hydrogen

Review

The Role of Electrofuels in the Decarbonization of Hard-to-Abate
Sectors: A Review of Feasibility and Environmental Impact

Adamu Kimayim Gaduwang *(*, Bassam Tawabini * and Nasiru S. Muhammed 2

W) Check for updates

Academic Editor: Guo-Ming Weng

Received: 4 February 2026

Revised: 9 April 2026

Accepted: 10 April 2026

Published: 13 April 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Geosciences, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
Department of Petroleum Engineering, King Fahd University of Petroleum and Minerals,

Dhahran 31261, Saudi Arabia

*  Correspondence: g202216380@kfupm.edu.sa (A.K.G.); bassamst@kfupm.edu.sa (B.T.)

Abstract

The decarbonization of hard-to-abate sectors remains a significant challenge in achiev-
ing net-zero emissions targets. These industries depend on energy-dense fuels, making
direct electrification and the direct use of hydrogen technically and economically challeng-
ing. Electrofuels present a promising pathway to reducing emissions while leveraging
surplus renewable energy. This review evaluates the feasibility of electrofuels for deep
decarbonization, focusing on production processes, energy demands, and economic viabil-
ity. Environmental performance is discussed in terms of lifecycle greenhouse gas (GHG)
emissions, carbon circularity considerations, and energy conversion efficiencies, while
techno-economic feasibility is evaluated using metrics such as levelized cost of hydrogen
(LCOH), CO; capture costs, and projected fuel production costs. The review indicates
that while electrofuels can achieve substantial lifecycle emission reductions up to 40-90%,
depending on pathway and electricity source, their deployment remains constrained by
high energy demand, conversion losses, and capital costs. Projected reductions in LCOH to
below $2.1/kg by 2030 and declining renewable electricity costs could significantly improve
competitiveness, particularly in regions with abundant solar and wind resources. However,
substantial trade-offs exist between efficiency, infrastructure compatibility, scalability, and
carbon neutrality across different electrofuel routes. The review identifies key techno-
logical bottlenecks, cost drivers, and research priorities necessary to position electrofuels
as a strategic solution for deep decarbonization in sectors where direct electrification is
not feasible.

Keywords: electrofuels; hydrogen; hard-to-abate sector; renewable energy; decarbonization

1. Introduction

The global shift toward a low-carbon economy is a critical response to the climate crisis,
driven by international commitments such as the Paris Agreement and national pledges to
achieve net-zero emissions by mid-century [1]. While many sectors have begun reducing
carbon emissions through electrification and renewable energy, hard-to-abate industries
such as aviation, maritime transport, steel, cement production, and heavy manufacturing
remain significant hurdles in achieving net-zero targets [2—4]. These sectors contribute
over 30% of global CO, emissions (Figure 1), primarily due to their reliance on fossil fuels
for energy-intensive processes and long-distance transport [5-7]. As power generation
transitions to renewables, decarbonizing these sectors is more challenging because of their
high-energy-density requirements and dependence on liquid fuels.
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Figure 1. Greenhouse gas emissions by sector, illustrating energy-related emissions and showing
that hard-to-abate sectors contribute approximately one-third of the total global emissions, after Citi
GPS [8].

Hydrogen is being recognized as an emerging, promising alternative to fossil fuels, as
a clean energy source that can support the achievement of net-zero emissions goals [9-13].
However, hydrogen’s reliance as a fuel presents some technological challenges, particularly
regarding storage and distribution. Recent advances in electrofuels production using
hydrogen aim to address limitations of hydrogen applications in other sectors where direct
applications are not readily feasible [5,6,14]. By combining renewable energy with captured
CO, and hydrogen, electrofuels can provide a low-carbon alternative to conventional
fossil fuels, potentially reducing CO, emissions from high-temperature, energy-intensive
industrial processes and supporting deep decarbonization [15,16].

This transition requires a fundamental transformation of how energy is produced,
stored, and consumed across all sectors of the economy. Hydrogen can act as an energy
carrier, but it faces the challenge of having a low volumetric energy density, which is
significantly lower than gasoline [17]. To facilitate transport and improve energy density,
hydrogen is typically stored under high pressure or at low temperature [18-20]. In contrast,
electrofuels present an alternative energy storage solution, where renewable electricity
is converted to chemical energy stored in the bonds of liquid or gaseous fuels [21,22].
This involves an electrolysis process of dissociating water, then the hydrogen produced
is combined with captured CO, (either by direct air capture or industrial carbon capture)
to produce electrofuels such as methanol, ammonia, etc. [14,23,24]. Electrofuels offer sev-
eral advantages over other energy carriers, such as batteries, including higher energy
density. In addition, they can often utilize existing transportation and distribution infras-
tructure, which in many cases makes their delivery more cost-effective and operationally
simpler [21,25,26]. These benefits have recently attracted the attention of policymakers to
exploring electrofuels as a viable option for deep decarbonization.
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One of the key advantages of electrofuels is their potential compatibility with exist-
ing infrastructure, which can expedite achieving the decarbonization goals. Unlike other
energy carriers, such as hydrogen, which require entirely new storage, transportation,
and distribution networks, electrofuels can be used in the current fuel supply chain with
minimal modifications [14]. This makes them an attractive near-term solution for decar-
bonizing sectors where building new infrastructure is either economically or technically
unfeasible. For instance, electrofuels can be directly utilized in current combustion systems,
jet turbines, and industrial furnaces, enabling a smoother transition away from fossil fuels
without massive infrastructural changes [27]. Consequently, this has increased interest in
synthesizing electrofuels. One such fuel, liquefied synthetic methane, produced through
the Sabatier process (Equation (1)), is seen as a viable option for the shipping industry.
Methanol (CH3OH) is a promising electrofuel for deep-sea shipping because it remains in
liquid form under standard conditions, and hydrogen can be reacted with nitrogen to form
ammonia through the Haber-Bosch process, showing a potential carbon-neutral fuel with
several applications [4,7].

4H, + CO, — CHy + 2H,0 AH = —165 k] /mol (1)

While electrofuels present a promising pathway for decarbonizing hard-to-abate sec-
tors, several critical challenges must be overcome to enable their large-scale adoption. One
of the primary concerns is energy efficiency, as electrofuel production requires substantial
amounts of renewable electricity, which raises concerns about overall system efficiency
and energy demand. The conversion processes of electrolysis for hydrogen production,
CO, capture, and subsequent fuel synthesis are inherently energy-intensive, leading to
lower well-to-wheel efficiency compared to direct electrification or hydrogen use [22,23,25].
This inefficiency shows the need for continued research into improving process efficiency,
reducing energy losses, and integrating electrofuels into broader renewable energy sys-
tems. Another major hurdle is the economic viability of electrofuels. Currently, in many
contexts, electrofuel production costs exceed those of conventional fossil fuels, making
widespread adoption economically challenging [22,23,25]. The high capital expenditures
required for large-scale electrolysis plants, direct air capture (DAC) facilities, and fuel syn-
thesis infrastructure further exacerbate the cost gap. Without strong policy support, carbon
pricing mechanisms, and technological advancements to drive down costs, electrofuels
may struggle to compete with conventional fuels. Cost parity with traditional fuels remains
a long-term goal, requiring advancements in process efficiency, economies of scale, and
financial incentives to accelerate adoption.

Given these challenges, this review aims to provide a comprehensive assessment of
electrofuels’ role in the decarbonization of hard-to-abate sectors. It will critically analyze
their feasibility, scalability, and environmental impact, offering insights into the latest tech-
nological advancements and policy frameworks shaping their development. Additionally,
this review will examine future outlooks for electrofuels, identifying key areas of innovation
and research necessary to unlock their full potential. By addressing existing knowledge
gaps, this review seeks to contribute to a strategic roadmap for electrofuel deployment,
ultimately supporting the transition to a low-carbon energy future and reducing global
dependence on fossil fuels.

This review is structured as follows: Section 2 provides an in-depth analysis of the
challenges faced by hard-to-abate industries, including aviation, maritime shipping, heavy
manufacturing, and freight transportation. Section 3 explores the production pathways
for electrofuels, focusing on electrolysis technologies and CO, capture methods. Section 4
delves into the synthesis mechanisms and chemical dynamics of electrofuels, examining
their formation and energy conversion processes. Section 5 evaluates the techno-economic

https://doi.org/10.3390 /hydrogen7020049


https://doi.org/10.3390/hydrogen7020049

Hydrogen 2026, 7, 49

4 of 34

feasibility of electrofuels in future energy systems, assessing their cost competitiveness
and scalability. Section 6 outlines key recommendations for future research, addressing
the technological, economic, and policy gaps that need to be bridged. Finally, Section 7
presents a summary of the key findings and conclusions of this review.

2. Hard-to-Abate Industries: Overview and Challenges

The transition to renewable energy and investments in energy efficiency are widely
recognized as effective and immediate measures for reducing carbon footprints across
various industries. However, these strategies pose significant challenges for hard-to-
abate sectors. Hard-to-abate sectors are industries that are particularly difficult to reduce
emissions due to their reliance on high-energy-density fuels and processes that are very
challenging to electrify [8,23]. These sectors are critical to the global economy and are
responsible for a reasonable share of GHG emissions. Projections as shown in Figure 2
indicate that, without targeted mitigation efforts, these sectors could emit approximately
15.7 Gt in total carbon dioxide by 2050, a value exceeding the permissible global carbon
budget necessary to limit global temperature rise to below 2 °C [28]. Below is an overview
of the main hard-to-abate industries and the unique challenges each faces in the path
toward decarbonization.
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Figure 2. Projected emissions growth in hard-to-abate sectors if their operations continue without
deployment of electrofuels; data from ref. [28].

2.1. Aviation

Aviation is heavily dependent on conventional jet fuel derived from crude oil, and
unlike road transport, it faces significant barriers to full electrification [29]. According to re-
search by Schifer et al. [30], an all-electrical aircraft with a range of around 1000 km would
require an increase of 220% battery improvement, emphasizing the technological hurdles in
achieving electric flight. Meanwhile, hydrogen-powered aircraft, as detailed by Adler and
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Martins [31], offer a technically feasible alternative, though several challenges remain. The
biggest of these include the complexities of onboard hydrogen storage, handling, and the
lengthy regulatory certification process required for such a transition. The aviation sector
accounts approximately 2.5% of global CO, emissions which relies on high-energy-density
fuels for long-distance flights [32]. Currently, the most practical method for decreasing
emissions in the aviation industry is found to be an electrofuel, specifically certified sustain-
able aviation fuels (SAF) compatible with existing airplanes [15,33]. Although alternative
propulsion technologies, such as some battery electric and hydrogen-powered planes, are
being developed, their commercial viability is not anticipated until much later in this
century. In light of these constraints, carbon offsetting, compensating aviation emissions
by facilitating equivalent CO, reductions, remains an important complementary strategy
toward achieving carbon neutrality in the near term [32,34].

Most studies on decarbonizing the aviation sector have focused on substituting the
conventional jet fuel with low-emission options [35]. In their thorough review, Kandara-
math Hari et al. [36] explored the potential benefits and obstacles tied to the production of
biofuels for aviation. Their findings highlighted significant barriers, like the costs associated
with fuel production and the large amount of land required for crop cultivation, both of
which could limit the extensive implementation of biofuels in the aviation sector. While
hydrogen-powered aviation appears promising for the future, solving the technical issues
related to fuel storage, obtaining regulatory permits, scaling the technology from small local
airplanes to bigger commercial jets, and developing extensive hydrogen refueling airport
infrastructures are significant challenges [37]. These factors make hydrogen a long-term
solution for decarbonization, unlikely to be fully realized until later in the century. The
potential for electrofuels to meet aviation energy demands is also gaining attention [15,29].
Driinert et al. [38] estimate that producing jet fuel to meet aviation needs for Germany
alone may require an additional 440 to 745 TWh of renewable power, which is equivalent
to about 80% to 135% of Germany’s total electricity consumption in 2021.

2.2. Maritime Shipping

Maritime shipping plays a crucial role in facilitating global trade, with vessels often
covering vast distances between refueling ports [39]. The decarbonization of the interna-
tional shipping sector presents significant challenges as a result of the low energy capacity
of the existing battery technologies and the high demands of energy associated with a
very long-distance maritime journey [4,40-42]. As a result, the sector continues to be a
significant source of global GHG emissions, responsible for about 3% of total global CO,
emissions [43]. This reliance on heavy fuel oil, a high-emission, low-cost fossil fuel, further
exacerbates the environmental impact. While battery-powered vessels provide a promising
approach for cutting emissions in short-distance sea shipping and passenger ferries that
operate on shorter routes, the limitations in battery energy storage make them unsuitable
for deep-sea shipping, which represents the largest share of shipping emissions. There-
fore, electrofuels emerge as a potential pathway for decarbonizing long-distance maritime
transport by enabling the indirect use of renewable electricity to replace conventional fossil
fuels [40]. This transition could significantly reduce the shipping sector’s carbon footprint,
while addressing the energy density challenges faced by battery technologies.

Container shipping represents the most significant contributor of emissions within
the maritime industry; as such, converting container ships to operate on low-emission
electrofuels could substantially reduce overall shipping emissions [40,43,44]. However, the
technical feasibility of these electrofuels must be assessed, alongside their economic and
environmental impacts, particularly in relation to the costs associated with the infrastruc-
ture needed for managing, storing, and distributing fuels in port facilities [26,27]. Various
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stakeholders along the container shipping value stream emphasize various economic indi-
cators. Ship operators are primarily concerned with the capital and operational costs tied
to vessels powered by renewable fuels, while cargo owners focus on the potential increase
in transportation costs resulting from the shift to lower emission options. Meanwhile,
administrative bodies are expected to prioritize greenhouse gas reductions [45]. Hansson
et al. [39] analyzed alternative fuels through a multi-criteria lens and discovered that, for
ship owners, economic factors, especially fuel costs, are paramount. Conversely, govern-
mental representatives tend to prioritize environmental factors, such as reductions in GHG
emissions, highlighting the need for an equitable approach that considers the diverse inter-
ests of all stakeholders involved in the transition to low-carbon shipping solutions. Such
an inclusive strategy will be essential for achieving widespread adoption of sustainable
practices in the container shipping and the entire maritime industry [45].

2.3. Manufacturing

Manufacturing industries contribute roughly 20% of global anthropogenic emissions
and utilize around 25% of the global energy [46]. Achieving climate targets demands
an accelerated shift toward climate-neutral strategies in this sector, especially in energy-
demanding manufacturing like the steel industry, cement, chemicals, and petrochemicals.
Steel production is one of the most carbon-intensive processes, generating significant CO,
emissions as a byproduct and accounting for approximately 7-9% (Figure 1) of global
CO; emissions [47]. Cement production releases CO, during the calcination of limestone
and through fossil fuel combustion needed to reach high process temperatures. Similarly,
the chemical industry is a major greenhouse gas emitter, relying on fossil fuels as both
an energy source and a feedstock for products like plastics and fertilizers, which involve
complex, hard-to-decarbonize reactions. Together, these sectors make up more than 70% of
industrial emissions within the European Union (EU), and shifting away from fossil fuels
to sustainable alternatives is a critical emissions reduction strategy for energy-intensive
industries (EIIs) [5,46,48].

Decarbonizing energy-intensive manufacturing industries is particularly challenging
due to their unique reliance on high-emission processes, where each EII requires transfor-
mative innovations to reach near-term meaningful decarbonization [7,49]. For example,
in steel production, the primary hurdle is reducing the carbon footprint of traditional
blast furnaces; while hydrogen-based steelmaking and carbon capture technologies show
promising alternatives, they are not yet economically viable and carbon-neutral steelmak-
ing is still in the initial research stages. Additionally, the long life of steel plants means that
retrofitting or replacing these assets with cleaner technologies will require decades and
substantial investment [47,50]. Cement production faces dual emission challenges arising
from both chemical reactions during limestone calcination and the combustion of fossil
fuels used in the process. Reducing these emissions requires the development of novel
production pathways or the implementation of carbon capture technologies, both of which
are currently costly, energy-intensive, and difficult to scale across the global industry. Simi-
larly, decarbonizing the chemicals and petrochemicals sector requires a transition toward
low-carbon energy sources and alternative feedstocks [2,5,49,51]. However, the high cost
of alternatives and deeply embedded global supply chains pose significant barriers to a
rapid shift.

2.4. Heavy-Duty Transport

Heavy-duty transport, which includes long-haul trucks, trains, and other large vehi-
cles, requires substantial energy to cover extensive distances, posing significant challenges
to electrification strategies [52,53]. Batteries suitable for these vehicles are generally too
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large, heavy, and costly for effective use in long-range operations. Reducing greenhouse
gas emissions in heavy-duty transport thus hinges on either decreasing overall energy
consumption, lowering the carbon intensity of energy sources, or both. While the potential
for integrating electricity and hydrogen is promising, questions remain concerning the
suitability of batteries and fuel cells for long-distance applications, especially regarding
cost, efficiency, and scalability. Shifting to these new energy carriers will require extensive
infrastructure development to facilitate their broad implementation and ensure seamless
integration into existing transport systems [5,14,23,54]. Large-scale biofuel usage, despite
its renewable basis, faces sustainability challenges, and its future contribution may fall
short of meeting global transport demands as anticipated, especially in a sector with such
high energy requirements.

The transition to carbon neutrality for heavy-duty transportation increasingly de-
pends on policy support, with renewable electricity-based fuels and chemicals holding
promise across a variety of applications beyond transportation [55,56]. Recent research
highlights electrofuels as a promising low-carbon energy carrier, offering potential scalabil-
ity and the ability to reduce emissions in the transport sector, while supporting broader
energy transition goals [57,58]. To accelerate adoption, greater stakeholder involvement
and public awareness initiatives are gaining importance, helping to smooth the path for
renewable fuel integration [59,60]. Significant uncertainties remain, with questions around
production and vehicle costs, scalability, and lifecycle environmental impacts yet to be
fully addressed [21,61]. It has been suggested that electrofuels could positively impact
emission reduction targets, emphasizing their role in advancing sustainable heavy-duty
transportation solutions [62,63]. Even though the scale and timing of benefits are complex
and will require comprehensive analysis and policy guidance to overcome technical and
economic barriers, the primary challenge for heavy-duty transport is the energy density
required for long-distance travel and adopting cleaner technologies will take time [64].

Decarbonizing hard-to-abate industries is challenging. Each sector, like aviation, ship-
ping, manufacturing, and heavy-duty transport, faces its own set of difficulties. Solutions
like hydrogen, electrofuels, and carbon capture are being explored, but there are still tech-
nical, cost, and policy hurdles. Table 1 below summarizes the challenges associated with
different sectors and strategies for decarbonizing these industries.

Table 1. Summary of challenges, mitigation approaches, and constraints across hard-to-abate sectors.

Sectors Challenges Decarbonization Technological Economic and Policy Ezﬁg::;i
8 Strategies Barriers Considerations o
Contribution
. . Hydrogen Storage and
High r.esl{ance on Jet handling, lack of Significant CAPEX
fuel, difficulty in Hydrogen-powered o
- e . . regulatory and OPEX for 2.5% of global CO,
Aviation electrification, limited aircraft, E-fuels (SAF), . . . o
. . certifications and high  infrastructure emissions [32]
battery capacity for and carbon offsetting. cost and and CCS
electric flight scaling issues. ’
Low energy density of E-Fuels Energy density Cost of Transitioning
batteries, long-distance batter 7 owered for limitation in batteries,  to low-emission fuel. 3% of elobal CO
Maritime Shipping  travel, and high short gigcances Infrastructure for fuel Focus on GHG en:issi%ns [43] 2
reliance on low-cost and ammonia ’ storage reductions vs. -
and high-emission fuel. and management. operational cost
Carbon-intensive
gofsesrf; High cost for Need for extensive
o r%sum t?o}; in steel E-fuels, alternative solutions capital investment. Approximately 20%
Manufacturing cement gn d ’ hydrogen-based fuel ~ and a lack of viable Challenges in scaling  of global
etrochemicals and CCS low- and global supply emissions [65]
Eong carbon alternatives. chain adaptation.

retrofitting periods
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Table 1. Cont.

Decarbonization Technological Economic and Policy EStl.mi.lted
Sectors Challenges . . . . Emissions
Strategies Barriers Considerations e
Contribution
Large energy needs for
long-haul trucks, trains, ~ E-fuels, hydrogen Infrastructure Policy support for
and vehicles. fuel cells, battery limitations for new e-fuel and renewable o
Heavy- o ) . . . 4% of global
Electrification electric solutions and  energy carriers. fuel adoption. o
duty transport S, CO, emissions
Economic viability of

challenges and limited

battery

renewable electricity-
based fuels.

High-energy-

density requirement. scaling solutions

storage capacities.

3. Electrofuels Production Pathways

Electrofuels, often termed e-fuels, are synthetic fuels produced through various pro-
cesses that utilize renewable power as a primary energy source [21,23,51,60,66]. These
pathways are designed to create fuels that serve as sustainable, low-carbon alternatives
to conventional fossil fuels [34,54], making them ideal for decarbonizing sectors that are
hard-to-abate, such as maritime, aviation and heavy industry (Figure 3). The synthetic fuel
paradigm is fundamentally rooted in sustainability, emphasizing that the electricity utilized
for its production must originate from sustainable energy sources [67]. This innovative ap-
proach has not only the potential to reduce the overall environmental impact of energy use
but also plays a role in closing the carbon loop by ensuring that the lifecycle emissions are
balanced (Figure 3). Moreover, the scalability of this technology could serve a crucial role
in meeting global climate objectives by enabling a transition away from fossil fuel depen-
dence [26,36,51]. The production of electrofuels involves a series of key steps: generating
renewable electricity, electrolyzing water to produce hydrogen, capturing carbon dioxide,
and finally synthesizing the fuel. This section provides an in-depth look into the key e-fuel
production pathways and technologies currently being researched and developed.

r'hv
et

I-I
)

e

ébr

Renewable Electrolysis _'< Hydrogen synt
ener \

$/ ED3 Closed

CO, Capture and CO,-cycle

Separation (DAC,  |&

Biogenic and Point  |'%

Source) COZ, N,, O, “.

A\

= 0 8 B M'\Qumﬂ

‘ Energy conversion ‘

’ Electrofuel use in Hard-to-abate sectors ‘

Figure 3. Overview of electrofuel production processes (key stages of green hydrogen generation,
carbon capture and synthesis) and their applications in hard-to-decarbonize sectors to achieve carbon
neutrality with close CO, cycle.
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3.1. Renewable Energy as a Foundation for Electrofuel Production

Renewable energy is a cornerstone of sustainable e-fuel production, serving as the
primary input for clean hydrogen generation through water electrolysis. This process
contributes to partially closing the carbon loop by recycling captured CO; for fuel synthesis,
although the overall environmental benefits depend on factors such as the carbon intensity
of the electricity used and the efficiency of the conversion processes [23,68]. Among the
available renewable energy sources, solar photovoltaic (PV), wind, and hydropower are
the major contributors due to their scalability, technological maturity, and costs. As shown
in Figure 4, electricity generated from renewable energy sources can be used to power
various electrolyzer technologies for hydrogen production. In addition, geothermal energy
and biomass also offer localized opportunities for renewable hydrogen generation. Global
installed capacities exceeded 1.6 TW for solar and 1047 GW for wind energy by the end of
2023 [69,70]. These resources are increasingly being harnessed that can power electrolyzers
in regions rich in renewable potential, to enable large-scale hydrogen generation with
minimal emissions. Solar energy, particularly in sun-rich regions such as the Middle East,
North Africa, and Southern Europe [71], offers it exceptional potential in different regions
of the world. Wind energy has similarly emerged as a key enabler of clean hydrogen
production. Countries such as Germany, the United Kingdom, and Denmark have achieved
significant wind energy, powering electrolysis units directly from wind turbines [72].
Hydropower also contributes significantly by providing stable, dispatchable electricity for
electrolysis, thereby mitigating the intermittency associated with solar and wind [73].

H,0
Ce 3" .
2e”
Hydrogen clectrode

I le
.
# .
"CSOE
« H20
-+ e
- o

el
NaOH(KOH)

21,0 AEC H,0

7N >

Renewable energy sources

Figure 4. Schematic representation of renewable energy-powered electrolysis, illustrating the
three electrolyzer technologies used for sustainable hydrogen production as a precursor to
electrofuel synthesis.

Despite these advances, several challenges remain. The variable output of solar
and wind power can disrupt the continuity of electrolyzer operation, affecting hydrogen
yield, purity, and the efficiency of electrofuel synthesis. Hybrid renewable systems inte-
grated with energy storage and smart grid infrastructure can be developed to ensure a
consistent and reliable electricity supply [73]. The feasibility and cost competitiveness of
renewable-powered electrofuels vary regionally, shaped by local resource availability, grid
infrastructure, and supportive policy environments. The deployment of renewable energy
infrastructure will not only decarbonize the power sector but also enable the clean synthesis
of electrofuels. This convergence of technologies supports broader climate goals and aligns
with multiple Sustainable Development Goals (SDGs). As illustrated in Figures 3 and 4,
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renewable electricity enables a production chain in which hydrogen is generated and sub-
sequently converted into energy-dense electrofuels. When CO; used in the synthesis is
captured from sustainable sources and low-carbon electricity is employed, the system can
approach a closed-loop CO, cycle, contributing to achieving a net-zero future.

3.2. Hydrogen Production Through Electrolysis Technologies

Hydrogen is a fundamental building block for electrofuels, and its production is typi-
cally achieved through the electrolysis of water. Hydrogen can be produced through both
sustainable and conventional energy pathways, with sustainable methods encompassing
electrolysis, thermolysis, and thermochemical cycles [18,74-76]. Among these, electrolysis
is the most technologically advanced and widely implemented. This process relies on elec-
tricity, preferably from renewable sources, as the main energy input. During electrolysis,
an electric current is applied to water, which is dissociated into hydrogen and oxygen. This
reaction occurs between two electrodes, submerged in an electrolyte solution to facilitate
ion conductivity, ensuring an efficient separation of gases by the electrolyzer [75]. The elec-
trolyzer is the central component in an electrofuel system, responsible for generating green
hydrogen. The three main types of electrolyzers widely used in green hydrogen production
today are alkaline electrolysis cells (AECs), proton exchange membranes (PEMs) and solid
oxide electrolysis cells (SOECs). Each of these technologies offers distinct advantages in
efficiency, operational conditions, and suitability for various energy sources, providing
essential versatility for sustainable hydrogen generation.

3.2.1. Alkaline Electrolyzers

AECs, a widely established technology in hydrogen production, have been integral to
industries like chemical production, metallurgy, and fertilizer manufacturing for over a
century [77,78]. These systems operate with a relatively simple cell design consisting of
two electrodes separated by a diaphragm and immersed in an aqueous alkaline electrolyte,
typically potassium hydroxide (KOH) or sodium hydroxide (NaOH), as illustrated in
Figure 5. The charge carriers in this technology are hydroxide ions, which facilitate the
splitting of water molecules into hydrogen and oxygen [79]. Operating temperatures
typically range between 60 °C and 80 °C, which supports stable reaction kinetics while
maintaining manageable system complexity [21,80]. One of the key advantages of AEC
technology lies in its robustness and cost-effectiveness. The use of non-precious metal
catalysts and well-established materials enables relatively low capital costs compared to
emerging electrolyzer technologies [81,82]. In addition, AEC systems can operate under
both atmospheric and pressurized conditions, allowing flexibility in hydrogen delivery
and reducing downstream compression requirements under higher-pressure operation.
These features make AECs particularly attractive for large-scale hydrogen production in
industrial settings where a stable and continuous power supply is available.

However, despite their technological maturity, AECs face several limitations that
constrain their broader integration with renewable energy systems. A major challenge is
their limited operational flexibility, as they typically require relatively high minimum load
conditions and are less tolerant to rapid fluctuations in power input. This makes them less
suitable for direct coupling with intermittent renewable energy sources such as solar and
wind without additional buffering systems, such as energy storage or grid stabilization
mechanisms [83]. Furthermore, frequent load variations can accelerate degradation of
key components, including electrodes and diaphragms, thereby reducing system lifetime
and performance stability [83,84]. Additional technical challenges include gas crossover
through the diaphragm, which can affect hydrogen purity and raise safety concerns under
certain operating conditions. Long-term durability of diaphragms and electrode materi-
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als also remains an area of ongoing investigation, particularly under dynamic operating
regimes. Recent research efforts have focused on addressing these limitations through
the development of advanced diaphragm materials with improved ionic conductivity and
gas separation properties, as well as the optimization of electrode structures and catalyst
compositions to enhance efficiency and operational stability [85,86]. Improvements in
system design, including hybrid configurations and integration with energy storage, are
also being explored to enhance the flexibility of AECs in renewable energy applications [87].
Their future deployment in low-carbon energy systems will depend on continued advance-
ments aimed at improving flexibility, durability, and compatibility with variable renewable
energy sources.
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Figure 5. Schematic representation of an alkaline electrolyzer illustrating its main components,
including electrodes, diaphragm, and electrolyte system.

3.2.2. Proton Exchange Membrane (PEM) Electrolyzers

PEM electrolyzers are an advanced and adaptable technology that has gained trac-
tion in hydrogen production, especially for settings requiring flexible and fast response
operation [88]. Unlike traditional AECs, PEM systems are a newer technology, primarily
suited for installations at lower capacities but now widely available in megawatt-scale con-
figurations. These electrolyzers are well suited in pairing with renewable energy sources,
as they can adapt quickly to fluctuating electricity generation and operate at a low min-
imum load. In PEM systems design (Figure 6), a proton-conducting membrane, often
made from Nafion, serves as the electrolyte rather than a liquid alkaline solution, and the
charge carrier is hydrogen ions (H*). This setup provides a streamlined, less corrosive
alternative to AECs, while the membrane’s composition allows for high power density and
the elimination of corrosive chemicals [89]. PEM electrolyzers typically operate at moderate
temperatures (50-80 °C) and can sustain high pressures, often exceeding 30-80 bar, which
reduces or eliminates the need for downstream hydrogen compression [90,91]. One of their
most significant advantages is their operational flexibility, characterized by rapid start-up
times and the ability to operate across a wide dynamic range from low partial loads to full
capacity within seconds [92]. This makes PEM systems particularly suitable for coupling
with intermittent renewable energy sources such as wind and solar, where power input can
fluctuate rapidly.
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Figure 6. Schematic diagram of a PEM electrolyzer highlighting the solid polymer membrane, catalyst
layers, and the transport of protons enabling efficient hydrogen production.

Despite these advantages, PEM electrolyzers face several technical and economic
challenges that currently limit their large-scale deployment. A primary constraint is the
reliance on scarce and expensive noble metal catalysts, such as platinum and iridium,
which significantly increase capital costs and raise concerns regarding long-term material
availability [80,93]. Membrane degradation remains a critical issue, particularly under
dynamic operating conditions involving frequent load cycling, which can lead to reduced
efficiency and shortened system lifetime [80]. Durability challenges are also associated
with catalyst layer degradation, membrane thinning, and mechanical stress induced by
pressure differentials and hydration cycles. These factors contribute to performance losses
over time and increase maintenance requirements. Furthermore, while PEM electrolyzers
offer high operational flexibility, they may exhibit slightly higher specific energy con-
sumption compared to alkaline systems under certain conditions, reflecting a trade-off
between responsiveness and overall energy efficiency [94]. Research efforts have focused
on addressing these limitations through the development of low-cost and earth-abundant
catalyst materials, including non-precious metal alternatives and reduced noble metal
loading strategies. Advances in membrane materials, such as reinforced and composite
membranes, are also being explored to improve chemical stability and mechanical durabil-
ity. System-level optimizations, including improved water management, thermal control,
and stack design, are contributing to enhanced performance and longer operational life-
times [95]. Widespread adoption of PEM will depend on continued progress in reducing
material costs, improving durability, and enhancing energy efficiency to achieve long-term
economic viability.

3.2.3. Solid Oxide Electrolyzer Cells (SOECs)

SOECs represent a more recent advancement in electrolysis technology, with consider-
able future potential for green hydrogen production [96]. Although the current installed
capacity is limited, SOEC technology is expected to become one of the key technologies
for electrolysis as they mature. Operating within a temperature range of 800 °C to 1000 °C,
SOECs can integrate effectively with industrial processes that generate excess heat, provid-
ing significant efficiency [21,97,98]. Through the utilization of this external heat, SOECs
can decrease the electrical power required for hydrogen production, achieving higher
conversion efficiencies than other electrolyzer types. This makes them particularly suitable
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Oxygen-ion conducting electrode

for applications where high-temperature heat sources are accessible [99]. The working
principle of SOECs is based on oxygen ion (O?~) conduction through a dense ceramic
electrolyte, commonly yttria-stabilized zirconia (YSZ), with porous electrodes facilitating
electrochemical reactions (Figure 7). At the cathode, steam is reduced to produce hydro-
gen and oxygen ions, which migrate through the electrolyte to the anode, where oxygen
gas is evolved. The use of Ni-YSZ cermet as the cathode material and perovskite-based
oxides such as strontium-doped lanthanum manganite (LSM) at the anode has been widely
adopted due to their favorable electrochemical properties [21,96,97]. In addition to hydro-
gen production, SOECs offer the unique capability of co-electrolysis of CO, and H,O to
produce syngas, which serves as a key intermediate for synthetic fuel production [100,101].

HZ%{% qH, =

H,0+2e—>H,+0*

20°>20+2e"
20-0,

2e” i
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Figure 7. Schematic illustration of a SOEC showing its high-temperature operation, ceramic elec-
trolyte, and steam electrolysis process for hydrogen generation.

However, SOEC technology faces several critical challenges that currently limit its
large-scale commercialization. The high operating temperatures, while beneficial for ef-
ficiency, result in longer start-up and shut-down times, reducing operational flexibility
and making SOECs less compatible with variable renewable energy sources such as solar
and wind [96]. Also, SOECs have limited durability compared to other electrolyzer types,
largely due to thermal stress, redox cycling, and material degradation under prolonged
high-temperature operation. Also, their high costs, both for operation and materials, pose
challenges for scalability [29,81,102]. As the technology advances, however, these issues
may be mitigated, opening pathways for SOECs to be essential in the energy transition,
especially in applications where heat integration is feasible and efficiency demands are
paramount. Recent research efforts have focused on addressing these limitations through
a range of material and design innovations [103,104]. These include the development of
alternative electrode materials with improved redox stability, such as perovskite-based
and ceramic electrodes, as well as the use of infiltration techniques to enhance catalytic
activity and structural resilience. Advances in cell architecture, including graded elec-
trode structures and improved sealing and interconnect materials, have also contributed
to enhanced durability. Furthermore, efforts to lower operating temperatures while main-
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taining high performance are being actively explored to reduce thermal stress and extend
system lifetime.

3.3. Carbon Capture for CO, Supply in E-Fuel Synthesis

To achieve carbon neutrality in e-fuels production, CO, must be sustainably sourced
through methods like direct air capture (DAC) from the atmosphere, point sources or from
biogenic processes [15]. The capture of CO; is essential yet poses high cost and logistical
challenges, especially given the substantial volumes required for large-scale production.
As the second key component of e-fuels production, CO; capture is very substantial, and
the hydrogen obtained through electrolysis is then combined with captured CO, to create
renewable, low-carbon fuels. This approach is particularly promising for decarbonizing
sectors that are otherwise very challenging to abate, helping to progress toward carbon
neutrality by decreasing dependence on fossil fuels. Although offsetting emissions remains
an option, the capture of CO, from the atmosphere is increasingly viewed as a necessary
strategy to mitigate the global increase in temperature and is utilized as a resource needed
for e-fuels [105].

3.3.1. Direct Air Capture (DAC)

The DAC process provides an efficient method to obtain CO, from ambient air, which
contains about 0.04% CO, by volume, making it usable as a feedstock in synthetic fuel pro-
duction [38,106]. In this approach, CO; is captured directly from the atmosphere, utilized in
fuel synthesis, and subsequently released back into the atmosphere during fuel combustion,
thereby forming a potential carbon recycling pathway (Figure 8). This process can create a
nearly closed carbon cycle if other greenhouse gas emissions along the production chain
are minimized [107]. However, high altitude-related CO, emissions, even in a closed cycle,
can still impact the climate due to high altitude and secondary effects from other emissions,
such as nitrogen oxides [108]. There are two primary DAC technologies approaches that
exist: solid and liquid capture methods. Solid DAC utilizes solid adsorbents to capture
CO; through adsorption and desorption cycles at moderate temperatures (80 °C to 120 °C),
making it less capital-intensive and allowing full electrification using heat pumps. Liquid
DAC, on the other hand, operates in a continuous chemical cycle where an aqueous solu-
tion captures CO, in the first loop, and high-temperature regeneration (300 °C to 900 °C)
in the second loop releases it [23,109]. Though liquid DAC is more mature and efficient
at higher capacities, it demands high-grade heat usually from natural gas combustion,
which restricts its potential for electrification [110]. Although still developing, a solid DAC
could become a more sustainable option because of its flexibility in energy use and lower

temperature requirements.

Electricity Heat
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Figure 8. Overview of circular integration of direct air capture (DAC) to support decarbonization in
hard-to-abate industries.
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3.3.2. Biogenic CO, Capture

Biogenic CO,, which is derived from natural organic processes such as fermentation,
biomass combustion, and biogas production, offers a more economical alternative to DAC
for the generation of sustainable fuels [111,112]. This CO, is primarily sourced from
biogenic activities (Figure 9), including biogas purification, alcoholic fermentation, and
biomass combustion for district heating or the generation of power, and is increasingly
utilized in electrofuel projects across Europe [38]. The widespread adoption of biogenic CO,
in many e-fuel projects can be attributed to its lower cost and the relatively straightforward
logistics of sourcing it compared to other capture methods. Since biogenic CO; is part of a
natural carbon cycle, it is originally absorbed by plants through photosynthesis and stored
within organic materials; its use can maintain a closed carbon cycle [7]. Consequently, CO,
released during the combustion or processing of biomass does not contribute to an increase
in atmospheric greenhouse gas levels, assuming the organic matter is sustainably cultivated
and processed in an environmentally responsible manner. This approach, therefore, offers
a significant advantage in mitigating climate change when combined with responsible land

management practices.

Biogenic

Anaerobic Digestion ]
Plant

Figure 9. Process diagram illustrating biogenic CO, capture and its utilization in electrofuel synthesis
within a carbon recycling framework.

To maximize the potential of biogenic CO,, emissions captured from sources such as
wastewater treatment facilities, dairies, and landfills can be compressed and transported
to specialized processing plants, where they are converted into valuable renewable prod-
ucts [23,113]. This process aligns with the growing trend of carbon markets, emphasizing
the reduction in anthropogenic emissions and the recycling of CO; into useful products.
By facilitating the conversion of captured CO; into e-fuels, this method fosters a circular
economy that integrates renewable energy resources and reduces dependence on fossil
fuels. Despite its advantages, biogenic CO, utilization can be logistically complex, espe-
cially when large volumes are needed for large-scale electrofuel production. Challenges
such as transporting CO, from rural or remote sources to processing sites remain, and
achieving scale requires infrastructure investments and optimized transportation solu-
tions [30,114]. The continued advancement of these technologies will be essential for
meeting the increasing demand for sustainable energy solutions.

3.3.3. Point-Source Carbon Capture

Point-source carbon capture involves capturing CO, directly from industrial processes
that emit high concentrations of this gas. This method is particularly applicable to industries
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such as cement, steel, and paper production, as well as natural gas processing and power
generation [5]. It is crucial that CO, emissions captured arise from unavoidable aspects
of the production process, rather than from fossil-based energy sources. In particular,
CO; emissions resulting from the inherent chemical reactions in material production,
such as in cement or lime production, are difficult to avoid [115]. Compared to DAC,
point-source capture is generally more cost-effective. However, it is limited in its ability
to contribute to true carbon neutrality, as it primarily addresses emissions directly tied
to the industrial processes, rather than accounting for the broader carbon footprint. In
these industries, CO; is emitted both from fossil fuels combusted to generate the energy
needed for industrial processes and from the process-related emissions intrinsic to specific
production steps [51,116]. For example, during cement manufacturing, CO; is released
when limestone is calcined to produce lime, as shown in (Equation (2)).

CaCO3 — CaO + CO, AH =176 k] /mol (2)

The potential for long-term use of industrial CO, sources must be considered. For
instance, cement production from limestone is a significant contributor to unavoidable
CO; emissions, but due to the essential nature of the raw materials involved, substituting
these processes with alternative, more sustainable methods remains challenging [5,6,51].
It is important to recognize that using CO; from point-source capture does not result
in a fully closed carbon cycle, unlike CO, captured from direct air capture (DAC) or
biogenic sources, where emissions are part of a renewable, cyclical process. Instead, using
industrial CO; in e-fuels production processes constitutes a form of cascading CO, use,
where it is eventually released back into the atmosphere after being utilized in synthetic fuel
production. Although point-source carbon capture can help reduce emissions, it should be
considered a part of a broader strategy for decarbonization [113].

3.3.4. Emerging CO, Capture Technologies

Beyond established CO; capture pathways, a new generation of emerging technologies
is being developed to overcome the limitations of conventional systems, particularly in
terms of energy demand, cost, and scalability. These approaches are increasingly framed
within broader carbon management strategies, which aim not only to reduce emissions
but also to transform captured CO, into valuable resources [117,118]. Their development
is especially important given the large volumes of CO, required for sustained e-fuel
synthesis and the need for economically viable and low-carbon supply chains. Significant
progress has been made in the development of advanced materials and alternative capture
mechanisms. Solid sorbent-based technologies, utilizing porous materials such as zeolites,
metal-organic frameworks (MOFs), and functionalized carbons, offer lower regeneration
energy requirements compared to conventional liquid solvents and enable improved
cyclic stability [119,120]. Electrochemically driven processes, including electric swing
adsorption and redox-active capture systems, are also gaining attention due to their ability
to directly couple CO, capture with renewable electricity, thereby reducing reliance on
thermal regeneration. Similarly, pressure-driven techniques, such as pressure-induced
carbon capture, provide solvent-free alternatives that can simplify system design and
reduce operational complexity [121,122].

Membrane-based separation technologies represent another rapidly advancing area,
with improvements in material selectivity and permeability enabling more efficient CO,
separation from mixed gas streams. Hybrid systems that integrate membranes with ad-
sorption or absorption processes are being explored to further enhance performance while
minimizing energy consumption [123]. In addition, novel solvent systems, including
ionic liquids and nanofluids, are under investigation due to their favorable physicochem-
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ical properties, such as low volatility and high CO; affinity, which can improve capture
efficiency and reduce environmental impacts [119,121,124]. Biological and bio-inspired
approaches are also emerging as complementary strategies. These include the use of mi-
croalgae, engineered microorganisms, and genetically enhanced plants to capture CO,
through natural or enhanced photosynthetic pathways [125,126]. While still at an early
stage of development, such approaches may contribute to decentralized and nature-based
carbon capture solutions, particularly when integrated with biomass-derived CO; streams.

Despite their potential, many of these emerging CO, capture technologies remain at
varying stages of technological readiness and face challenges related to scalability, long-
term stability, and economic feasibility. In particular, the deployment of these systems at an
industrial scale requires significant infrastructure investment and careful consideration of
supply chain logistics. Moreover, while many technologies are effective for concentrated
emission sources, capturing diffuse emissions from sectors such as transportation and
distributed systems remains a significant challenge [126]. Nevertheless, continued innova-
tion in this area is expected to play a critical role in diversifying CO, supply options and
reducing the overall cost and environmental footprint of electrofuel production systems.
Integrating these advanced capture methods with renewable energy sources and down-
stream fuel synthesis pathways will be essential for achieving sustainable and large-scale
deployment of electrofuels.

4. Electrofuel Synthesis and Chemical Dynamics

E-fuel technologies are emerging as a critical approach to achieving greenhouse gas
neutrality in energy production solutions, particularly in sectors that are challenging to
decarbonize. These fuels are produced through a process that begins with green hydrogen
generated by renewable-powered electrolysis, which is subsequently integrated with CO,
captured either from the atmosphere or industrial sources to synthesize synthetic fuels
through methods such as the Fischer-Tropsch process, Sabatier reaction, and various other
energy carriers, such as CH3OH, dimethyl ether (DME), etc., can be produced from Hj
and CO;. These synthesized fuels, often referred to as e-fuels, provide a sustainable
alternative to fossil-based fuels [67]. The closed carbon cycle of e-fuels, where the CO,
used in production is released upon combustion, makes them a promising option for
mitigating greenhouse gas emissions in hard-to-abate industries [5]. The versatility of
e-fuels allows for their production and makes them suitable options for a wide range of
applications, including aviation, shipping, transportation and the heavy manufacturing
industry. Through the use of renewable hydrogen and captured carbon, e-fuels present
carbon-neutral energy vectors that are in line with global climate goals and can play a
major role in contributing to the transition towards sustainable energy and in meeting
global decarbonization targets [113,116]. The main synthesis and e-fuel chemical dynamics
are discussed.

4.1. Fischer-Tropsch Production Process

The Fischer-Tropsch (FT) synthesis process, developed in 1927 by Franz Fischer and
Hans Tropsch, is an essential pathway for producing synthetic hydrocarbon fuels and
chemicals (e-fuels) from syngas, a combination of carbon monoxide and hydrogen through
catalytic reactions [127,128]. Utilizing either iron or cobalt-based catalysts, this process
enables the conversion of CO and H; into long-chain hydrocarbons through an exothermic
reaction, as represented in the general reaction (Equation (3)) [129].

nCO + 2nH, — (CHy)n + nH,O AH = —165 kJ /mol (3)
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The product (CHy)n represents a hydrocarbon chain that can vary in length based on
the reaction conditions and properties of the catalyst. The FT process can be adjusted to
generate a variety of hydrocarbons by adjusting parameters like temperature, pressure, and
catalyst selection [2,129]. FT synthesis generally operates across two temperature ranges:
The low temperature Fischer-Tropsch (LTFT) and high temperature Fischer-Tropsch (HTFT).
LTFT operates between 180 °C and 250 °C and can be performed with both cobalt and
iron catalysts, yielding longer chain hydrocarbons suitable for liquid fuels and waxes. In
contrast, HTFT is conducted at 300 °C to 350 °C, typically with iron catalysts, favoring the
production of gaseous hydrocarbons like 1-olefins and oxygenates [2]. In the FT process, the
chain growth of hydrocarbons is affected by the Hj; to CO ratio, temperature, and reactor
pressure. A typical FT synthesis reaction that produces a liquid hydrocarbon chain from CO
and Hj, such as a diesel-range fuel, can be expressed as in (Equation (4)). Recent innova-
tions also involve direct CO, hydrogenation as a means of carbon utilization, although this
approach remains an active area of research rather than a fully mature technology [115,130].
In this reaction (Equation (5)), CO; is directly converted into hydrocarbons in a single step.

3H, + CO — CH, + HO AH= —165 kJ/mol at 400 K (4)
CO, + 3H, — CHy4 + H,O AH= —125 kJ/mol at 400 K (5)
CO, + Hy — CO + H,O AH= +41 kJ /mol at 298 K (6)

Before FT synthesis, a reverse water—gas shift (RWGS) reaction can adjust the Hy /CO
ratio to the desired stoichiometry, especially when using CO, as a feedstock. The RWGS
reaction is represented in (Equation (6)). This endothermic reaction is more favorable at
elevated temperatures, often exceeding 830 °C, to attain nearly complete conversion of CO,
to CO. Overall, the FT process offers a versatile pathway for converting syngas to various
liquid and gaseous fuels [2,23,129]. By manipulating reaction conditions and catalysts,
FT synthesis can produce a broad spectrum of hydrocarbon-based products, including
gasoline, diesel, jet fuel, and specialty chemicals as electrofuels. The overall efficiency of
the FT pathway is constrained by multiple energy conversion steps, particularly when
CO,; is used as the primary carbon source. Also, maintaining optimal reaction conditions
and achieving precise control over product distribution requires careful system design
and operational stability. As a result, while FT synthesis is a versatile and proven route
for e-fuel production, its large-scale deployment in low-carbon energy systems depends
on continued improvements in catalyst development, process integration, and renewable
hydrogen availability.

4.2. Methanation Process (Sabatier Reaction)

The methanation process enables the synthesis of methane (or e-methane) by reacting
hydrogen produced from water electrolysis with CO,, through the Sabatier reaction. This
exothermic reaction (Equation (7)) is significant as e-fuel, due to methane’s suitability
for efficient storage and transport compared to hydrogen gas [21,131]. Methane’s stable
chemical structure and high energy density make it an effective fuel for both transporta-
tion and stationary energy applications [17,19]. From a carbon management perspective,
methanation contributes to the utilization of captured CO, by converting it into a usable
fuel, thereby supporting circular carbon pathways under defined system boundaries. Its
exothermic nature additionally allows heat from the reaction to be repurposed for district
heating or high-temperature electrolysis, enhancing the overall energy performance of
the process.

CO; + 4H; — CHy + 2H,0 AH = —165 kJ /mol (7)
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Methanation can be carried out via catalytic or biological routes, each offering dis-
tinct advantages and limitations. Catalytic methanation is the more mature and widely
implemented approach, typically operating at temperatures between 200 °C and 400 °C
and moderate pressures, using nickel-based catalysts due to their high activity and cost-
effectiveness [132]. Industrial systems often employ multi-stage fixed-bed reactors with
intercooling to manage the substantial heat release and to prevent catalyst deactivation
caused by sintering or carbon deposition. Recent advances in this area have focused on
improving catalyst stability, enhancing resistance to poisoning, and optimizing reactor
configurations to enable more efficient thermal management and dynamic operation un-
der variable renewable energy inputs [133]. Biological methanation, in contrast, utilizes
methanogenic microorganisms to convert CO; and H; into methane under milder condi-
tions, generally in the range of 20 °C to 70 °C and near-atmospheric pressure [134,135].
This approach offers potential advantages in terms of lower energy input and simpler
reactor design. However, its large-scale implementation remains constrained by kinetic
limitations, particularly those associated with gas-liquid mass transfer and the relatively
slow metabolic rates of microorganisms. Maintaining stable operating conditions, including
pH and substrate availability, is also critical for sustained performance, as fluctuations in
hydrogen or CO; supply can significantly impact microbial activity. Hybrid approaches,
combining catalytic and biological systems, as well as power-to-gas concepts, are being
explored to improve flexibility and overall system performance.

4.3. Methanol Synthesis

Methanol synthesis, much like catalytic methanation, is an exothermic reaction process
that involves the hydrogenation of CO, or CO using Hj,. This process typically occurs
under high temperatures (200 °C to 300 °C) and pressures (50 to 100 bar) in the presence
of a copper/zinc oxide catalyst [2]. In the one-step synthesis method (Equation (8)), CO,
is directly converted to methanol. In addition to this primary reaction, methanol can also
be synthesized from CO in a process where CO reacts with H, (Equation (9)), producing
methanol through an alternative reaction pathway [136,137].

CO, + 3H, — CH30H + H,O AH = —49.6 kJ /mol (8)
CO +2H,; — CH3;0H (9)
CO, + Hy — CO + HyO (10)

Another important reaction that often occurs in the methanol synthesis process is
the reverse water—gas shift (RWGS) reaction, which converts CO; to CO (Equation (10)).
This reaction is often used in a two-step methanol synthesis pathway where CO is first
reduced to CO before hydrogenation. In the two-step pathway, the CO produced is
then hydrogenated to form methanol [138,139]. Due to these competing reactions, direct
methanol synthesis from CO; has typical conversion rates of around 20 to 40% in a fixed-
bed reactor without recycling. To improve overall efficiency, unreacted CO,, CO, and H,
are recycled back into the reactor, enhancing methanol yield and selectivity. The resulting
methanol-water mixture then undergoes distillation to achieve the desired methanol
purity [51]. The versatility of methanol makes it valuable both as a synthetic fuel and as
a feedstock in chemical manufacturing. It can be transformed into a range of products,
such as DME and jet fuel [137]. This provides a cleaner substitute for fossil-based fuels
and is increasingly explored for its potential in decarbonizing the chemical industry and
supporting a sustainable energy economy.
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4.4. Ammonia Synthesis (Haber-Bosch Process)

Ammonia is a promising e-fuel with diverse applications, including its potential as
a zero-carbon energy carrier and a viable alternative to traditional fuels [2]. It can be
synthesized from nitrogen obtained directly from captured air, and hydrogen produced
through renewable-powered water electrolysis, creating a pathway toward “green” ammo-
nia (Figure 10). This contrasts with traditional ammonia production methods, particularly
the Haber-Bosch process, which relies on fossil fuel-derived hydrogen. The foundational
reaction in the Haber-Bosch process is shown in (Equation (11)). This exothermic reaction,
driven by high temperature (400 °C to 500 °C) and pressure (100 to 450 bar), utilizes an
iron-based catalyst [140]. Yet, this traditional approach produces “gray ammonia,” which
is heavily reliant on natural gas. To reduce its carbon footprint, “blue ammonia” integrates
carbon capture and storage (CCS) technologies to sequester CO, emissions generated
during hydrogen production. Alternatively, “green ammonia” synthesizes NH3 entirely
through renewable hydrogen and nitrogen separated from air (Figure 10), aligning with
carbon-neutral goals and supporting long-term sustainability [2].

/\
,.\ &% Power |§Nitrogen .
h — > —

Solar/Wind | process E-Ammonia

N, + 3H, — 2NH; AH= +91.8 k] /kmol (11)
3H, — 6H" + 6e~ (12)
N, + 6H" + 6e~— 2NH; (13)

Electrolyzer

Haber-Bosch

Air Separation
Unit

Figure 10. Schematic flow chart of a typical e-ammonia synthesis process, illustrating key stages
from hydrogen and nitrogen feedstocks to ammonia production and highlighting major reaction and
separation steps.

Solid state ammonia synthesis (SSAS) is an emerging low-temperature alternative that
bypasses the high energy demands of the Haber-Bosch process [141]. SSAS synthesizes
ammonia electrochemically via a solid-state electrolyte, avoiding the need for extreme pres-
sure. In this method, hydrogen gas at the anode undergoes dissociation into protons and
electrons (Equation (12)). These protons then move through the electrolyte to the cathode,
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where they combine with nitrogen to form ammonia (Equation (13)). The overall reaction
aligns with the Haber-Bosch reaction process, providing a more adaptable and potentially
energy-efficient route. Despite the SSAS promise, significant challenges remain, such as
optimizing proton conductivity within the electrolyte and enhancing reaction kinetics at
lower temperatures. Each ammonia production route presents unique environmental and
operational trade-offs. While blue ammonia reduces emissions relative to gray ammonia,
green ammonia offers a fully renewable path. However, large-scale adoption of green am-
monia depends on further advancements in hydrogen and nitrogen production efficiency,
economic feasibility, and supply chain adaptations. Ammonia as a zero-carbon energy
carrier could support the decarbonization of multiple sectors, especially in applications
where direct electrification is very difficult.

Several electrofuel production pathways have been developed and discussed in this
review, each characterized by distinct reaction mechanisms, catalytic systems, and operating
conditions tailored to optimize efficiency and yield. These processes vary in their scalability,
energy requirements, and integration potential with renewable energy sources. Table 2
provides a comparative summary of key electrofuel synthesis methods, detailing their
fundamental reactions, catalysts, operating conditions, and the associated benefits and
challenges that influence their feasibility for large-scale implementation.

Table 2. Overview of key electrofuel synthesis pathways, highlighting the primary reactions, catalytic
systems, operating conditions, and the associated advantages and challenges influencing their
feasibility and scalability.

E-Fuel
Synthesis Process

Key Reaction

Operating
Conditions
and Catalyst

Main Products Advantages Challenges

Fischer-Tropsch

nCO + 2nH, — (CHy)n + nH,O

Energy-intensive,
catalyst deactivation,
complex

LTFT: 180-250;
HTFT: 300-350 °C.

Liquid HCs
(diesel, jet fuel,

Scalable, produces
different

Iron, Cobalt waxes, gasolines) long-chain HCs product separation
High energy density,
stable chemical
Methanation 200-700 °C, E-methane, structure, compatible nghly exothe}‘mlc,
1-100 bar. . with natural gas, requires effective
Process CO;, +4H, — CH, +2H,0 Nickel (Catalytic) synthetic established heat management,
(Sabatier reaction) . vyne), natural gas gement,
Microbes (Biological) technology and catalyst deactivation

scalable for
grid storage

200-300 ° . - Limi i
Methanol 5891 Sgiafl Methanol fuel, High efficiency, Céﬁ:";‘;ﬁg eerlgi(r)eZS
Synthesi CO, + 3H, — CH30H + H,O C v/ versatile scalable, feedstock CO, 1 lin

ynthests opper/ chemical feedstocks for DME and jet fuels 2 Feeycing

Zinc Oxide for efficiency

E)ﬂie;o-gco)scchz Scalable hydrogen High energy input,
Ammonia 100-450 bmﬁ Ammonia (e-fuel carrier, zero-carbon, Haber-Bosch requires
e NeeonM Saslewe, e Poeielfraesy oo

atmospheric hydrogen carrier) 8¢/ o
process; SSAS) rossure reduces kinetics and

IIDron /Nickel energy intensity material challenges

A comparative perspective is useful for understanding the advantages and limita-
tions of different electrofuel pathways. Electrofuels such as e-methanol, e-ammonia, and
e-methane exhibit distinct characteristics in terms of lifecycle carbon emissions, energy
density, and production costs. For example, e-methanol offers relatively easier storage
and handling and can utilize existing liquid fuel infrastructure, making it attractive for
maritime and chemical applications [40,142]. E-ammonia provides a high hydrogen content
and does not contain carbon, which eliminates direct CO, emissions during combustion,
although challenges remain related to toxicity, combustion efficiency, and nitrogen oxide
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emissions. In contrast, e-methane has the advantage of compatibility with existing natural
gas infrastructure but may involve additional energy losses during synthesis and lique-
faction [143]. From a lifecycle perspective, the carbon reduction potential of these fuels
depends strongly on the carbon intensity of the electricity used and the source of captured
CO,. Production costs also vary widely depending on technology maturity, renewable
electricity prices, and system integration. Therefore, the suitability of each electrofuel
pathway is highly context-dependent and must be evaluated based on specific sectoral
requirements, infrastructure availability, and environmental performance.

Despite the growing interest in electrofuels, their suitability varies significantly de-
pending on the specific requirements of each end-use sector, highlighting the need for
a more nuanced, application-driven evaluation. Different electrofuel pathways present
distinct trade-offs in terms of energy efficiency, infrastructure compatibility, storage require-
ments, and environmental performance [37,144]. For instance, e-kerosene is particularly
suited for aviation due to its compatibility with existing aircraft and fueling infrastructure,
despite its relatively high production cost and conversion losses. In contrast, e-ammonia
offers advantages for maritime transport because of its carbon-free composition and high
energy density by volume, although challenges related to toxicity, combustion efficiency,
and nitrogen oxide emissions remain. Similarly, e-methanol provides easier handling
and integration into existing fuel systems, making it attractive for shipping and chemical
applications, but it has a lower energy density compared to conventional fuels [145]. These
differences illustrate that no single electrofuel pathway is universally optimal; rather, their
deployment must be tailored to sector-specific operational, economic, and environmen-
tal constraints. Therefore, the effective integration of electrofuels into decarbonization
strategies requires a systems-level approach that considers trade-offs between efficiency,
cost, infrastructure readiness, and lifecycle emissions [146]. Table 3 further highlights each
electrofuel pathway to sector-specific suitability based on infrastructure compatibility, en-
ergy density requirement, combustion characteristic, handling constraint, and production
maturity criteria.

Table 3. Sector-specific adaptation mechanisms and key trade-offs influencing the technical suitability,
efficiency, and deployment potential of different electrofuel pathways.

Primary g . Adaptation o
Sector Electrofuel Candidate Key Suitability Driver Mechanism Required Limiting Trade-Off
. . Low production
I(;I;Ogh_i?iggn}: Cl\iﬁ)silltii], Direct replacement for Jet  efficiency (about 45%) vs.

Aviation FT synthetic kerosene op- ‘P y A-1 after infrastructure lock-in,

with jet engines and . e .. .
. blending certification efficiency is accepted due
fueling infrastructure .
to the lack of alternatives
Ammonia: Engine Ammonia offers lower
Ammonia: Zero-carbon = modifications lifecycle emissions but
. combustion; Methanol: ~ (combustion chamber, requires major engine
. o E-ammonia OR . . .

Maritime (shipping) E-methanol Easier handling, NOx after-treatment), re-design; methanol
existing crew training for toxicity; offers an easier transition
bunkering precedents Methanol: Minor injector ~ but retains carbon

and seal material changes  emissions
Energy density
Compatibility with Compressed gas storage  (~50 MJ/kg for LNG) vs.
Heavy road transport E-methane existing natural gas systems (250-700 bar) or ~ storage
y p (compressed or LNG)  engine platforms and cryogenic tanks; engine complexity—acceptable

refueling corridors

calibration adjustments

for long-haul routes with
centralized refueling
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Table 3. Cont.

Primary 1t . Adaptation .
Sector Electrofuel Candidate Key Suitability Driver Mechanism Required Limiting Trade-Off
e . Burner modification Fuel nsitivi .
Ability to retrofit urner oc.l cations ue C.OSt sensitivity vs
. . .- (fuel-air ratio, flame retrofit
Manufacturing existing natural gas s . S .
E-methane or . stability controls); in the  simplicity—sectors with
(cement, boilers and furnaces

steel, chemicals)

E-methanol

with minimal
capital expenditure

methanol case,
corrosion-resistant
fuel lines

long asset lives prioritize
minimal disruption over
operating expense

Power generation

E-methane
(via Sabatier)

Direct injection into
existing natural gas
pipeline network and
combined-cycle

gas turbines

No customer-side
changes; the power plant
may require increased
maintenance due to
different

flame characteristics

Round-trip efficiency vs.
storage scale acceptable
for long-duration storage,
not for daily cycling

Chemical feedstock

E-ammonia (fertilizer)
or E-methanol
(plastics
intermediates)

Direct substitution of
fossil-derived
feedstocks in existing
Haber-Bosch or
methanol-to-

For green ammonia: Only
hydrogen source changes
(electrolysis replaces
SMR); for e-methanol:
CO, source switching

Cost competitiveness vs.
green premium sector
will adopt only with
policy support or
carbon pricing

olefins plants

5. Techno-Economic Viability of Electrofuels in Future Energy Systems

The transition to a completely renewable energy system by 2050 is a critical yet highly
complex goal in the global effort to mitigate carbon emissions and limit the adverse impacts
of climate change. Achieving this vision is essential for reducing these adverse effects and
moving away from fossil fuels. Electrofuels produced through the combination of sustain-
able electricity and carbon dioxide capture have emerged as a key technology for reducing
carbon emissions in challenging sectors, including heavy transport, aviation, and certain
industrial processes. Techno-economic assessment is required to better understand their
long-term viability, cost competitiveness, and integration potential within future energy
systems [68,147]. Despite their potential to drastically lower greenhouse gas emissions, the
production of e-fuels remains more energy-intensive compared to conventional fossil fuels,
primarily due to the need for substantial inputs of electricity in the synthesis process. For
example, a study by Connolly et al. [148] shows that the production of methanol derived
from biomass requires 0.83 units of biomass and 0.53 units of electrical power for every
unit of fuel produced; as such, more than one unit of energy is utilized to produce one unit
of e-fuels, which highlights the energy-intensive nature of e-fuels. This energy demand,
while providing a clear environmental benefit, comes at a higher cost in comparison to
traditional fuels. When electrofuels are used as replacements for conventional fuels in
sectors including heavy-duty transport and industrial operations, there is a reduction of up
to 40% in CO; emissions [23]. These higher costs are primarily driven by the energy inputs
and technological infrastructure required for e-fuel production [149].

The economic viability of e-fuels is heavily influenced by the cost of electricity, particu-
larly renewable sources like solar and wind energy [150,151]. The cost of electricity directly
impacts the price competitiveness of e-fuels, as the price of green hydrogen, considered a
fundamental building block in e-fuel production, relies heavily on the cost of renewable
power [152]. A key factor influencing the cost of green hydrogen production is the lev-
elized cost of hydrogen (LCOH), which includes both capital expenditures (CAPEX) and
operational expenditures (OPEX) related to hydrogen production technologies [153,154].
As electrolysis technologies continue to evolve and improve, current projections indicate
that by 2030, the LCOH for green hydrogen could fall below $2.1/kg on average. Table 4
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presents the achievable LCOHs for various electrolysis technologies, based on current and
projected electricity prices for 2030 [153]. Such a reduction in costs would make green
hydrogen compete effectively with hydrogen derived from fossil fuels, thereby improving
the economic feasibility of electrofuels as a viable replacement for traditional fuels. For
instance, Millinger et al. [155] provided a case study for Germany, demonstrating the
impact of utilizing excess renewable electricity to synthesize electrofuels to replace fossil
fuels. Their findings showed that electrofuels could reduce transportation sector emissions
by 46% and achieve annual abatement of 74 Mt CO, equivalent greenhouse gases.

Table 4. Projected characteristics of various electrolysis technologies for 2030, along with correspond-
ing LCOH values derived from specified CAPEX and OPEX estimates [156].

2030
Parameter Units Alkaline PEM SOECs
Essential . Chemical elements Ni Pt, Ir Co, Ni
raw materials
Stack size MW lkg/h 201432 101216 0.5113.3
Maximum GW >1 >1 1
system size
Average
system efficiency kWh/kg 50 50 38
Average H 100,000 80,000 80,000
degradation
Average
system CAPEX $/kW1$1000 per kg/h 20019 400118 400115
LCOH with
electricity price $/kg 22 2.4 1.9
$30/MWh
LCOH with
electricity price $/kg 12 1.4 1.1
$15/MWh

The integration of CO; capture technologies is another key factor in the economic
assessment of electrofuels [25,136-139]. These technologies remain in their initial phases
of advancement, with costs ranging from $105 to $525 per ton of CO, captured, varying
with the technology and the extent of deployment. Solid DAC systems, in particular,
have shown promise due to their energy efficiencies and the potential for electrification,
which could support large-scale operations. An estimate for DAC technologies by different
researchers ranges from $168 to over $1364 per ton of CO,, with costs heavily influenced
by plant capacity utilization and electricity prices as well. Whereas, carbon capture from
biogenic sources and point sources shows a more cost-effective alternative, with costs below
$53 per ton of CO, [153]. This highlights the importance of optimizing carbon capture
strategies to minimize production expenses. These systems require medium-grade heat,
which industrial heat pumps can provide, making them a feasible alternative for integration
into an extensive e-fuel production facility. Thus, achieving higher operational efficiencies
in CO; capture facilities will be critical to reducing the overall costs of e-fuel production and
enhancing their economic viability in the long term for achieving deep decarbonization.

In addition to cost considerations, policy frameworks and carbon offsetting mech-
anisms play an important role in supporting the market adoption of electrofuels [157].
Because electrofuels are currently more expensive than conventional fossil fuels, policy
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instruments such as carbon pricing, emissions trading systems, renewable fuel mandates,
and targeted subsidies are essential to help reduce the competitiveness gap [22,158]. These
policy tools help internalize the environmental costs of fossil fuels and provide economic in-
centives for the development and deployment of low-carbon fuel alternatives. For instance,
SAF blending mandates and emerging maritime fuel regulations in several regions are
beginning to create early market demand for synthetic fuels and encourage investments in
large-scale production facilities. Carbon offsetting mechanisms, particularly in the aviation
sector, can also provide a temporary pathway for reducing emissions while the production
and supply of low-carbon fuels continue to scale. Such mechanisms allow industries with
limited short-term decarbonization options to compensate for emissions while transitioning
toward cleaner fuel systems. However, the effectiveness of these approaches depends on
robust accounting rules, clear additionality criteria, and transparent lifecycle assessment
frameworks to prevent double-counting and ensure real and verifiable emissions reduc-
tions [157]. Therefore, the large-scale viability of electrofuels is not determined solely by
technological maturity but by the alignment between innovation, regulatory stability, and
carbon governance structures.

E-fuel shows a promising potential for deep decarbonization; however, several prac-
tical challenges limit its large-scale implementation. One major barrier is the need for
substantial infrastructure transformation, including the development of new production
facilities, storage systems, and transport networks, as well as the retrofitting of existing
infrastructure to accommodate different fuel properties [159]. For example, while some
electrofuels, such as e-methane, can utilize existing natural gas networks, others, like
ammonia, require specialized handling, storage, and safety systems due to toxicity and
material compatibility concerns. The lack of harmonized certification standards and regula-
tory frameworks presents a significant challenge for market adoption. Clear sustainability
criteria, lifecycle accounting methods, and fuel certification schemes are required to ensure
environmental integrity and enable international trade [145]. Furthermore, the develop-
ment of global supply chains for electrofuels remains complex, as production is often
geographically tied to regions with abundant renewable energy resources, while demand is
concentrated in industrial and transport hubs. This creates logistical challenges related to
fuel transport, storage, and cross-border regulation. Addressing these barriers will require
coordinated efforts in infrastructure investment, policy alignment, standardization, and
international collaboration to support the large-scale deployment of electrofuels.

The development of electrofuels is expected to follow regionally differentiated path-
ways, largely driven by the availability and cost of renewable energy resources. Regions
with abundant solar and wind potential, such as the Middle East, North Africa, Australia,
and parts of South America, are well-positioned to become major production hubs due
to their ability to generate low-cost renewable electricity, which is a key determinant of
electrofuel production costs. In contrast, regions with limited renewable resources but
high energy demand, such as parts of Europe and East Asia, may rely more heavily on
electrofuel imports to meet decarbonization targets [160]. This geographic imbalance high-
lights the importance of aligning electrofuel production pathways with regional resource
endowments and infrastructure capabilities. For example, hydrogen-derived fuels such
as e-ammonia and e-methanol may be more suitable for export-oriented production due
to their relative ease of storage and transport compared to hydrogen. Furthermore, the
cost competitiveness of electrofuels is highly sensitive to regional electricity prices, carbon
pricing mechanisms, and policy incentives, leading to significant variations in economic
feasibility across different regions. Therefore, the successful deployment of electrofuels
will depend on region-specific strategies that integrate resource availability, technology
selection, infrastructure development, and international trade considerations.
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6. Future Outlook and Research Directions

Despite the significant potential of e-fuels as low-carbon energy carriers for decar-
bonizing hard-to-abate sectors, their large-scale deployment remains constrained by a
combination of technical, economic, and systemic challenges. Future research should move
beyond incremental technological improvements and adopt a more integrated, systems-
level perspective that explicitly considers trade-offs between efficiency, cost, infrastructure
requirements, and environmental performance. Advancements in electrolyzer technolo-
gies remain a critical priority, particularly in improving efficiency, durability, and cost-
effectiveness through the development of advanced catalysts, electrode materials, and
system designs. At the same time, progress in carbon capture technologies, especially DAC,
is essential to ensure a reliable and sustainable CO, supply. However, these technological
improvements must be evaluated within a broader lifecycle framework, as their environ-
mental benefits are highly dependent on electricity carbon intensity, process efficiencies,
and system integration.

Future research should also focus on the sector-specific deployment of electrofuels,
recognizing that no single fuel pathway is universally optimal. For instance, aviation is
likely to rely on synthetic hydrocarbons such as e-kerosene due to strict fuel compatibil-
ity requirements, while maritime transport may favor alternatives such as e-ammonia or
e-methanol depending on trade-offs between energy density, safety, and infrastructure
readiness. Similarly, industrial applications may prioritize electrofuels based on feedstock
requirements and process integration. These differences highlight the need for targeted
research that aligns electrofuel pathways with specific sectoral demands. In addition to
technological considerations, addressing practical implementation barriers is essential for
scaling electrofuels. Key challenges include the need for significant infrastructure transfor-
mation, the development of standardized certification frameworks, and the establishment
of reliable global supply chains. These challenges are further compounded by the geo-
graphic mismatch between renewable energy availability and fuel demand, necessitating
coordinated international efforts in infrastructure development, regulation, and trade.

The future development of electrofuels is also expected to follow regionally differ-
entiated pathways. Regions with abundant renewable energy resources, such as solar-
and wind-rich areas, are well positioned to become cost-competitive production hubs,
while energy-importing regions may rely on international supply chains. Understand-
ing these regional dynamics is critical for optimizing production strategies, improving
cost competitiveness, and enabling large-scale deployment. Policy support is critical to
overcoming most of the barriers to electrofuel adoption. Governments must implement
supportive measures such as subsidies, carbon credits, and direct investments to expedite
the advancement and implementation of e-fuels. Mechanisms such as carbon pricing, fuel
standards, and targeted subsidies can help bridge the cost gap with conventional fuels
and stimulate market adoption. Raising public awareness and conducting educational
initiatives will also play a crucial role in building societal acceptance and understanding of
the potential benefits of e-fuels. Lifecycle assessments (LCA) will be increasingly important
in evaluating the overall environmental impact of e-fuels, ensuring that they deliver on
their promise of sustainability. To foster innovation and ensure the successful integration
of e-fuels, these efforts must be coupled with a stable policy environment and long-term
investment in research and infrastructure development.

7. Conclusions

This study provides a comprehensive assessment of the feasibility and environmen-
tal implications of electrofuels in the decarbonization of hard-to-abate sectors, including
aviation, maritime transport, and heavy industry. The analysis highlights that, while electro-

https://doi.org/10.3390 /hydrogen7020049


https://doi.org/10.3390/hydrogen7020049

Hydrogen 2026, 7, 49

27 of 34

fuels offer a promising pathway toward deep decarbonization, their large-scale deployment
remains constrained by several interrelated technical, economic, and infrastructural chal-
lenges. In particular, electrofuel production is highly energy-intensive, primarily due to
the substantial electricity requirements for water electrolysis and CO, capture processes,
which contribute to high production costs and overall energy conversion inefficiencies.

Advancements in electrolysis technologies, especially those aimed at improving effi-
ciency and reducing the levelized cost of hydrogen, are identified as critical to enhancing
the economic viability of electrofuels. Lower hydrogen production costs are expected to
play a central role in narrowing the competitiveness gap between electrofuels and conven-
tional fossil-based alternatives. At the same time, the availability and cost of renewable
energy resources remain highly region-specific, suggesting that international collaboration
and strategic trade frameworks will be essential for optimizing global electrofuel sup-
ply chains. Regions with abundant renewable energy potential, such as the Middle East
and North Africa, are particularly well-positioned to become key hubs for cost-effective
electrofuel production.

The transition toward large-scale electrofuel deployment will also require substantial
investments in infrastructure, including electrolysis facilities, CO, capture systems, and fuel
distribution networks. In this context, supportive policy frameworks such as carbon pricing
mechanisms, targeted subsidies, and regulatory incentives will be essential to accelerate
market adoption and reduce financial risks. Beyond their role as an alternative fuel,
electrofuels have the potential to contribute to the broader transformation of global energy
systems by enhancing long-term sustainability and energy security. Continued innovation,
coupled with coordinated policy support and infrastructure development, will be crucial in
enabling electrofuels to serve as a cornerstone technology for deep decarbonization across
hard-to-abate sectors.
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AECs Alkaline Electrolysis Cells
CAPEX Capital expenditures

CHy Methane

CcoO Carbon Monoxide

CO, Carbon Dioxide

DAC Direct air capture

DME Dimethyl ether
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EU European Union

Ells Energy-intensive industries
FT Fischer-Tropsch

GHG Greenhouse Gas

H, Hydrogen

HTFT High Temperature Fischer-Tropsch
LCOH  Levelized Cost of Hydrogen

LCA Life Cycle Assessments

LTFT Low Temperature Fischer-Tropsch
NH;j; Ammonia

OPEX Operational Expenditures

PEMs Proton Exchange Membranes
RWGS  Reverse Water Gas Shift

SAF Sustainable Aviation Fuels

SDGs Sustainable Development Goals
SOECs  Solid Oxide Electrolysis Cells
SSAS Solid State Ammonia Synthesis

YSZ Yttria-Stabilized Zirconia
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