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Abstract: This comprehensive review examines the role of sustainable aviation fuels (SAFs) in
promoting a more environmentally responsible aviation industry. This study explores various types
of biofuels, including hydroprocessed esters and fatty acids (HEFAs), Fischer-Tropsch (FT) fuels,
alcohol-to-jet (AT]) fuels, and oil derived from algae. Technological advancements in production and
processing have enabled SAF to offer significant reductions in greenhouse gas emissions and other
pollutants, contributing to a cleaner environment and better air quality. The review addresses the
environmental, economic, and technical benefits of SAF, as well as the challenges associated with
their adoption. Lifecycle analyses are used to assess the net environmental benefits of SAF, with a
focus on feedstock sustainability, energy efficiency, and potential impacts on biodiversity and land
use. Challenges such as economic viability, scalability, and regulatory compliance are discussed, with
emphasis on the need for supportive policies and international collaboration to ensure the long-term
sustainability of SAF. This study also explores current applications of SAF in commercial airlines
and military settings, highlighting successful case studies and regional differences driven by policy
frameworks and government incentives. By promoting technological innovation and addressing
regulatory and economic barriers, SAF has the potential to play a crucial role in the aviation industry’s
transition toward sustainability.

Keywords: sustainable aviation fuels; aircraft engine; hydroprocessed esters and fatty acids; synthetic
iso-paraffin; Fischer-Tropsch fuels

1. Introduction
1.1. Background on Aviation and Environmental Concerns

Aviation is a significant contributor to global carbon emissions, posing substantial
environmental challenges that exacerbate climate change. Aviation emissions, particularly
carbon dioxide (CO,), nitrogen oxides (NOx), and water vapor, directly contribute to
global warming and climate change through the greenhouse effect and cloud formation
enhancements [1,2]. The persistent growth in air travel demand ensures that these emissions
will continue to rise without significant interventions in aircraft fuel technologies and air
traffic management [3].

Sustainable aviation fuels (SAFs) are pivotal to the future of aviation, offering a viable
alternative to conventional jet fuels, which are major sources of aviation-related emissions.
SAFs, derived from bio-based resources, significantly reduce the lifecycle carbon emissions
associated with aviation, providing a critical solution to the pressing need for the aviation
sector’s decarbonization [4,5]. The adoption of SAFs not only aligns with global carbon
reduction targets but also helps in mitigating the climate impact of non-CO, emissions,
such as those from NOx and contrails, which are significant contributors to radiative
forcing [6,7].
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1.2. Importance of Sustainable Aviation Fuels (SAFs)

The aviation industry is undergoing a resurgence since the COVID-19 pandemic,
resulting in a heightened global demand for aviation fuel. The International Air Transport
Association (IATA) projects this demand to reach 6.46 million gallons per day, which is
equivalent to approximately 19.8 thousand tons per day. The increased consumption of
aviation fuel will impact the environment and human health by raising greenhouse gas
(GHG) emissions. In 2019, air transport generated 914 million tons of CO,, accounting for
2.1% of total human-produced CO, emissions and 12% of CO, emissions from the transport
sector [8].

Achieving net zero carbon dioxide (CO,) emissions by 2050 is a key objective for the
aviation industry, governments, and regulatory bodies. High-level strategies, scenarios,
and roadmaps have been proposed to support this transition. Examples include the
European Green Deal with its Fit-for-55 package, IATA’s “Fly Net Zero” strategy, and
EUROCONTROL’s aviation outlook for 2050 [9]. The transition to SAFs offers numerous
benefits over traditional fuels. SAFs contribute to energy security by diversifying the fuel
supply and reducing dependency on oil markets. They also support rural development
and agricultural diversification through the use of non-food bio-feedstocks [10,11].

Despite these advantages, the widespread implementation of SAFs faces significant
challenges, including high production costs, feedstock availability, and the need for sub-
stantial technological and infrastructural developments to support large-scale deploy-
ment [12,13]. To realize the full potential of SAFs, coordinated efforts among governments,
industry stakeholders, and the scientific community are essential. This includes invest-
ments in research and development to improve fuel efficiency and reduce costs, as well as
policies to support the market uptake of SAFs [14-16].

The main goal of this review paper is to thoroughly investigate the environmental
challenges presented by the aviation sector, particularly its substantial contribution to
global carbon emissions. The paper examines the impact of these emissions—such as
carbon dioxide, nitrogen oxides, and water vapor—on global warming and climate systems,
both directly and indirectly. It also explores the role of sustainable aviation fuels (SAFs) as
a feasible alternative to conventional jet fuels, emphasizing their potential to lower lifecycle
carbon emissions and support the decarbonization of the aviation industry.

2. Methodology
2.1. Data Sources and Selection Criteria

The selection of sources for this comprehensive review was guided by specific criteria
to ensure the relevance and reliability of the information pertaining to sustainable aviation
fuels and their application in aircraft engines. Initially, the primary data sources were peer-
reviewed journal articles, industry reports, and authoritative publications from significant
entities in the aviation and environmental sectors, such as the International Air Transport
Association (IATA) and the International Civil Aviation Organization (ICAO). The relevance
of each source was determined based on its publication date, preferably within the last five
years, to ensure the currency of the data in the rapidly evolving field of aviation biofuels.

Reliability was assessed through the source’s peer-reviewed status, citation metrics,
and the recognition of the publishing journal or organization within the scientific and
aviation communities. Sources were also selected based on the specificity of their focus
on biofuels’ lifecycle analysis, emission impacts, economic viability, and regulatory frame-
works. This ensured a comprehensive collection of data that spans across the necessary
dimensions of the study topic.

2.2. Approach to Literature Review and Analysis

The approach to the literature review and analysis involved a structured process to
synthesize and interpret the gathered data effectively. The review started with a broad
search of keywords and phrases related to “sustainable aviation fuels”, “biofuel use in
aviation”, and “environmental impact of aviation fuels”. This initial search was refined by
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applying the selection criteria to narrow down the most relevant and reliable sources. Each
selected source was then meticulously reviewed to extract data pertinent to the environ-
mental impacts, technical performance, economic aspects, and regulatory environments
associated with biofuels in aviation.

The synthesis of information was conducted through a thematic analysis, where
data were categorized into themes such as environmental benefits, technical challenges,
economic feasibility, and policy implications. This thematic approach allowed for a coherent
structure in which to discuss the findings comprehensively. The analysis also included a
critical evaluation of conflicting data and gaps in current research, providing a balanced
perspective on the potential and limitations of sustainable aviation fuels. The review
culminated in integrating these insights into a narrative that reflects both the current state
of knowledge and the future directions for research and policymaking in the domain of
sustainable aviation fuels.

3. Overview of Aircraft Engine Types
3.1. Piston Engines

Piston engines, also known as reciprocating engines, are among the oldest types of
aircraft engines and are primarily used in small general aviation aircraft. They operate
similarly to automobile engines, using the expansion of burning gas to drive pistons.
These engines are typically powered by avgas (aviation gasoline), which is a high-octane
fuel suitable for the high compression ratios of aviation engines [17,18]. The transition
to biofuels in piston engines poses challenges primarily due to the biofuels” different
chemical characteristics compared to avgas, such as lower energy content per volume
and variations in stoichiometric fuel-to-air ratio, which can affect engine performance and
maintenance [19,20]. Research into biofuel compatibility with piston engines has indicated
that modifications to the fuel delivery systems and ignition timing may be necessary to
accommodate some types of biofuels [21,22]. Studies have also highlighted the potential
for biofuels to reduce emissions of unburned hydrocarbons and carbon monoxide in piston
aircraft engines, aligning with environmental sustainability goals [20,23].

3.2. Turboprop Engines

Turboprop engines combine aspects of both jet engines and propellers. These engines
are used primarily in aircraft that require short take-offs and landings or in those flying at
lower speeds for regional transport. Turboprops are known for their efficiency at speeds
below 450 miles per hour and are typically more fuel-efficient than turbojets or turbofans
at these lower speeds [13,15]. The use of biofuels in turboprop engines has been explored,
with studies demonstrating that biofuels such as HEFAs (hydroprocessed esters and fatty
acids) can be integrated without significant modifications to the engine [5,9].

Research has shown that SAFs, including those derived from jatropha, camelina,
and even used cooking oils, can meet the stringent energy density and freezing point
requirements necessary for turboprop applications [12,14]. These studies underline the
potential for significant reductions in lifecycle greenhouse gas emissions when switching
from conventional jet fuel to biofuels in turboprop engines [5,24].

3.3. Jet Engines (Turbojet and Turbofan)

Turbojet and turbofan engines are the most common engines used in commercial
aviation, with turbofans being more prevalent due to their greater efficiency and reduced
noise output. These engines work by drawing air into the engine, compressing it, mixing
it with fuel, and igniting the mixture to produce thrust [25,26]. The compatibility of
biofuels with jet engines has been extensively tested, demonstrating that biofuels can
replace conventional jet fuel up to a 50% blend with minimal to no modifications required
to the engines [22]. Figure 1 shows a basic illustration of a turbofan engine.
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Figure 1. A simplified diagram of a turbofan engine in the upper left corner, and the byproducts of
ideal and actual combustion in an aircraft engine in the upper right corner. Various atmospheric pro-

cesses, products, environmental impacts, effects on human health, and sinks for emitted compounds
are in the bottom section [27].

The studies have highlighted that biofuels can significantly reduce the emission of
pollutants such as sulfur oxides and particulate matter, which are prevalent in emissions
from conventional jet fuels [28,29]. The aviation industry sees this as a crucial step toward
achieving carbon-neutral growth, with the added benefit of reducing contrail formation,
which has a high climate impact due to its greenhouse gas trapping ability [20,30].

3.4. Compatibility of Different Engines with Biofuels

The compatibility of different engine types with biofuels is a critical area of research,
particularly as the aviation industry seeks sustainable fuel alternatives to meet environ-
mental targets. While piston and turboprop engines may require some adjustments for
optimal biofuel performance, turbojet and turbofan engines have shown a higher degree of
readiness for biofuel integration, particularly with SAFs [10,20]. Each engine type presents
unique challenges, from material compatibility and fuel system adjustments to efficiency
metrics and emission profiles.

Studies continue to focus on the long-term impacts of biofuel use on engine wear
and tear, maintenance schedules, and overall lifecycle costs [19,26]. Additionally, the
research emphasizes the need for industry-wide standards and certification processes to
ensure that biofuels not only meet the technical requirements of various engines but also
contribute positively to environmental sustainability goals without compromising safety or
performance [14,15].

4. Types of Biofuels in Aviation
4.1. Hydroprocessed Esters and Fatty Acids (HEFAs)

Hydroprocessed esters and fatty acids (HEFAs) are among the leading types of sustain-
able aviation fuels (SAFs) currently being integrated into the aviation sector. HEFA fuels are
produced through the hydroprocessing of vegetable oils or animal fats, which involves the
removal of oxygen and other non-hydrocarbon molecules to create hydrocarbons that are
structurally similar to those found in conventional jet fuels. This process results in a renew-
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able jet fuel that can be used as a direct drop-in replacement for traditional jet fuels without
requiring modifications to aircraft engines or fuel distribution infrastructure [31,32].

One of the crucial points for HEFA production is hydrogen production. This is a signif-
icant factor affecting both the economic viability and the environmental footprint of HEFA,
particularly when considering green hydrogen. A recent study by Pipitone et al. (2023)
addresses both the economic and environmental impacts of hydrogen production in HEFA
processes, underscoring the importance of green hydrogen in reducing lifecycle emis-
sions [33].

The appeal of HEFA fuels lies in their significant environmental benefits. They do
not contain sulfur and have the potential to reduce greenhouse gas emissions by up to
80% over their lifecycle compared to conventional jet fuels. This reduction is primarily
due to the sustainable nature of the feedstocks and the potential for the carbon dioxide
released during combustion to be offset by the carbon dioxide absorbed during the growth
of the feedstocks [34]. Technological advancements in the HEFA production process have
focused on optimizing yields and improving the cold flow properties of the fuel, which are
critical for aviation use. Techniques such as adjusting the isomerization process have been
explored to enhance the yield while maintaining the necessary freezing point properties
required for aviation fuels [31]. Additionally, ongoing research aims to expand the variety
of feedstocks that can be used, thereby increasing the scalability and economic feasibility of
HEFA fuels [35].

One of the critical challenges facing the adoption of HEFAs as a sustainable aviation
fuel is the economic viability. The cost of production remains higher than that of conven-
tional jet fuels, primarily due to the high cost of bio-based feedstocks and the complexity
of the production process. However, economic analyses suggest that with strategic policy
support and technological advancements, HEFA fuels could become more competitively
priced, fostering broader adoption in the aviation industry [32]. HEFA fuels have been
demonstrated to perform comparably to conventional fuels in terms of engine efficiency
and emissions. Studies have shown that HEFA can significantly reduce emissions of par-
ticulate matter and other pollutants, contributing to cleaner engine operations and less
environmental impact. Continued research and development are focusing on further reduc-
ing any potential toxicological impacts associated with HEFA fuel usage, ensuring safety
and sustainability in its application [33].

4.2. Synthetic Iso-Paraffin (SIP) Fuel

Synthetic iso-paraffin (SIP) fuels, often referred to as synthetic paraffinic kerosene
when used in aviation, are a type of sustainable aviation fuel (SAF) that holds significant
promise for reducing the aviation sector’s carbon footprint. SIP fuels are produced using the
Fischer-Tropsch process or through the hydroprocessing of renewable fats and oils. These
processes yield a high-quality fuel that contains no sulfur and has excellent combustion
properties [36,37]. The benefits of SIP fuels include their ability to significantly reduce
emissions of particulates and greenhouse gases compared to conventional jet fuels. For
example, the use of SIP in aircraft engines has demonstrated a reduction in the emission of
soot and other particulate matter, which are known contributors to atmospheric warming
and pollution [36]. Moreover, due to their cleaner burning characteristics, SIP fuels can
help improve air quality around airports and major cities.

Technologically, SIP fuels are compatible with existing aircraft engines and fuel distri-
bution infrastructure, which allows them to be blended with traditional jet fuels without
any modifications to aircraft systems. This compatibility is pivotal for the adoption of SIP
fuels in the aviation industry, as it enables airlines to transition to greener fuels without
incurring substantial retrofitting costs or operational changes [37]. There are challenges
associated with the widespread adoption of SIP fuels. The production of SIP is currently
more costly than that of conventional jet fuel, primarily due to the high cost of produc-
tion facilities and the need for significant upfront investment in technology development.
Moreover, while the feedstocks used in the production of SIP are renewable, the scalability



Energies 2024, 17, 2650

6 of 17

of these resources and the sustainability of their supply chains are critical factors that
need further exploration and optimization to meet the growing demand of the aviation
industry [38].

In terms of safety and performance, studies have shown that SIP fuels perform well
under various atmospheric conditions, maintaining stability and energy content compara-
ble to traditional fuels. This aspect is crucial for ensuring that the adoption of SIP does not
compromise the safety and reliability of air travel [36].

4.3. Fischer-Tropsch (FT) Fuel

Fischer-Tropsch (FT) synthesis is a versatile and well-established process used to
convert syngas (a mixture of carbon monoxide and hydrogen) derived from various car-
bonaceous materials like coal, natural gas, or biomass into liquid hydrocarbons. This
technology is critical for producing synthetic fuels, including sustainable aviation fuels
(SAFs), that are virtually sulfur-free and have significantly lower greenhouse gas emissions
compared to conventional jet fuels [39,40]. FT fuels are praised for their cleanliness and
high performance in aircraft engines. They can be tailored to produce a wide range of
hydrocarbon chains, making them highly suitable for aviation purposes. The adaptability
of FT synthesis allows for the production of fuels that meet stringent aviation fuel standards
regarding purity and performance. Furthermore, FT fuels have the potential to signifi-
cantly reduce particulate matter emissions and other pollutants associated with jet engines,
contributing to cleaner airport environments and reducing the aviation industry’s overall
carbon footprint [41,42].

Despite their benefits, the scale-up and economic viability of FT fuels face several
challenges. The capital-intensive nature of FT synthesis plants and the variability in feed-
stock costs can hinder the broader deployment of this technology. However, advancements
in catalysis and process engineering are continually being explored to reduce these costs
and improve efficiency. For instance, innovations in catalyst formulations and reactor
designs have shown potential to enhance conversion rates and selectivity towards desired
fuel components, thereby optimizing production costs and environmental benefits [43,44].
Moreover, the sustainability of FT fuels largely depends on the source of the hydrogen
and carbon monoxide used in the synthesis process. Utilizing biomass or waste-derived
syngas aligns with circular economy principles and further enhances the environmental
credentials of FT fuels. The integration of carbon capture and utilization technologies into
the FT process also presents a promising avenue to reduce the overall carbon intensity
of the produced fuels, aligning with global carbon reduction goals [45]. Fischer-Tropsch
synthesis can be conducted at varying temperatures. In processes using iron catalysts,
the synthesis temperature can range from 220 °C to 340 °C, depending on the specific
technology employed [46].

4.4. Alcohol-to-Jet (AT])

Alcohol-to-jet (AT]) technology represents a transformative approach to sustainable
aviation fuel (SAF) production, converting alcohols such as ethanol or isobutanol into
synthetic paraffinic kerosene suitable for jet engines. This pathway leverages established
catalytic processes to dehydrate alcohols into alkenes, which are then oligomerized into
larger hydrocarbon chains typical of jet fuels. AT] fuels are distinguished by their ability to
blend seamlessly with conventional jet fuel, meeting the stringent specifications required for
commercial aviation without modifications to existing engines or fuel systems [47,48]. AT]’s
appeal lies in its use of renewable feedstocks, including sugars, starches, and lignocellulosic
biomass, which can be fermented into alcohols before conversion. This flexibility allows
the utilization of a wide range of raw materials, including non-food crops and agricultural
residues, potentially reducing competition with food sources and minimizing land use
impacts [49,50]. Furthermore, the AT] process is capable of producing jet fuel that performs
comparably to conventional jet fuel in terms of energy density and cold-flow properties
while significantly reducing lifecycle greenhouse gas emissions.
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Figure 2 illustrates the process of converting bio-ethanol to bio-jet fuel hydrocarbons.
This process includes ethanol C-C coupling, distillation of oil-phase high-carbon alcohols,
and hydrodeoxygenation (HDO) of heavy alcohols. Verification of the entire process re-
sulted in the production of bio-jet fuel hydrocarbons, predominantly composed of branched
hydrocarbons. Additionally, the C4-C7 high-carbon alcohols present in the light alcohols
can be further upgraded to synthesize C8-C16 high-carbon alcohols, thereby enhancing the
yield of bio-jet fuel hydrocarbons [51].

Xewcr = 32.9% Xcs.crs = 98.9%

Xcace= 67.1% 67.9 Wt% 56.7 Wt%
Co-upgrading Distillation HDO
S — —lp
Conv.= 52.5% Conv. = 83.6%

Figure 2. Comprehensive flow diagram of kilogram-scale bio-ethanol to jet fuel hydrocarbon produc-
tion [51].

Despite its advantages, the adoption of AT] technology faces challenges, primarily
related to the cost-effectiveness of production at scale. The initial capital investment for AT]J
facilities is significant, and the economic viability depends heavily on the cost of feedstock
and the efficiency of the alcohol fermentation process [52]. Moreover, the regulatory land-
scape for biofuels can influence the deployment of ATJ technology, necessitating supportive
policies to ensure a competitive edge against traditional jet fuels. From an environmental
perspective, AT] fuels promise substantial reductions in particulate emissions and other
pollutants. Studies have shown that AT]J fuels can lower the emission of soot and sulfur
oxides, contributing to cleaner combustion and less environmental impact at airports and
in the upper atmosphere, where jet travel predominates [53].

4.5. Oil from Algae

Oil derived from algae, particularly microalgae, is a promising source of sustainable
aviation fuel (SAF). Algae-based oils are regarded for their rapid growth rates and high
oil yields per area, making them a highly productive source of biofuels compared to
traditional bioenergy crops. Algae can be cultivated in various environments, including
freshwater, marine settings, and even in non-arable lands, which minimizes competition
for agricultural resources and does not contribute to deforestation [54,55]. The process
of converting algae into biofuel typically involves cultivating the algae, harvesting the
biomass, extracting the lipids, and then refining these lipids into biofuel through processes
like hydroprocessing or transesterification. This biofuel is capable of being a “drop-in”
replacement for conventional jet fuels, meaning it can be used without modifications to
existing aircraft engines or fuel distribution infrastructures [56,57].

However, despite these advantages, several challenges remain in the path to com-
mercializing algae-based aviation fuels. These include the economic costs associated with
large-scale production, the energy-intensive nature of algae cultivation and harvesting,
and the need for technological advancements to improve lipid extraction and conversion
efficiencies. Studies also focus on optimizing the conditions under which algae grow to
maximize lipid production, such as by adjusting light intensity, nutrient availability, and
CO; supplementation [56,58].

The sustainability of algae-based aviation fuel production depends significantly on
the lifecycle analysis of emissions and energy use. The integration of algae cultivation with
waste management systems, such as using municipal or industrial wastewater as a nutrient
source, can improve the sustainability and economic viability of this biofuel source. This
integration not only helps in treating wastewater but also in reducing the operational costs
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associated with algae cultivation [54,59]. Algae-based fuels also present an opportunity
for decarbonizing the aviation sector, which is under increasing pressure to reduce its
environmental impact. As research continues, the scalability of algae as a biofuel source
holds the potential to meet a significant portion of aviation fuel demand, contributing to
the reduction of greenhouse gas emissions and reliance on fossil fuels [54,60].

4.6. Other Emerging Biofuels

The landscape of sustainable aviation fuels (SAFs) is rapidly evolving, with several
emerging biofuel technologies showing promise for revolutionizing energy sources within
the aviation industry. These include advanced biofuels such as lignin-based fuels, solar fuels,
and electrofuels, each offering unique benefits and challenges to sustainable aviation [61].

Lignin-Based Biofuels: Lignin, a major component of plant biomass, provides a promis-
ing feedstock for biofuel production due to its abundance and relatively low value in the
current market. Research into lignin-based biofuels primarily focuses on converting this
complex polymer into simpler hydrocarbon chains that can serve as drop-in fuels for avia-
tion. While the process is challenging due to the recalcitrant nature of lignin, advances in
catalytic hydroprocessing and genetic engineering are improving the efficiency of these
conversions, promising a sustainable route to high-energy-density jet fuels [61].

Solar Fuels: Solar fuels are produced through the conversion of solar energy into
chemical energy, typically via processes that mimic natural photosynthesis. Although still
at an experimental stage, solar fuels could potentially provide limitless carbon-neutral
energy, sourced directly from sunlight and air. The integration of solar energy systems with
catalytic processes to produce liquid hydrocarbons could significantly reduce the carbon
footprint of aviation fuels, aligning with global decarbonization goals [62].

Electrofuels: Produced from carbon dioxide and water using electrical energy (often
sourced from renewable sources), electrofuels represent a groundbreaking approach to
sustainable fuel production. This technology is particularly attractive for the aviation
industry due to its potential for high energy density and compatibility with existing fuel
infrastructure. Electrofuels can be synthesized through various pathways, including the
electrochemical reduction of CO,, offering a versatile and potentially scalable solution to
reduce aviation’s reliance on fossil fuels [63].

Table 1 serves to highlight the distinct features and considerations of each biofuel
type, offering a clear comparison to facilitate understanding of their potential impact on
the aviation sector.

Table 1. Summary of biofuels for aviation: production processes, benefits, challenges, and technologi-
cal aspects.

Type of Biofuel Production Process Benefits Challenges Technological Aspects
Direct drop-in replacement; up to Higher production costs; . .
Hyirri)é);(;ctf}slszccliljzters Hydroprocessing of vegetable 80% reduction in lifecycle GHG economic viability depends on Ir;f;;gﬂ%gfiigfn;oﬁggw
(HEFAs) oils or animal fats [31,32] emissions; no sulfur content; policy support and technological variety of feedstocks [31]

reduced particulate emissions [34]

advancements [32]

Synthetic Iso-paraffin
(SIP) Fuel

Fischer-Tropsch process or
hydroprocessing of renewable
fats and oils [36,37]

Reduction in particulate and GHG
emissions; compatible with
existing engines and
infrastructure [36,37]

Higher production costs;
scalability and sustainability of
feedstock supply chains [38]

High-quality fuel with no
sulfur; excellent combustion
properties [36]

Fischer-Tropsch
(FT) Fuel

Conversion of syngas (from
coal, natural gas, or biomass)
into liquid
hydrocarbons [39,40]

Sulfur-free; lower GHG emissions;
high performance in
engines [41,42]

Capital-intensive production
plants; variability in feedstock
costs [43,44]

Advances in catalysis and
process engineering;
integration of carbon capture
and utilization
technologies [45,46]

Alcohol-to-Jet (AT])

Conversion of alcohols
(ethanol, isobutanol) into
synthetic paraffinic
kerosene [47,48]

Uses renewable
feedstocks;sSignificant GHG
emissions reduction [49,50]

High initial capital investment;
economic viability depends on
feedstock costs and fermentation
efficiency [51]

Established catalytic processes
for dehydration and
oligomerization [47,48]

Qil from Algae

Cultivation of algae, lipid
extraction, and refining into
biofuel [54-57]

High oil yields per area; can be
cultivated in diverse environments
without competing with
agricultural resources [54,55]

Economic costs of large-scale
production; energy-intensive
cultivation and harvesting
processes [56-58]

Optimization of growth
conditions; integration with
waste management
systems [59,60]
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5. Production and Processing of Aviation Biofuels
5.1. Feedstock Sources and Sustainability

The production of sustainable aviation fuels (SAFs) starts with the selection of suitable
feedstock, which significantly impacts both the sustainability and economic viability of
the fuel produced. Feedstocks for SAFs include a wide range of biomass sources, such
as agricultural residues, non-edible oil crops, algae, and municipal solid waste. Each
of these sources has its own set of sustainability challenges and benefits, making the
choice of feedstock crucial for the overall sustainability of the fuel production process [59].
Sustainable feedstock sourcing must consider environmental, social, and economic aspects,
ensuring that the production does not adversely affect food security, biodiversity, or lead
to deforestation. Technologies such as the hydrothermal liquefaction of algae and the
Fischer-Tropsch synthesis using lignocellulosic biomass are being developed to increase
the sustainability and efficiency of feedstock conversion. Innovations in genetic engineering
and agronomic practices are also improving the yields and reducing the environmental
impacts of these crops [64].

5.2. Conversion Processes

The conversion of biomass into aviation biofuel can be achieved through several
pathways, each with its own technological and economic challenges. The most common
processes include hydroprocessing of oils and fats, Fischer-Tropsch synthesis from syngas,
and the alcohol-to-jet (AT]) pathway. Hydroprocessing involves removing oxygen from
triglycerides to form hydrocarbons that can be used directly in jet engines. Fischer-Tropsch
synthesis, on the other hand, involves gasifying biomass to produce a synthesis gas, which
is then converted into liquid hydrocarbons through a catalytic process. The AT] pathway
involves the conversion of alcohols, which can be produced from sugars or starches, into
synthetic paraffinic kerosene [65,66].

Each of these conversion processes requires specific catalysts, temperatures, and
pressures, and the efficiency of these processes is continually improving through research
and development. Challenges such as catalyst deactivation, high energy requirements, and
the need for large-scale infrastructure investment remain, but advances in catalytic science
and process engineering are progressively overcoming these barriers [67,68].

5.3. Blending with Conventional Jet Fuels

Blending bio-based aviation fuels with conventional jet fuels is a practical approach to
introducing SAF into the current fuel supply without extensive modifications to aircraft or
fuel distribution infrastructure. Biofuels must meet stringent specifications for viscosity,
freezing point, and energy content to be compatible with existing jet fuels. Research into
the blending properties of various biofuels has shown that certain bio-derived synthetic
paraffinic kerosenes can be blended at ratios of up to 50% with conventional jet fuels without
adverse effects on engine performance or emissions [69,70]. Studies have demonstrated
that blends of biofuels and conventional jet fuels can reduce emissions of greenhouse gases
and particulate matter, contributing to cleaner combustion and reduced environmental
impact. However, the stability, cold flow properties, and combustion characteristics of
these blends are critical parameters that need continuous monitoring and optimization to
meet the operational requirements of commercial aviation [71,72].

6. Advantages and Challenges
6.1. Economic Viability and Cost Factors

Economic viability remains a significant challenge for SAFs, with production costs typ-
ically higher than those of conventional jet fuels. Several factors contribute to these higher
costs, including the expense of feedstocks, energy-intensive conversion processes, and the
need for large-scale production facilities. Despite these challenges, the growing demand
for sustainable fuels and supportive government policies are driving down costs through
economies of scale and technological advancements [65]. To achieve economic viability,
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SAF production must be scalable and cost-effective. This involves optimizing feedstock
sourcing, improving conversion efficiency, and developing robust supply chains. Innova-
tive technologies, such as hydroprocessing, Fischer-Tropsch synthesis, and alcohol-to-jet
(AT]J), are becoming more efficient, helping to lower costs. Additionally, financial incentives
and carbon pricing mechanisms are playing a role in making SAF more competitive with
traditional fuels [61].

6.2. Scalability and Supply Chain Issues

Scalability is a critical factor in the widespread adoption of SAF. The aviation industry
requires large volumes of fuel, necessitating a scalable supply chain for SAF production and
distribution. Challenges in scalability often stem from feedstock availability, transportation
logistics, and production capacity. A diverse range of feedstocks, such as algae, agricultural
residues, and non-food crops, can improve scalability by reducing reliance on a single
source [64]. Developing robust supply chains involves addressing logistical issues related to
feedstock transportation, storage, and distribution. The integration of SAF production with
existing infrastructure and the ability to blend with conventional jet fuels are essential for
ensuring a smooth transition to sustainable aviation. Scalability also requires investment in
large-scale production facilities, which can be capital-intensive but are crucial for meeting
the aviation industry’s demand [65].

6.3. Technical and Regulatory Challenges

Technical challenges for SAF primarily concern engine compatibility, fuel stability, and
combustion characteristics. SAF must meet stringent specifications to ensure safety and
performance in aircraft engines. This requires rigorous testing and certification processes
to guarantee that SAF blends are safe for use in commercial aviation [67]. Research into the
blending properties of SAF with conventional jet fuels is ongoing, focusing on maintaining
the necessary energy content, freezing point, and viscosity for aviation applications.

Regulatory challenges also play a significant role in the adoption of SAF. The aviation
industry is subject to strict regulations, and any new fuel must comply with these standards.
Harmonizing regulations across different countries and regions is crucial for the global
adoption of SAF. Supportive policies and financial incentives can encourage airlines to
transition to SAF, while international agreements, such as those under the International
Civil Aviation Organization (ICAQO), are instrumental in setting industry-wide sustainability
goals [65].

7. Case Studies and Current Applications
7.1. Use in Commercial Airlines

Sustainable aviation fuels (SAFs) have gained traction in commercial airlines due
to their potential to reduce greenhouse gas emissions and dependence on fossil fuels.
Commercial airlines have begun incorporating SAF into their operations, with many
conducting test flights and some establishing long-term agreements for SAF supply [73].
For example, several major airlines, including British Airways and United Airlines, have
partnered with biofuel companies to promote the use of SAFs on their flights. This shift
toward biofuels is part of a broader effort to meet international sustainability goals and
reduce the environmental impact of air travel [74].

Drop-in biofuels are particularly attractive to commercial airlines as they can be
blended with conventional jet fuels, allowing for a smoother transition to sustainability
without requiring significant infrastructure changes. Airlines have conducted successful
test flights with SAF, demonstrating that these fuels do not adversely impact engine
performance or maintenance schedules [75,76]. However, to increase the adoption of
SAF in commercial airlines, consistent policies, reliable feedstock sources, and scalable
production facilities are required to meet demand and reduce costs [77].
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7.2. Military Applications

The military has also shown interest in using biofuels, primarily to increase energy
security and reduce reliance on fossil fuels. The U.S. Navy, for example, has used algae-
based biofuels in ships and aircraft, demonstrating that blending algal biofuels with ultra-
low-sulfur diesel fuel can reduce pollutants and improve fuel economy [78]. Additionally,
the military is exploring hybrid propulsion systems for aircraft and other equipment,
aiming to enhance energy efficiency and reduce carbon emissions [79].

These military applications of biofuels highlight the potential for broader adoption in
the aviation industry. However, challenges remain, including the high costs of biofuels, lim-
ited feedstock availability, and the need for specialized infrastructure to support these fuels.
The military’s efforts to use biofuels could serve as a catalyst for broader adoption across
other sectors, encouraging innovation and investment in sustainable aviation fuels [78,80].

7.3. Regional Differences and Policy Impacts

Regional differences and policy impacts play a significant role in the adoption of SAF.
Countries with strict environmental regulations and supportive policies are more likely to
foster the growth of biofuels in aviation. For instance, Norway has implemented mandates
requiring that a certain percentage of aviation fuels come from renewable sources, driving
the adoption of SAF in airports like Oslo Gardermoen [16]. Similarly, Brazil has favorable
conditions for SAF production due to its abundant feedstocks and policies encouraging
renewable energy sources [81].

In contrast, regions with less supportive policies and limited infrastructure for biofuels
face challenges in adopting SAF. The cost of production, transportation logistics, and regu-
latory compliance can hinder the growth of biofuels in these areas [82]. To promote broader
adoption of SAF, policymakers need to address these challenges by providing incentives for
biofuel production, encouraging investment in infrastructure, and harmonizing regulations
across regions to facilitate the global adoption of sustainable aviation fuels [83].

8. Environmental Impact Assessment
8.1. Environmental Benefits

Sustainable aviation fuels (SAFs) offer considerable environmental benefits compared
to conventional jet fuels. One of the primary advantages is the significant reduction in
greenhouse gas emissions. SAF, derived from renewable resources, typically has a lower
carbon footprint across its lifecycle because the carbon dioxide released during combustion
can be offset by the carbon dioxide absorbed during the growth of the biofuel feedstocks [84].
This creates a more circular approach to carbon, contributing to efforts to combat climate
change. SAF has the potential to reduce other pollutants such as sulfur oxides (SOx),
nitrogen oxides (NOx), and particulate matter, which are common byproducts of fossil-
based jet fuels. By using cleaner feedstocks and advanced processing techniques, SAF can
contribute to better air quality around airports and reduce environmental impact at high
altitudes where contrails and other emissions have significant climate effects [69]. These
benefits make SAF an attractive option for airlines aiming to meet stricter environmental
regulations and contribute to sustainability goals.

8.2. Reduction in Greenhouse Gas Emissions

Sustainable aviation fuels (SAFs) offer a significant reduction in greenhouse gas (GHG)
emissions compared to conventional jet fuels. Lifecycle assessments of various SAFs
reveal that they can achieve GHG reductions ranging from 40% to 80%, depending on the
feedstock and production process [85]. The key to these reductions lies in the renewable
nature of the feedstock, which absorbs CO, during growth, offsetting the CO, released
during combustion in aircraft engines.

One critical aspect of GHG reduction is induced land use change (ILUC), which
can either contribute to or detract from the net environmental benefits of SAF. Certain
feedstocks, such as those cultivated on marginal or degraded lands, present lower ILUC
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risks, leading to significant reductions in GHG emissions [41]. Advanced biofuel pathways,
like hydroprocessed esters and fatty acids (HEFAs) and Fischer-Tropsch (FT), have shown
promise in reducing GHG emissions when appropriate safeguards are in place to minimize
deforestation and other high-emission activities [86]. Another pathway for GHG reduction
is the utilization of oilseed cover crops, which can serve as feedstocks for biofuels without
requiring additional agricultural land. This approach can lead to significant land-use
savings, reduce ILUC emissions, and contribute to overall GHG reduction goals [87]. The
successful implementation of these pathways could contribute substantially to aviation’s
efforts to achieve net-zero emissions by 2050.

8.3. Lifecycle Analysis and Net Environmental Benefit

Lifecycle analysis (LCA) plays a crucial role in assessing the environmental impact
of SAE. This method evaluates the entire lifecycle of aviation biofuels, from feedstock
production to fuel combustion, providing a comprehensive view of the net environmental
benefits. Studies focusing on LCA demonstrate that while SAF generally offers lower
GHG emissions, there are significant variances depending on the production process and
feedstock source [88].

A key component of LCA is understanding the broader environmental implications be-
yond GHG emissions. This includes evaluating the impacts on soil health, water resources,
and biodiversity. For instance, biofuels derived from certain feedstocks may require large
amounts of water, potentially impacting local ecosystems and water availability. Biodiver-
sity concerns also emerge when biofuel production leads to deforestation or the conversion
of natural landscapes into agricultural land [89,90]. Net environmental benefit assessments
must also consider the effects of policy interventions and regulatory frameworks. Certain
policies may inadvertently incentivize practices that contribute to ILUC or other envi-
ronmental harms, while others encourage sustainable practices and renewable feedstock
use [91]. Harmonizing these policies across regions and ensuring consistent sustainability
criteria is essential to achieving a net environmental benefit from SAF.

8.4. Biodiversity and Land Use Considerations

The impact of biofuel production on biodiversity and land use is a critical consideration
for the environmental sustainability of SAF. Biodiversity can be adversely affected if biofuel
production leads to deforestation or disrupts existing ecosystems. Land use changes driven
by biofuel production may also contribute to soil degradation, loss of habitat, and declines
in regional food security [89,90].

To minimize biodiversity loss, SAF production must prioritize feedstocks that do
not compete with food crops or lead to large-scale land conversion. Utilizing marginal
or degraded lands for biofuel production can mitigate some of these risks, providing a
sustainable source of feedstock while preserving existing ecosystems [41]. Additionally, im-
plementing policies that promote land use efficiency and encourage the use of sustainable
feedstocks can reduce the pressure on biodiversity [89]. Effective land conservation strate-
gies, combined with sustainable agricultural practices, are essential for ensuring that SAF
contributes to environmental sustainability without causing undue harm to biodiversity
and land use. The integration of SAF production with existing agricultural systems and
the use of cover crops can help maintain biodiversity while providing a reliable source of
biofuel feedstock [86,87].

9. Future Directions and Research Needs

To further advance the field of sustainable aviation fuels (SAFs), ongoing technological
innovations are crucial. Recent developments in production and processing technologies
have demonstrated that emerging pathways, such as catalytic hydrothermolysis and electro-
fermentation, offer new opportunities for SAF production. These innovations focus on
increasing efficiency, reducing energy consumption, and maximizing yield from various
feedstocks, including lignocellulosic biomass and microalgae [92,93].



Energies 2024, 17, 2650

13 of 17

References

Catalytic hydrothermolysis (CH) is gaining traction due to its ability to produce high-
quality renewable jet fuels. It uses high temperatures and pressures to convert biomass into
a mixture of hydrocarbons that can be refined into SAFE. This technology shows promise for
economic viability and environmental sustainability, with the potential to utilize diverse
feedstocks, including agricultural waste and non-food crops [94].

Electro-fermentation, on the other hand, represents a novel approach that combines
traditional fermentation with electrical stimulation to enhance the production of biofuels
and biochemicals. This technology can increase the yield and efficiency of biofuel produc-
tion, providing a scalable option for SAF [93]. Continued research in this area can lead to
breakthroughs in SAF production, offering cost-effective and sustainable solutions for the
aviation industry.

10. Conclusions

Sustainable aviation fuels (SAFs) play a pivotal role in transitioning the aviation
industry towards a more environmentally responsible future. This review underscores
the multifaceted benefits of SAF, from reducing greenhouse gas emissions to promoting
sustainability. Through technological innovations such as catalytic hydrothermolysis and
electro-fermentation, SAF production is becoming more efficient and cost-effective. Gov-
ernment policies and incentives are essential for driving the adoption of SAF, fostering
public-private partnerships, and harmonizing regulations to ensure consistency across
regions. The environmental impact assessment, including comprehensive lifecycle analy-
ses, is crucial for evaluating the net environmental benefits of SAF and ensuring that its
production does not negatively affect biodiversity, water resources, or land use.

Technological, economic, and regulatory challenges remain, but ongoing research and
supportive policies can help overcome these barriers. Policies that encourage investment
in SAF production and promote a robust supply chain are critical to the long-term sus-
tainability of SAF. The aviation industry’s future will depend on the collaboration among
stakeholders, including airlines, fuel producers, governments, and international organiza-
tions, to create a more sustainable aviation sector. By focusing on these key areas, SAF can
significantly contribute to the aviation industry’s efforts to reduce its carbon footprint and
achieve a greener, more environmentally conscious future.
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