ANALYTICAL INSTRUMENTATION

RECENT ADVANCES IN THE DEVELOPMENT AND
SCALABILITY OF SUSTAINABLE AVIATION FUELS

Sustainable aviation fuels (SAFs) present a viable alternative
to fossil-derived jet fuels, offering significant reductions in
greenhouse gas emissions while maintaining compatibility
with existing aviation infrastructure. This review examines
key SAF feedstocks, including algae-based lipids, waste
biomass, and power-to-liquid (PtL) fuels, and explores their
respective conversion pathways such as hydroprocessed
esters and fatty acids (HEFA), alcohol-to-jet (ATJ) conversion,
and Fischer-Tropsch (FT) synthesis. The discussion highlights
advances in catalyst optimization, process intensification,
and hybrid production approaches aimed at improving fuel
yield and reducing costs. Key challenges, including feedstock
availability, scalability, and economic feasibility, are analyzed
alongside strategies such as advanced biorefineries,
high-efficiency catalysts, and policy-driven incentives to
facilitate widespread SAF adoption. Emerging research in
electrochemical CO, reduction and biocatalytic synthesis is
also explored as a future avenue for achieving carbon-neutral
fuel production.

1. Introduction

Sustainable aviation fuels (SAFs) are derived from biomass,
organic waste, and carbon dioxide, offering an alternative

to traditional aviation fuels composed of fossil fuels and
hydrocarbons. The primary goal of SAF utilization in the modern
day is to decrease carbon emissions in the aviation industry while
maintaining traditional aviation fuels” unique chemical properties,
consistent with improved resistance to temperature fluctuations,
freezing, and high-temperature explosions. Recent efforts to
achieve this goal include initiatives led by the International

Air Transport Association (IATA) to achieve net-zero carbon
emissions in the aviation industry by 2050. Nevertheless, the
aviation industry accounts for approximately 2% of greenhouse
gas emissions internationally, highlighting the importance of
SAFs in mitigating the effects of global warming by implementing
normal and isomeric alkenes to mimic the properties of traditional
fuels [1]

Various materials have been proposed as feedstock for SAF
production. Among the most prevalent production pathways
include hydro-processed esters and fatty acids (HEFAS), derived
from vegetable oils, algae-based oils, and animal fats refined
through the two-phased process of hydrogenation. Alcohol-to-

jet (AJT) technologies have also been used to alter the carbon
structure of alcohols, such as ethanol and isobutanol, through
molecular bonding and deoxygenation. Additionally, power-to-
liquid (PtL) has shown promise in converting carbon-containing
materials, renewable electricity, and non-fossil carbon dioxide to
produce refinable synthetic liquid hydrocarbons and crude oils
by combining hydrogen synthesized from water electrolysis with
carbon dioxide (CO,) captured through Fischer-Tropsch (FT)
synthesis [2]

However, significant barriers remain preventing large-scale SAF
production. Although HEFA has already shown promise as a
commercially viable SAF pathway, ATJ, PtL, and FT technologies
are still in early development. Moreover, many sustainable
feedstocks used for these processes have also raised biodiversity
and deforestation concerns, are limited in supply, and often
compete with other industries that heavily depend on these
materials, such as biodiesel production [3]. Additionally, global
infrastructure facilitating SAF refinement, transportation, and
storage is scarce, rendering production logistically challenging.

This paper will evaluate recent advances in the development and
scalability of SAF technologies. With an emphasis on identifying
efficient and cost-effective producing methods using various
feedstocks like algae, biowaste, and renewable electricity to
reduce carbon emissions within aviation while meeting growing
industrial demands, this review will also discuss research

into blending ratio optimization, life cycle analysis, and policy
frameworks to incentivize large-scale SAF adoption despite recent
challenges in the field

2. Feedstocks for Sustainable
Aviation Fuels
2.1 Algae-Based SAF

Algae-based sustainable aviation fuel (SAF) production relies

on microalgae and cyanobacteria, which can efficiently convert
CO,, water, and sunlight into lipids suitable for biofuel conversion
As illustrated in Figure 1, algae accumulate high lipid contents
under optimized conditions, making them a promising alternative
to conventional oil crops [35]. The process typically involves
cultivation in open ponds or photobioreactors, followed by

lipid extraction and hydroprocessing to generate hydrotreated
esters and fatty acids (HEFA), the most widely accepted SAF
pathway [4]
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Figure 1. Process flow diagram for biodiesel production from microalgae

[51]

One of the primary advantages of algae-derived SAF is its

high biomass yield and minimal land-use impact, allowing

for production without competing with food supply chains
Furthermore, microalgae can be cultivated using non-arable land,
saline water, and industrial waste streams rich in CO,, enhancing
sustainability [5]. However, scalability remains challenging due

to the high costs associated with cultivation, harvesting, and

lipid extraction. Improvements in genetic engineering and strain
selection have led to enhanced lipid accumulation and growth
rates, with recent studies demonstrating lipid contents exceeding
50% of dry biomass in optimized conditions [6].

Despite its potential, commercial viability depends on reducing
energy-intensive processing steps. Current research focuses on
integrated biorefineries that utilize residual biomass for biochar,
biogas, or high-value co-products to offset costs. Additionally,
advancements in direct catalytic conversion of whole algae
biomass—bypassing lipid extraction—are being explored to
improve process efficiency and economic feasibility [7].

2.2 Waste Biomass and Residual Feedstocks
Waste biomass-derived SAF leverages agricultural residues,
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forestry waste, municipal solid waste (MSW), and industrial
byproducts to create drop-in fuels while reducing landfill waste
and emissions. The most common conversion methods include
thermochemical processes such as gasification-Fischer-Tropsch
(FT) synthesis and pyrolysis, which break down biomass into
synthesis gas (syngas) or bio-oil, respectively, before upgrading
into aviation-compatible hydrocarbons (8]

Agricultural residues, including corn stover, wheat straw, and
sugarcane bagasse, are rich in cellulose and lignin, making them
ideal for biofuel production through enzymatic hydrolysis or
catalytic depolymerization. Forestry residues, such as sawdust
and bark, have also been utilized in bio-oil production through
fast pyrolysis, with upgraded biofuels showing promising fuel
properties comparable to conventional jet fuel [9]. Additionally,
MSW conversion provides a scalable alternative by repurposing
plastic waste and organic fractions into liquid hydrocarbons
through hydrothermal liquefaction (HTL) and catalytic cracking
[10]

Challenges in waste biomass utilization include heterogeneous
feedstock composition, which affects conversion efficiency and
fuel quality. Advanced pretreatment methods, such as steam
explosion and torrefaction, have been employed to enhance
biomass reactivity and improve overall process yields. Recent
studies indicate that blending bio-based intermediates with
petroleum-derived fractions can improve SAF compatibility and
cost-effectiveness, supporting wider industry adoption [11]

2.3 Renewable Electricity and Power-to-Liquid
(PtL) Fuels

Power-to-liquid (PtL) technology enables synthetic fuel production
from CO, and renewable electricity, offering a fully decarbonized
alternative to conventional aviation fuels. The process involves
electrolytic hydrogen (H,) production via water electrolysis,
followed by FT synthesis or methanol-to-jet (MTJ) conversion,
where hydrogen reacts with captured CO, to form liquid
hydrocarbons suitable for aviation applications [12].

One key advantage of PtL fuels is their potential for carbon-
neutral operation, as the CO, used in production can be sourced
from direct air capture (DAC), industrial flue gases, or biogenic
emissions. When coupled with wind, solar, or hydroelectric power,
PtL fuels achieve near-zero lifecycle emissions while ensuring
fuel security and scalability independent of biomass availability
[13]. However, high energy input requirements and electrolyzer
efficiency limitations currently hinder large-scale deployment.

Advancements in high-temperature co-electrolysis using solid
oxide electrolysis cells (SOECs) have demonstrated higher
conversion efficiencies and lower operational costs than
conventional alkaline or PEM electrolysis. Additionally, catalysts
optimized for selective CO, hydrogenation are improving
hydrocarbon yield and product selectivity, making PtL fuels more
commercially viable [14]. However, recent techno-economic
assessments indicate that PtL fuels currently have higher
production costs compared to fossil jet fuel, with projections
suggesting that cost parity may not be achieved in the near term.
Factors such as the high energy requirements for electrolysis,
limited availability of low-cost renewable electricity, and the
nascent state of carbon capture and storage (CCS) infrastructure
contribute to these challenges. For instance, a 2023 study
reported that the production costs for e-kerosene are higher
than recent fossil jet fuel prices, ranging from approximately
$340 t0 $1,370 per ton, depending on various factors including
electricity costs and plant scale [15]. These findings suggest that
significant technological advancements and policy interventions
will be necessary to make PtL fuels economically competitive with
traditional jet fuels

2.4 Comparison of SAF Feedstocks: Benefits,
Challenges, and Maturity

As evidenced by section 2.1, 2.2, and 2.3, SAFs can be derived
from various feedstocks, each with unique advantages and
challenges. Algae-based SAF offers high lipid yields and can be
grown on non-arable land, but its commercial viability is limited
by high production and extraction costs. Waste biomass and

Table 1. Summary of advantages, challenges and maturity levels of primary SAF feedstocks

Feedstock Advantages

Algae-Based SAF - High lipid yield per unit area
- Uses non-arable land

- Can utilize CO,-rich waste

Challenges Maturity Level

- High cultivation and
extraction costs

Early commercial

- Energy-intensive processing

- Utilizes agricultural and
municipal waste

- Existing FT and pyrolysis
infrastructure

streams
Waste Biomass & Residuals - Abundant feedstock - Feedstock variability affects | Commercially viable
availability fuel quality

- Pretreatment costs

- Logistics and collection
challenges

Power-to-Liquid Fuels - Fully decarbonized pathway
- No reliance on biomass

- Scalable with renewable
energy expansion

- High electricity demand Demonstration & early

- Expensive electrolyzers commercial

- Limited infrastructure

residual feedstocks, including agricultural and municipal waste,
provide a scalable and cost-effective SAF pathway, though
feedstock variability and pretreatment costs pose challenges.
This pathway is already commercially viable. PtL fuels, produced
using renewable electricity and captured CO,, present a fully
decarbonized alternative, independent of biomass availability
However, high energy demands and infrastructure costs currently
limit widespread adoption. As summarized in Table 1, waste
biomass-based SAF is the most commercially mature, while
algae and PtL fuels hold long-term potential with continued
advancements in cost reduction, technology scaling, and policy
support.

3.Production Pathways and Optimization
Strategies
3.1 Hydroprocessed Esters and Fatty Acids (HEFA)

Hydroprocessed esters and fatty acids (HEFA) represent the most
commercially viable pathway for sustainable aviation fuel (SAF)
production, accounting for the majority of current SAF supply. The
process involves hydrotreatment of renewable lipid feedstocks,
such as vegetable oils, waste fats, and algal lipids (primarily in the
forms of cooking oil or animal fats), to produce drop-in biofuels
that meet conventional jet fuel specifications. Observable in
Figure 2, HEFA fuels undergo hydrodeoxygenation, hydrocracking,
and isomerization to remove oxygen and adjust hydrocarbon
chain length, resulting in a fuel with high energy density and
compatibility with existing aviation infrastructure [16]

One of the key advantages of HEFA-based SAF is its low sulfur
content and improved combustion characteristics, leading to
reduced particulate emissions compared to petroleum-derived

jet fuel. However, feedstock availability and cost remain primary
constraints to large-scale adoption. While waste fats and used
cooking oils provide cost-effective alternatives, their limited supply
necessitates the expansion of dedicated oilseed crops, such

as camelina and carinate, or advancements in high-lipid algae
cultivation [17.

Recent research has focused on catalyst optimization and
process integration to improve HEFA yield and reduce hydrogen
consumption. Studies on NiMo and CoMo catalysts have
demonstrated improved deoxygenation efficiency, while novel
bifunctional catalysts incorporating zeolites enhance selectivity
for jet-range hydrocarbons [18]. Additionally, co-processing HEFA
intermediates in petroleum refineries is emerging as a cost-
effective strategy, leveraging existing infrastructure to scale SAF
production [17].

3.2 Alcohol-to-Jet (ATJ) Conversion

The alcohol-tojet (ATJ) pathway utilizes fermentation-derived
alcohols, such as ethanol, butanol, and isobutanol, as precursors
for SAF production. The process involves dehydration,
oligomerization, hydrogenation, and distillation to convert short-

s Light Gases

[ [ 7 and Propane
—> Naphtha
Stabilization Isomerization/
Feedstock —=>| Pretreatment > D‘;’gm'rb" L 3| “andwater || Hydrocracking > S:p'::l::ic;n LS Jet
Separation Reactor LS Diesel

.................. _ T ¥

Water

J

chain alcohols into branched and cyclic hydrocarbons that meet
jet fuel specifications [19]

A key advantage of ATJ fuels is their feedstock flexibility, as
alcohols can be produced from lignocellulosic biomass, municipal
solid waste, and syngas fermentation. However, the pathway is
less mature than HEFA and requires higher processing energy
due to the additional chemical steps involved [19]. Additionally,
selectivity and catalyst efficiency play crucial roles in determining
overall fuel yield and economic feasibility.

Recent advancements include improved dehydration catalysts,
such as zeolite-based materials, which enhance conversion
efficiency and minimize byproduct formation. Additionally,
genetically engineered microbial strains have been developed

to increase alcohol titers in fermentation, reducing downstream
processing costs [19]. In a recent study, an optimized ATJ process
using butanol from biomass fermentation achieved a conversion
efficiency of 84% with a jet fuel yield exceeding 50% by weight—a
significant improvement over earlier designs [19].

Despite its potential, ATJ SAF remains more expensive than
HEFA-derived fuels, with production costs largely dependent on
feedstock sourcing and process energy requirements. Ongoing
research into integrated biorefineries and process intensification is
expected to improve the pathway's commercial viability [20]

3.3 Gasification and Fischer-Tropsch Synthesis

Gasification followed by FT synthesis is a thermochemical
pathway for SAF production, converting solid biomass, municipal
solid waste (MSW), and other carbonaceous feedstocks into

liquid hydrocarbons via syngas (CO + H,). The process consists of
high-temperature gasification, syngas cleaning, FT synthesis, and
hydrocracking to generate aviation-compatible fuels [20].

The FT pathway is particularly attractive due to its feedstock
versatility and ability to produce a wide range of hydrocarbons,
including diesel and jet fuel. Additionally, FT-derived SAF has
excellent combustion characteristics, featuring a high hydrogen-
to-carbon ratio and near-zero sulfur content, resulting in reduced
particulate emissions compared to conventional jet fuel [20].

Despite these advantages, FT SAF faces significant economic
barriers due to high capital investment requirements and relatively
low process efficiency. One of the primary challenges is syngas
purification, as contaminants such as tars, ammonia, and

sulfur compounds can poison FT catalysts and reduce overall
conversion efficiency [20]

Recent advancements in biomass pretreatment, catalyst
development, and process intensification have led to improved
FT SAF yields. For instance, Co-based and Fe-based FT catalysts
have been optimized for higher selectivity towards jet-range
hydrocarbons, while hybrid gasification approaches incorporating
plasma-enhanced and catalytic gasification have shown promise
in reducing syngas cleaning costs [20].

A key area of research focuses on blending FT SAF with
conventional fuels to improve fuel properties and emissions
performance. Recent trials indicate that a 50/50 FT-blended fuel
can achieve CO, lifecycle reductions of up to 80% compared to
conventional jet fuel, supporting regulatory approval and industry
adoption [20].

3.4 Emerging Catalytic and Electrochemical
Approaches

Beyond conventional SAF pathways, emerging catalytic and
electrochemical conversion technologies are being explored to
enhance process efficiency and reduce carbon intensity. These
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Table 2. Lifecycle carbon footprint reductions of SAF pathways

SAF Pathway

HEFA 50 - 80%

Lifecycle GHG Reduction (%)

Key Assumptions

Based on waste oils and fats; lower
emissions for used cooking oil, higher
for virgin oils

ATJ 60 — 85%

Depends on fermentation efficiency and
feedstock source (e.g., sugarcane vs.
corn)

PtL Near-zero

Assumes 100% renewable electricity for
electrolysis and CO, sourced from direct
air capture (DAC)

include direct CO, hydrogenation, electrochemical CO, reduction,
and biocatalytic routes that utilize engineered microbes for
hydrocarbon synthesis [20]. One promising approach is high-
temperature co-electrolysis, where solid oxide electrolysis cells
(SOECs) are used to convert CO, and H,0 into syngas, which can
then be processed into SAF via FT synthesis. This method has
demonstrated higher conversion efficiencies and lower energy
penalties compared to traditional electrolysis and gasification
routes [20].

Another innovative pathway involves heterogeneous catalytic
hydrogenation of CO,, utilizing metal-organic frameworks
(MOFs) and single-atom catalysts to selectively produce

liquid hydrocarbons. Recent studies have reported conversion
efficiencies exceeding 60% with low-temperature, low-pressure
operation, making this approach attractive for distributed

SAF production [20]. Biotechnological advancements are also
contributing to SAF development, with genetically engineered
microbes capable of directly converting CO, into hydrocarbons
via engineered metabolic pathways. For example, engineered
Clostridium strains have demonstrated continuous biofuel
production from industrial CO, waste streams, providing a
sustainable and scalable alternative to fossil-based aviation fuels
[20]

While still at the early TRL (Technology Readiness Level) stages,
these emerging technologies hold long-term potential for
cost-effective, carbon-neutral SAF production. Future research
will focus on scaling these approaches, integrating them with
renewable energy sources, and improving catalyst longevity and
process stability [20].

4. Optimizing SAF Blending and Lifecycle
Analysis

4.1 SAF Blending Ratios for Performance and
Emissions

Sustainable aviation fuel is designed to be compatible with
existing aircraft engines and infrastructure through blending

with conventional jet fuel. The American Society for Testing and
Materials (ASTM) has established specifications under ASTM
D7566, which currently permit blending ratios of up to 50% with
conventional jet fuel, depending on the production pathway

[27]. These specifications ensure that the blended fuel meets

the necessary performance and safety standards for aviation
operations while maintaining engine reliability and fuel efficiency
While most commercial operations use SAF blends up to 50%,
certain SAF pathways, such as Fischer-Tropsch Synthetic
Paraffinic Kerosene (FT-SPK) and Hydroprocessed Esters and
Fatty Acids Synthetic Paraffinic Kerosene (HEFA-SPK), have been
approved for T00% SAF use in test flights. Recent trials conducted
by Boeing, Airbus, and commercial airlines have demonstrated
that 100% SAF can be used without engine modifications,
showcasing its potential for full replacement of fossil-based

jet fuel in the future [22]. However, full regulatory approval for
commercial 100% SAF use is still under review, requiring further
studies on long-term engine performance, emissions impact, and
fuel supply scalability

Higher blending ratios have been shown to improve combustion
efficiency and reduce emissions. Studies indicate that increasing
the proportion of sustainable fuel in the blend leads to lower
particulate matter and sulfur oxide emissions, primarily due to
the absence of aromatics and sulfur compounds in alternative
fuel sources [22]. This reduction in particulate emissions also
decreases the formation of contrails, which contribute to radiative
forcing and climate impact. Research has demonstrated that
using 100% alternative fuel can reduce ice crystal formation in
contrails by up to 50%, significantly mitigating its environmental
effects [22]

Despite these benefits, challenges remain in achieving higher
blending percentages beyond current regulatory limits. Studies
suggest that blends exceeding 50% may require modifications
to fuel systems, seals, and combustion dynamics, necessitating
further research and certification efforts before widespread

adoption [22]. Additionally, fuel composition variability across
different production pathways may impact overall engine
performance and material compatibility [22].

4.2 Lifecycle Carbon Footprint and Sustainability
Metrics

Assessing the environmental impact of sustainable fuels requires
a comprehensive life cycle analysis (LCA), often referred to as a
‘well-to-wake” assessment. This evaluation considers all stages
of the fuel's production and use, including feedstock cultivation,
refining, distribution, and combustion in aircraft engines [23].
LCA studies suggest that well-established production pathways,
such as hydroprocessed esters and fatty acids (HEFA), can
reduce lifecycle greenhouse gas (GHG) emissions by 50-80%
compared to conventional fossil fuels [23]. However, the actual
carbon savings depend heavily on the type of feedstock used.
For instance, HEFA fuels derived from used cooking oil (UCO)

or animal fats result in higher emission reductions than those
sourced from palm or soybean oil, which have greater land-use
change impacts [24].

Beyond carbon dioxide (CO,) emissions, the impact of sustainable
fuel on non-CO, emissions, such as nitrogen oxides (NO,) and
water vapor emissions, is a crucial consideration. Research
indicates that using sustainable aviation fuel reduces soot particle
emissions, leading to fewer contrail ice crystals and a lower
overall climate-warming effect [22]. Since contrails contribute
significantly to aviation-induced climate change, reducing their
formation is a major advantage of shifting to higher blending
ratios [23]

However, the effectiveness of different production pathways
varies. While PtL fuels can theoretically achieve near-zero lifecycle
emissions when produced using renewable electricity and carbon
capture, their actual impact depends on the energy source

for electrolysis and CO, sourcing method. If 100% renewable
electricity (e.g., wind, solar, or hydropower) is used, and CO, is
sourced from direct air capture (DAC) or biogenic emissions,

PtL fuels can approach full carbon neutrality. In contrast, if the
electrolysis process is powered by fossil-fuel-based electricity,
the overall emissions can be significantly higher, reducing the
climate benefits of PtL fuels [25]. Similarly, the ATJ pathway
exhibits a wide range of carbon reduction potential (60-85%),
largely dependent on the feedstock source. ATJ fuels derived from
sugarcane-based ethanol tend to have lower emissions, whereas
corn-based ethanol—which requires higher land and energy
inputs—results in higher associated emissions [26]. To provide a
comparative overview, Table 2 summarizes the lifecycle carbon
footprint reductions of different SAF pathways, highlighting their
potential GHG savings under optimal conditions

5. Scaling Challenges and Economic
Concerns

The scalability of SAF production is significantly constrained

by the availability and sustainability of suitable feedstocks
Current primary feedstocks, such as waste oils and fats, are
limited in supply and face competition from other industries,
leading to potential supply chain bottlenecks. For instance, the
finite availability of used cooking oil and animal fats restricts the
volume of SAF that can be produced through the HEFA pathway
Additionally, the cultivation of energy crops raises concerns
regarding land use, water consumption, and potential impacts
on food security, necessitating careful consideration to avoid
adverse environmental and social effects [27]. To mitigate these
challenges, research is focusing on alternative feedstocks, such
as lignocellulosic biomass, municipal solid waste, and algae,
which offer greater abundance and sustainability. However,

the development of efficient and cost-effective technologies to
convert these feedstocks into SAF remains a significant hurdle
Advancements in biochemical and thermochemical conversion
processes are essential to unlock the potential of these alternative
feedstocks and enable large-scale SAF production [28]

SAF's economic viability is another critical factor influencing

its adoption in the aviation industry. Currently, SAF production
costs are substantially higher than those of conventional jet

fuel, primarily due to the high costs associated with feedstock
procurement, processing technologies, and the scale of
production facilities. Estimates suggest that SAF can be two

to three times more expensive than traditional jet fuel, posing

a significant barrier to widespread adoption [29]. Economies

of scale play a pivotal role in reducing production costs. As
production volumes increase, unit costs are expected to
decrease, making SAF more competitive with conventional fuels.
Policy interventions, such as subsidies, tax incentives, and carbon
pricing mechanisms, are also crucial in bridging the cost gap and
encouraging investment in SAF production infrastructure. For
example, government initiatives that provide financial support for
SAF producers can enhance economic feasibility and stimulate
market growth.

The existing fuel infrastructure is predominantly designed for
fossil-based jet fuels, presenting challenges for the integration
of SAF. Modifications to transportation, storage, and refueling
systems may be necessary to accommodate SAF's unique
properties and ensure compatibility with current aviation
operations. Additionally, the geographic distribution of SAF
production facilities relative to major airports can impact logistics
and supply chain efficiency. Establishing a robust distribution
network is essential to facilitate the widespread adoption of

SAF [27]. Collaborative efforts among stakeholders, including
fuel producers, airlines, airport operators, and policymakers,

are vital to address these infrastructure challenges. Developing
standardized protocols and investing in infrastructure upgrades
can streamline SAF integration into the existing fuel supply chain,
thereby supporting the scaling of SAF utilization in the aviation
sector [28]. Additionally, policy and regulatory frameworks can
significantly influence the development and deployment of SAF
Supportive policies, such as blending mandates, tax credits,

and research funding, can create a favorable environment

for SAF advancement. For instance, the European Union has
implemented the ReFuelEU Aviation Regulation, which sets a
minimum supply mandate for SAF in Europe, starting with 2%

in 2025 and increasing to 70% by 2050 [31]. However, policy
uncertainty and inconsistent regulations across different regions
can pose challenges for investors and producers. Coordinating
policies and establishing long-term regulatory commitments

are essential to providing the stability needed for substantial
investments in SAF production capacity [32).

6. Future Works

Advancing SAF necessitates addressing current limitations in
catalyst efficiency, feedstock sustainability, and interdisciplinary
collaboration. Enhancing catalyst performance is pivotal for
improving SAF production efficiency. Emerging materials,

such as metal-organic frameworks (MOFs) and single-atom
catalysts, have shown promise in increasing reaction rates and
selectivity in processes like FT synthesis and ATJ conversion.
Forinstance, MOFs with tailored pore structures facilitate better
access to active sites, thereby improving hydrocarbon yield.
However, challenges related to catalyst stability and scalability
under industrial conditions persist. Current research focuses on
doping strategies and support modifications to enhance catalyst
durability and performance [33].

In bioengineering, genetically modified microorganisms are
being developed to optimize metabolic pathways for higher lipid
production, serving as efficient feedstocks for SAF. For example,
engineered strains of Yarrowia lipolytica have demonstrated
increased lipid accumulation through the overexpression of
specific genes involved in fatty acid biosynthesis. Despite these
advancements, issues such as genetic stability and process
scalability remain. Ongoing studies aim to refine genetic
constructs and fermentation conditions to achieve consistent,
high-yield lipid production suitable for industrial applications [34]

Optimizing the entire SAF production process is crucial for
economic viability and environmental impact reduction
Integrating advanced pretreatment methods, such as steam
explosion and torrefaction, can enhance biomass reactivity,
leading to higher conversion efficiencies. Additionally, process
intensification techniques, including the use of reactive distillation
and membrane reactors, are being explored to streamline
production steps and reduce energy consumption. However,
challenges in process integration and control need to be
addressed to fully realize these benefits [35].

Diversifying feedstock sources is essential to ensure a sustainable
and resilient supply chain for SAF production. Non-edible oilseed
crops, such as camelina and carinata, are gaining attention due
to their low agricultural input requirements and compatibility with
existing farming practices. For instance, field trials of camelina
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have shown its potential as a rotation crop, providing both
economic and soil health benefits. Nevertheless, considerations
regarding land use change and indirect environmental impacts
must be carefully managed. Research is ongoing to assess

the lifecycle emissions of these feedstocks and develop best
practices for their cultivation and harvesting [36].

Lastly, securing adequate funding is critical to supporting
the research, development, and commercialization of SAF

technologies. Government grants, private investments, and public-

private partnerships play vital roles in financing these initiatives.
Policy instruments, such as tax incentives and carbon pricing,
can further stimulate investment by improving the economic
competitiveness of SAFs. For instance, the implementation of

a carbon offset and reduction scheme for international aviation
(CORSIA) aims to incentivize the adoption of lower-carbon

fuels. Nonetheless, uncertainties in policy frameworks and
market dynamics pose risks to sustained funding. Continuous
engagement with policymakers and stakeholders is necessary to
develop stable and supportive financial mechanisms [37].

7. Conclusion

SAFs provide a promising pathway for reducing aviation-related
carbon emissions while maintaining compatibility with existing
fuel infrastructure. This review explored key SAF feedstocks,
including algae, waste biomass, and PtL fuels, as well as major
conversion pathways such as HEFA, ATJ, and FT synthesis. While
SAF technologies have demonstrated viability, challenges related
to feedstock availability, production scalability, and economic
feasibility persist. Advancements in catalyst optimization,
process integration, and emerging electrochemical approaches
offer potential solutions to improve fuel yield and reduce costs
Additionally, policy frameworks and financial incentives will

play important roles in accelerating SAF adoption. Continued
research into novel feedstocks, improved conversion processes,
and infrastructure development is necessary to support the
widespread implementation of SAFs as a long-term solution for
decarbonizing the aviation industry.
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