too rapidly, causing vapor lock, which disrupts fuel delivery.** The limits for
the density of unleaded petrol are 0.720-0.775 g/mL.** Therefore, ethanol, with a density of 0.789
g/mL, should be blended in amounts that keep the overall density within the range to ensure
performance in automotive internal combustion engines. A 75% ethanol-e-biofuel gasoline blend, with
a density of 0.776 g/mL, is the upper limit for ethanol proportions. Although higher ethanol levels
may function in engines, heavy hydrocarbons and poor combustion may significantly impact the
efficiency of higher ethanol content fuels.
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Figure 2. Mixing plot of an ethanol/e-gasoline blend measuring various properties, with the blue box
representing the property range necessary to function in an unmodified internal combustion engine.
A) Relationship between viscosity and percent ethanol content. B) Relationship between density and
percent ethanol content. C) Relationship between flash point and percent ethanol content. D)
Relationship between octane rating and percent ethanol content.
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limit requires a higher temperature to ignite. Gasoline’s flash point is very low, as the fuel needs to
vaporize easily and ignite quickly in cold climates. The flash point of ethanol is 13°C, while the flash
point of e-gasoline is -45°C. An ethanol/e-gasoline ratio of around 25%, -30.5°C is the upper limit for
ethanol proportions to function in a standard ignition engine without modifications.

Another crucial property of gasoline is octane. The lowest octane fuel sold in the U.S. has an octane
rating of 87, while the highest has an octane rating of 94.°° Gasoline is typically blended with ethanol
to achieve higher octane ratings.'® Higher octane ratings indicate higher resistance to heat and pressure
without self-igniting.”” Pure ethanol’s high octane rating requires more energy to ignite, and is
therefore incompatible with unmodified ignition engines. 10% ethanol content is the lower limit for an
e-gasoline/ethanol ratio, with an octane rating of roughly 86.6, while a 40% ethanol ratio is the upper
limit, with an octane rating of approximately 94.4.

Ethanol and e-gasoline’s vast discrepancy in flash point is the limiting factor in how much ethanol can
be blended while maintaining the fuel’s efficiency and properties. Therefore, ethanol should be blended
with e-gasoline to produce a maximum of 25% ethanol content blend to ensure function in internal
combustion engines.

Progress in the biofuels industry has led to the development of biodiesel. Esters from vegetable oils
are processed using transesterification to produce biodiesel, which does not function independently in
compression ignition engines, mainly due to its high viscosity, which inhibits atomization.*®

Biodiesel has a viscosity of 3.6-5.0 centistokes,'® exceeding e-diesel’s 1.9-3.8 ¢St viscosity rating.
Based on the average viscosity of biodiesel and e-diesel, 65% biodiesel in an e-biodiesel blend is the
highest biodiesel ratio that complies with requirements, with a viscosity of 3.8 cSt.

The maximum density for e-diesel in compression ignition engines is 0.845 g/mL,* while biodiesel
and e-diesel have densities of 0.880 g/mL and 0.834 g/mL, respectively.” Thus, the maximum
biodiesel ratio in an e/biodiesel blend is 25%, with a density of 0.845 g/mL.

E-diesel’s minimum flash point is 55°C,'” whereas biodiesel has a flash point of 76°C."° Therefore, any
amount of biodiesel can be blended with e-diesel, given the parameters of flash point.

Similarly, biodiesel can be blended in any amount, considering cetane rating. For instance, as of May
2025, E-diesel carries a minimum cetane rating of 49," while biodiesel offers a much higher rating of
70.6," which can improve combustion quality when blended.

The limiting factor in biodiesel’s blending capacity is its high density. Therefore, biodiesel should be
blended with e-diesel to produce a maximum of 25% biodiesel content fuel to maintain functionality
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in compression ignition engines.

4. ENERGY AND COST COMPARISONS

4.1 Production energy and cost requirements

The cost to produce one gallon of e-fuel using onshore wind power is $6.8

9,33, 34

Combustion Engines

while the cost to produce

one gallon of bioethanol is $1.88,*" and biodiesel $2.81.* Conversely, the cost to produce gasoline

derived from fossil fuels is $1.98,*' and the cost to produce diesel derived from fossil fuels is $2.0

According to these numbers, ethanol is 5.05% cheaper than gasoline, while e-fuels are 249% more

4 43,44

expensive than gasoline and 238% more expensive than diesel, and biodiesel is 37.8% more expensive

than diesel.

Bioethanol Production cost per [ Cost compared to | Cost compared to

gallon (USD) fossil fuel gasoline | fossil fuel diesel
($1.98) ($2.04)

Bioethanol 1.88* -5.05% N/A

E-fuel (using 6.89%%3 +249% +238%

onshore wind

power)

Biodiesel 2.81% N/A +37.8%

Table 3. Cost comparison of bioethanol, e-fuel, and biodiesel against fossil fuel gasoline and

fossil fuel diesel.

Though ethanol appears nominally cheaper than gasoline, ethanol contains 30% less energy than

gasoline; therefore, this valuation may be misleading.* Additionally, these are merely the continual

costs of producing fuels, as production requires initial capital investment to construct plants. The cost
of constructing an e-fuel plant is roughly $1.67 billion ($1.26 billion in 2016, Consumer Price Index
(CPI) increase of 74.4),* with an annual operating cost of $122 million ($91.7 million in 2016, CPI
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increase of 74.4).*” *® The median capital cost of a corn-to-ethanol plant with a capacity of 189 kt/yr is
$191 million ($143 million in 2016, CPI increase of 74.4),* and the median capital cost of a biodiesel
plant with a capacity of 200 kt/year is $124 million ($93 million in 2016, CPI increase of 74.4).%

The main reason for e-fuel’s exorbitant price is the energy needed to extract H2 via electrolysis, carry
out carbon capture, and synthesize hydrocarbon chains. In total these processes require 205.684 kWh
to produce one gallon of e-fuel.

. Total electricity
Electricity CO, capture co consumption per gallon of

NGCC 2 .
14.200 kWh ( ) gasoline: 205.684 kWh
Electricity
Reverse water-gas cO
2.489 kWh shift reaction
Electricity Fischer-Tropsch 1 gallon
1.432 kWh REEESS gasoline

Electricity Electrolysis /HQ//
187.549 kWh (ALK)

Figure 3. Production pathway and energy consumption of e-fuel via the Fischer-Tropsch
process. Data from ref. 40.

Another factor in the high energy consumption of e-fuels is their low energy efficiency. E-fuels have
an energy efficiency rate of 37.9%.% These losses are due to energy inefficiency during electrolysis,
CO2 capture, and the Fischer-Trospch process.® *° Therefore, much more energy is required to produce
e-fuels. However, the monetary and energy costs of e-fuels have the potential to decrease as methods
and technologies improve the energy efficiency of e-fuel production.

It is important to note that future cost and efficiency projections are subject to significant uncertainty,
as these figures rely on technological advancements, economies of scale, and renewable energy costs
that are challenging to accurately predict. For example, breakthroughs in electrolysis efficiency or
carbon capture technologies could substantially reduce e-fuel production costs, while renewable energy
prices may fluctuate based on market conditions and governmental policy. Additionally, sensitivity
analysis using different economic conditions could aid future assessments, though the qualitative
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figures discussed here provide a reliable framework for understanding the relative cost and energy
requirements of bioethanol, biodiesel, and e-fuel.

4.2 Production capacity of e/biofuels using renewable energy

To ensure true carbon neutrality in production, fuels must be produced using sustainable energy
sources, such as wind and solar. The U.S. uses 376 million gallons of gasoline daily, or 137 billion
gallons annually.’' Additionally, the U.S. consumes roughly 125 million gallons of diesel daily, or 45.6
billion gallons of diesel annually.”” Cumulatively, America consumes around 183 billion gallons of
gasoline and diesel annually. Based on the statistics above, the energy required to produce 183 billion
gallons of e-fuel would be 37.6 trillion kWh.

Using onshore wind energy, the cheapest sustainable energy source at 3.3 cents/kWh,* to produce 183
billion gallons of e-fuel would cost $124 trillion. However, the amount of energy required to produce
e-fuels is projected to drop to 121 kWh/g, or $4.00 per gallon, by 2050,> which would bring the annual
cost to supply America's fuel needs down to $73.1 trillion.

However, the production possibility of e-fuels is contingent upon how much energy America’s
renewable energy sector can sustain. Currently, America produces 2.58 trillion kWh of renewable
energy annually.” If the renewable energy grid were used at full capacity, 12.5 billion gallons of
e-fuels could be produced annually, 6.85% of America’s annual fuel needs.

Given current capacity, the U.S. cannot make an e/biofuel blend that could fully replace conventional
fossil fuels. However, e-fuel and biofuel infrastructure are continuing to grow, while labs develop
means of decreasing the energy consumption of production. By 2040, U.S. commercial e-fuel plants
are projected to produce 4.7 billion to 27.5 billion gallons annually.*®

The upper end of this figure exceeds the energy usage at which renewable energy infrastructure can be
sustained. Therefore, energy consumption, rather than e-fuel infrastructure, will likely be the limiting
factor in e-fuel production.

Even so, the prospect that all renewable energy would be channeled into the production of sustainable
fuels is highly implausible. Therefore, because the above-mentioned capacity for e fuel production is
currently unfeasible, e-fuels must be blended with biofuels to alleviate the energy and monetary cost
of the synthetic fuel and increase its commercialization factor to produce enough fuel to meaningfully
contribute to the withdrawal from fossil fuels.

Blending with biofuels would allow for the commercial use of e-fuels without exceeding America’s
renewable energy capacity. In keeping with the biofuel capacities in e-biofuel blends described in
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section 2, bioethanol should be blended with e-gasoline to produce a maximum of 25% ethanol
content fuel, while biodiesel should be blended with e-diesel to produce a maximum of 25% biodiesel
content fuel.

The production of 1 gallon of bioethanol requires 15.76 kWh of energy input.”’ Therefore, according
to calculations, 1 gallon of an e-gasoline/ethanol blend with a 25% ethanol content would require
158.203 kWh to produce, compared to the 206 kWh/gal required for e-gasoline alone.* 28.9 trillion
kWh of energy would be necessary to fulfill America’s fuel needs for one year, totaling $95.4 trillion,
lowering the cost and energy usage by 23.1% compared to pure e-fuel. The production of 1 gallon of
biodiesel requires 16.528 kWh to produce.” Therefore, producing 1 gallon of an e-diesel/biodiesel
mix with a 25% biodiesel concentration would require 158.395 kWh, lowering cost and energy usage
by 23.0%. With these blends, the renewable energy grid could sustain 16.3 billion gallons of
e-gasoline/ethanol or 16.3 billion gallons of e-diesel/biodiesel, supplying 8.89% of America’s annual
diesel and gasoline needs. While this would still be considerably less than the amount needed to fully
replace fossil fuels, it would act as a valuable carbon-neutral intermediary as society transitions to new
methods of energy storage and transportation.

5. CHALLENGES AND ADVANTAGES

Though e/biofuels show promise for their molecular compatibility with internal combustion engines,
the fuels face a slew of hurdles that impact their potential for implementation on a macro scale.

As referenced previously, considerable hurdles in the production of biofuels include the acquisition of
land and resources for crop production, and the steep capital costs of equipment to pre-treat lignin and
cellulose and produce microalgal bioreactors.' '* However, significant biofuel infrastructure already
exists, with most fuels sold in America containing at least 10% ethanol.” Therefore, the primary factor

limiting the possibility of e/biofuels is e-fuel infrastructure.

As demonstrated above, the energy and cost requirements and the capital cost of producing e-fuels and
biofuels are incredibly steep. With today’s infrastructure centered around fossil fuels, conventional
diesel and gasoline are more economical and commonplace, with price valued over environmental
effects. A transition to e/biofuels would require heavy investment in renewable energy systems,
diverting resources to constructing electrofuel and biofuel plants and sustainable fuel production. The
high costs and inefficiencies of producing e/biofuel compared to other carbon-neutral sources, like
electric power, suggest that e/biofuels may be a less effective use of limited decarbonization capital,
even if they benefit existing fossil-fuel consuming vehicles.

The limited capacity of America’s renewable energy grid also restricts e-fuels’ scalability, which, by
extension, limits the production capacity of an e/biofuel blend. As discussed in section 3, the entirety
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of America’s renewable energy would only be able to supply enough e-fuel for 6.85% of annual
gasoline and diesel usage. Therefore, with current infrastructure, e-fuels do not appear to be close to
being able to sustain the commercialization of e/biofuels. However, e-fuel and renewable energy
infrastructure are currently scaling, with 45 new plants projected to open in Europe alone,” and the
American renewable energy grid projected to have the capacity to supply 44% of overall energy needs
by 2050.°" However, the timeline for e-fuel expansion notably falls behind the immediate need for
emissions reductions. Scaling e-fuel production to impactful levels will require decades of investment
and construction. This timing disparity suggests that e/biofuels may, in the short-term, be better suited
as targeted solutions for sectors with limited electrification alternatives, like aviation and maritime
shipping, rather than as a primary strategy for decarbonizing the broader transportation sector.

E-gasoline/bioethanol and e-diesel/biodiesel blends lower the cost and energy usage by 23.08% and
23.01%, respectively, from pure e-fuels. These cheaper production costs enable increased production
capacity and consumer accessibility. Furthermore, if blended with biofuels, less e-fuel production
would be necessary to produce the same amount of fuel. Therefore, less e-fuel infrastructure would be
required to commercialize the fuel, enabling imminent e-fuel incorporation into the transportation
sector. Since e-fuel infrastructure currently lags behind that of biofuels and needs more time to
expand, e/biofuel blends would incentivize plant construction as e-fuels could be used without fully
developed infrastructure, and actual implementation increases the incentive for e-fuel investment,
allowing infrastructure to expand further. Biofuel plants would need to maintain current production
levels, as they produce enough to fulfill gasoline and diesel blending requirements, which are similar
to the upper-limit blending ratios of e/biofuels. Though biofuel blending decreases fuel costs, biomass
production competes with food crops for agricultural resources. Therefore, large-scale biofuel
production can be socially irresponsible and unsustainable, particularly in regions facing food
insecurity.

A promising means of increasing the efficiency of e-fuel production is combining the process of
producing biofuels with that of producing e-fuels. Bioreactors, used to ferment microorganisms to
produce biofuels, yield CO, as a byproduct. CO, captured as a byproduct can be used to produce
e-fuels via the Fischer-Tropsch process.®” Additionally, combining these processes can boost power
output by 50% to 100%, allowing for the production of more usable fuel.*> Combining the processes
further decreases the energy and cost input of producing e-fuels, as plants rely less on carbon capture,
which consumes a significant amount of energy per ton, streamlining the production of e/biofuels.
However, this integration creates a dependency on reliable biofuel production. If biofuel production
faces crop failures or land-use constraints, then e-fuel production at integrated facilities would be
similarly disrupted, creating supply-chain liabilities that would not exist at standalone facilities.

This combination of processes also aids the carbon-neutrality of e/biofuels, as the vast majority of
ethanol biorefineries release CO2 byproduct into the atmosphere, with only 40 of America’s 192
operating ethanol plants having the capacity to capture CO2 and supply it to a nearby processing
partner.®* ® This method is sparsely implemented despite the evident benefits of combining e-fuel and
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biofuel production processes. Therefore, increased connectivity between sustainable fuel plants is
necessary to create true carbon neutrality in the transportation sector.

E/biofuels provide a more accessible, truly carbon-neutral fuel. Though e/biofuels increase the
commercial viability of sustainable fuel options, their cost remains significantly higher than fossil
fuels, requiring further advancements and infrastructure expansion, particularly in e-fuel production,
to achieve competitive prices. Much like how biofuels gained ubiquity, commercial competitiveness
would further rely upon government subsidies, policy support, and private investment in the e-fuel
industry.”” One way governments could incentivize the use of e/biofuels and make them more
economically viable would be to include the environmental costs and property damage costs from
climate change-induced phenomena into fossil fuel prices.

6. CONCLUSION

Despite global efforts to decrease the rate of carbon emissions and global warming, climate threats
remain prevalent, as many governments fail to uphold pledges to adopt carbon-neutral infrastructure.
With a large portion of carbon emissions coming from the transportation sector, a carbon-neutral
alternative to fossil fuels is imperative to achieving climate change goals. E-fuels present a promising
solution. However, the commercialization factor of such fuels is greatly diminished compared to fossil
fuels, and is, therefore, widely regarded as an unviable, inaccessible alternative to fossil fuels. Though
capital and input costs for producing e-fuels are currently high, blending e-fuels with biofuels
maintains the carbon-neutral integrity of e-fuels while lowering costs. While biofuels are cheaper,
carbon-neutral fuel alternatives, they do not function independently in combustion and ignition
engines without modification and must be supplemented with other fuels.

Despite the limitations of fuel blending, mixing biofuels with e-fuels can decrease cost and energy
consumption by roughly 23%. Given the current capacity of America’s renewable energy grid,
e/biofuels could sustain 8.89% of the country’s diesel and gasoline consumption while maintaining
carbon neutrality. Provided the insufficient state of current e-fuel infrastructure, this figure is not
currently achievable, but plausible in the future as e-fuel technology develops and infrastructure
expands. Mixing e-fuels with biofuels would also allow for a broad rollout of e fuels in the near future,
converting the fuels from a lab-focused hypothetical to a reality, as less infrastructure could supply the
same fuel demands. E/biofuel production can be further streamlined by using the CO2 byproduct from
biofuel bioreactors in the Fischer-Tropsch process to produce hydrocarbon chains used in e-fuels.
Combining the processes would doubly preserve the carbon-neutral integrity of e/biofuels.

Future work should focus on physical experimentation of mixing limits to validate blend property
calculations and engine tolerance under varying climate conditions. Sensitivity analysis and economic
modeling of production and market feasibility under different policy scenarios are also necessary to
determine the possible scale of e/biofuel implementation. Alleviating the economic and environmental
impact of biofuels by improving the energy efficiency of microalgal biofuel production or investigating
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alternative feedstocks may address sustainability concerns associated with first-generation biofuels and
increase e/biofuel viability. More efficient electrolysis and carbon capture technologies could
substantially reduce the energy intensity of e-fuel production, bringing costs closer to fossil fuel parity.
Ultimately, these investigations, combined with strategic infrastructure investment, could enable
widespread access to carbon-neutral fuel alternatives and represent a significant step towards
decarbonizing the transportation sector.
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