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Abstract  

This thesis examines the role of Sustainable Aviation Fuels (SAFs) in advancing 

the sustainability goals of the aviation industry, focusing on their environmental 

impacts, economic feasibility, and compatibility with existing aircraft 

performance. The research primarily involves a comprehensive literature 

review and analysis of existing studies to evaluate the potential of SAFs to 

reduce carbon emissions significantly—up to 80% relative to conventional jet 

fuels depending on the feedstock and processing methods used. 

The economic analysis reveals that while SAFs are currently more costly than 

traditional fuels, regulatory incentives and technological advancements could 

decrease these costs, making SAFs more competitive. Performance-wise, SAFs 

are shown to be viable "drop-in" options, requiring minimal modifications to 

aircraft or fuel infrastructure, thus facilitating easier adoption across the 

industry. 

The study concludes that despite the challenges, SAFs are indispensable for the 

aviation sector’s transition towards net-zero emissions. It emphasizes the need 

for enhanced collaboration among governments, industry stakeholders, and 

researchers to scale production and integrate SAFs into the global fuel mix 

effectively. 
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Nomenclature: Abbreviations and Acronyms      

Letters 

ATAG 

ATFs 

AtJ 

AVGAS 

BECCS 

BECCU 

CCU 

CEF 

CoQ 

CORSIA 

DLUC 

EASA 

ETS 

FT 

GHG 

IATA 

ICAO 

ILUC 

LCAV 

LTAG 

MCDM 

MJSP 

PtL 

SAF 

SAK 

Description 

Air Transport Action Group 

Aviation Turbine Fuels 

Alcohol to Jet 

Aviation Gasoline 

Bio-Energy Carbon Capture and Storage 

Bio Energy Carbon Capture and Utilization 

Carbon Capture and Utilization 

CORSIA Eligible Fuel 

Certificate of Quality 

Carbon Offsetting and Reduction Scheme for International Aviation 

Direct Land Use Change 

European Union Aviation Safety Agency 

Emission Trading Scheme 

Fischer-Tropsch 

Green House Gas 

International Air Transport Association 

International Civil Aviation Organization 

Induced Land Use Change 

Lower Carbon Aviation Fuel 

Long-Term global Aspirational Goal 

Multi-Criteria Decision Making 

Minimum Jet Selling Price 

Power to Liquid 

Sustainable Aviation Fuel 

Synthetic Aromatic Kerosene 
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1 Introduction 

1.1  Background 

Aviation (including both freight and passenger transport) accounts for around 2.5% 

of global CO₂ emissions [1]. However, aviation's overall contribution to climate 

change is higher than its CO₂ emissions alone because aircraft engines produce other 

emissions that contribute to global warming, and it is calculated that aviation 

contributes around 4% to human-induced global warming [1] [2]. However, the 

demand for air travel is projected to double by the year 2040, with an estimated 

annual growth rate of 3.4% [3], which will possibly result in aviation having a higher 

contribution to CO₂ emissions and global warming than currently. 

To face global warming, at the international level, the ICAO (International Civil 

Aviation Organization) Member States adopted in October 2022 a collective long-

term global aspirational goal (LTAG) of net-zero carbon emissions by 2050. As part 

of this effort, ICAO introduced the Carbon Offsetting and Reduction Scheme for 

International Aviation (CORSIA). CORSIA aims to stabilize CO₂ emissions at 2020 

levels by requiring airlines to offset any emissions above this baseline through the 

purchase of eligible emissions units (carbon credits). This scheme is the first global 

market-based measure for any sector and represents a unified strategy to mitigate 

international aviation emissions and reduce inconsistencies in national or regional 

regulations. Additionally, it aims to minimize market distortions while 

accommodating the diverse capabilities of ICAO Member States [4]. 

CORSIA's implementation is phased, starting with a pilot phase from 2021 to 2023, 

followed by a first phase from 2024 to 2026, with mandatory participation beginning 

in 2027. Airlines can reduce their CORSIA obligations by using CORSIA-eligible 

fuels, which meet specific sustainability criteria and contribute to the aviation sector's 

overall emissions reduction targets. For a more detailed analysis of CORSIA, 

including its impact on economic viability and policy incentives, see Chapter 3.2.3. 

The analysis conducted by Waypoint 2050 in the industry indicates that SAF will play 

a crucial role, contributing between 53 and 71% of the required emissions reductions 

to achieve net-zero emissions by 2050 [5]. On a European level, The European Green 

Deal was introduced, which is a set of policy initiatives by the European Commission, 

approved in 2020, aimed at making the European Union climate-neutral by 2050.  
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This ambitious target can be achieved through a multifaceted approach. One of the 

most impactful is to change the main source of the CO₂ emissions in aviation: the fuel. 

The main alternatives to kerosene are batteries, hydrogen, and SAFs. However, 

batteries and hydrogen are not yet technologically mature enough to be used in 

current aircraft engines or the existing energy infrastructure, as illustrated in Figure 

1. Since blended SAFs can be used with little or no aircraft modifications, they are the 

preferred choice for short-term improvements.  

 

FIGURE 1:  SHOWING AN ESTIMATE OF THE AVIATION ENERGY DEMAND EVOLUTION [5],  IN WHICH IT CAN BE SEEN 

THAT ELECTRICITY AND HYDROGEN WILL NOT BE THE PREDOMINANT AVIATION FUEL FOR AT LEAST SOME DECADES.  

Although advancements in technology will decrease the energy consumption of 

aircraft and subsequently the emissions associated with their operation, these 

improvements alone will not be sufficient to achieve net zero CO₂ emissions in 

aviation by 2050 [6]. Technologies aimed at improving the efficiency of new aircraft 

by an average of 1–2% annually are counteracted by a 4–5% annual compound growth 

rate in travel [7], resulting in anticipated increases in emissions if no other measures 

are taken [6].  

Currently, the most effective way to reduce the carbon footprint of the existing 

aircraft fleet is to replace fossil-based kerosene with carbon-neutral fuels. SAF is the 

term used to define hydrocarbon fuels that are not of fossil origin and that compensate 

for the emitted carbon dioxide through the production/capture of CO₂ in their 

feedstock, making them fully or partially carbon-neutral [8]. According to IATA, SAF 

has the potential to contribute approximately 65% of the emission reduction needed 

to achieve net-zero carbon emissions in the aviation industry, as shown in Figure 2 

[9]. 
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FIGURE 2:  SHOWS THAT SAF COULD CONTRIBUTE AROUND 65%  OF THE REDUCTION IN  EMISSIONS NEEDED BY  

AVIATION TO REACH NET-ZERO IN 2050 [9] 

 

SAFs offer significant environmental benefits compared to conventional jet fuels. 

SAFs, which are carbon-based, still emit a similar amount of CO₂ during combustion 

as kerosene, but this can be offset by the fuel's production and lifecycle processes. In 

some instances, the emissions offset with SAF can reach as high as 80% over the fuel’s 

lifecycle in comparison to using fossil jet fuel [10]. Therefore, in this thesis, the focus 

will center on the introduction/use of SAFs as a strategy aimed at decarbonizing the 

aviation industry. It should be noted that both SAFs, engine technologies as well as 

the energetic infrastructure are a rapidly evolving field with a high degree of future 

uncertainty, making their future developments and predictions uncertain [6]. 

However, until SAF production and integration significantly increase, fully replacing 

kerosene fuels will remain challenging. In fact, at present time, according to Watson 

et al (2024) there exists “a large gap between current SAF use and net-zero by 2050 

projections” [11]. Currently, the SAF use is restricted to low blends with kerosene 

with a global uptake below 0.1% in 2022 [8].  

However, even when there are enough SAFs produced, the emissions reduction 

potential could still be limited due to the mix of feedstocks and pathways used. As the 

global adoption of SAF increases, the fuel composition will vary, with some pathways 

offering full carbon circularity and others not, resulting in residual emissions. The 

availability of feedstocks could also limit the global supply of SAF, and alternative 

synthetic fuel pathways might not scale up quickly enough. Therefore, in the future, 

in addition to SAFs, changes to aircraft designs that do not contain or emit carbon 

could be necessary to reduce further the carbon footprint. Currently, the two most 

promising zero-carbon energy solutions for aircraft are hydrogen and batteries. [6] 
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1.1.1 SAFs definition and characteristics 

SAF serves as a secure alternative to traditional fossil-based fuels, offering the 

potential to decrease carbon emissions. Its chemical composition closely resembles 

that of traditional jet fuel and is produced from feedstocks capable of absorbing carbon 

dioxide (CO₂), resulting in a net reduction in CO₂ emissions compared to fossil fuels. 

At present, SAF is mixed with conventional kerosene, typically in ratios of up to 50%, 

to ensure compatibility with aircraft and fueling systems. Commercial flights are 

already authorized to operate using a blend of SAF and traditional fossil-based 

kerosene. Efforts within the industry are directed toward enabling commercial 

aircraft to utilize 100% SAF in the future. 

The production of SAF involves various feedstocks and processes. Feedstocks for SAF 

vary widely, including cooking oil, plant oils, municipal waste, waste gases, 

agricultural residues, green hydrogen, and electricity, among others. However, it is 

essential to recognize that not all "alternative" fuels are inherently "sustainable". 

In this context, sustainability is defined as the capacity to meet the needs of the present 

without compromising the ability of future generations to meet their own needs. 

ICAO defines SAF as “a renewable or waste-derived aviation fuel that meets the ICAO 

CORSIA sustainability criteria”. 

Up until the end of 2023 there were only 2 sustainability criteria that were required 

for a fuel to be classified as a CORSIA Eligible Fuel (CEF): 

 A lifecycle GHG reduction of over 10% 

 A carbon stock land use criteria that states that the SAF should not be made 

from biomass obtained from land/aquatic systems with high biogenic carbon 

stock, to prevent the conversion of land (eg. forest) or aquatic (eg. coral reefs, 

kelp forests, seagrass meadows, estuaries, tidal salt marshes) into SAF 

feedstock [12].  

Since the beginning of 2024, in addition to the 2 criteria mentioned above, 12 

additional 12 criteria have been added, resulting in 14 sustainability criteria that must 

be met on the following themes [12]:  

GHG; Carbon stock; GHG emissions reduction permanence; impact on water quality 

and use; soil health; impact on air quality; conservation of biodiversity; waste and 

chemicals management; seismic and vibrational impacts; human and labor rights; land 

use rights and land use; water use rights; local and social development; and food 

security in food-insecure regions [12]. 
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Often, the term biofuel is used to describe SAFs, but there is a fundamental difference 

between both concepts. Biofuels generally refer to fuels produced from biological 

resources (plant or animal material), but their production is not always sustainable. 

Some biofuels, if produced from non-sustainable feedstocks like unsustainably 

produced palm oil or crops that require deforestation, can cause additional 

environmental damage. 

In contrast, SAFs are a specific type of biofuel that is made using sustainable feedstocks 

and production processes to ensure they provide significant reductions in overall CO₂ 

lifecycle emissions compared to fossil fuels - often beyond 80%.  

 

Characteristics 

The concept of SAF is guided by three fundamental principles: 

 Sustainability: In this context, sustainability entails the use of low-carbon raw 

materials that can be consistently sourced in a manner aligned with economic, 

social, and environmental goals. These materials are selected to maintain 

ecological balance, avoiding depletion of natural resources and minimizing 

competition with essential needs such as food, land, and water usage. In 

particular, SAF aims to mitigate the aviation sector's contribution to climate 

change. Additionally, the 14 CORSIA sustainability criteria listed on the previous 

page must be fulfilled. 

 Alternative Energy Source: SAF serves as an alternative to traditional aviation 

fuels, specifically non-conventional or advanced fuels. It encompasses a diverse 

range of materials or substances capable of fueling aircraft, excluding conventional 

fossil sources like oil, coal, and natural gas. These materials are processed to 

produce jet fuel in unconventional methods.  

 Aviation Fuel Compatibility: SAF qualifies as a drop-in fuel, meeting the technical 

specifications for use in commercial aircraft and compatible with existing 

technology and fuel systems.  
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SAFs can be categorized into two main types based on their impact on aircraft 

technology: 

1) Fully formulated: is designed to match the chemical composition and properties of 

conventional aviation fuel, including the presence of aromatics. This means that it can 

be used in existing aircraft without any modifications. ASTM is currently developing 

standards to allow the use of 100% fully formulated synthetic fuel in existing aircraft, 

with completion expected before the end of 2024 [6]. 

2) Paraffinic SAF: Most SAF available today is of the paraffinic type, which lacks 

aromatic hydrocarbons found in conventional aviation fuels and therefore has different 

properties. This discrepancy prevents the use of pure paraffinic SAF in passenger 

aircraft for two main reasons: 

 The nitrile seals in the fuel system of aircraft depend on the aromatics in 

traditional fuels to function properly and prevent leaks. 

 Aircraft fuel metering systems are calibrated for fluids with specific properties 

like density and electrical permittivity, which differ from those of paraffinic 

SAF. As a result, paraffinic SAF must be blended with conventional fuel to 

achieve the necessary chemical properties for certification as jet fuel. This type 

of SAF is classified as a "Synthetic Blend Component" according to the Energy 

Institute EI/JIG Standard 1533 [6]. 

These two SAF types differ in their chemical compositions and properties. Traditional 

aviation fuel consists of hundreds of different hydrocarbons, primarily including 

paraffins, naphthenes, cyclo-paraffins, and aromatics. The combination of these 

hydrocarbons and added fuel additives determines the fuel's final properties, such as 

density, freezing point, lubricity, viscosity, and flash point. To be compatible with 

existing aircraft, a fuel must meet specific requirements, such as those outlined in the 

ASTM D1655 fuel standard or its equivalents. [6] 
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1.1.2 SAF production/adoption figures 

As seen in Figure 3, the first-ever flight to be partly (20%) powered by SAF was 

operated by Virgin Atlantic and took off in February 2008. 

 

FIGURE 3:  SHOWS THE F IRST FLIGHT TESTS POWERED BY ALTERNATIVE FUELS BETWEEN 2008-2013  [13].  PLEASE 

NOTE THAT NOT ALL OF THESE ALTERNATIVE FUELS ARE CLASSIFIED AS SAFS. 

 

Fast forward some years, in 2016 about 8 million liters of SAF were produced 

globally, with this number rising to over 300 million liters in 2022 and 600 million 

liters in 2023. It is estimated that in 2024 this figure will triple to 1875 million liters 

(0.53% of aviation’s fuel need) [14], and then almost triple again in 2025 to about 5 

billion liters.  

On a European level, the European Parliament has endorsed SAFs targets for 2050 as 

part of the ReFuelEU Aviation Initiative. By 2025, 2% of the available fuel must be 

SAF, increasing to 6% by 2030, 20% by 2035, and ultimately reaching 70% by 2050 

[15].  

Up to date, due to its high demand, all the SAF that has been produced has been used 

[14]. 

1.1.3 Current aviation petroleum-based fuel types 

 Jet A-1 is the standard fuel for international air transport 

 Jet-A is predominant in the US domestic market 

 Jet-B is used in colder regions of Canada and the US (e.g. Alaska) due to its 

low freezing point 

 Mainly s T-1, T-1S, TS-1 are used in Russia 

 RP-3 is used in China but is very similar to Jet A-1 
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1.1.4 ASTM 

ASTM International (American Society for Testing and Materials) plays a significant 

role in establishing standards for SAFs. In the aviation fuel industry, ASTM serves as 

the international standard for jet fuel quality, and it develops consensus-based 

standards that SAFs must meet to be considered safe and suitable for use in aviation. 

These standards cover various aspects of SAFs, including their composition, 

performance, handling, and quality control. This is vital to prevent the need for 

engine or aircraft redesigns by manufacturers, as well as to avoid the necessity for fuel 

suppliers and airports to construct new fuel delivery systems. [16] 

Currently, the industry's primary focus lies in manufacturing SAFs that serve as "drop-

in" replacements for conventional jet fuels. These drop-in fuels are fully 

interchangeable with traditional kerosene, necessitating no modifications to engines 

or related delivery infrastructure. 

Currently, the only globally recognized fuel standard for the qualification of SAF in 

the aviation industry is the ASTM D7566, which is the “Standard Specification for 

Aviation Turbine Fuel Containing Synthesized Hydrocarbons” and describes the fuel 

quality specifications for each qualified SAF production pathway. 

To gain inclusion in D7566, a novel SAF production method undergoes thorough 

evaluation as per ASTM D4054. This evaluation entails extensive testing to determine 

the optimal blend ratio with conventional jet fuel and ensure the resulting mixture 

meets the necessary criteria for aviation use. The process is represented in Figure 4 

[17]: 

 

FIGURE 4 SHOWS THE SAF  CERTIFICATION PROCESS [17] 

 

In practice, a SAF is manufactured in a bio-refinery and blended up to its maximum 

certified blending limit. Once this blending process is complete, the fuel undergoes 

certification according to ASTM D1655 standards, after which it is recognized as 

conventional Jet A or Jet A1 kerosene. 
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1.1.5 Main pathways for SAF production 

Currently, there are 7 approved pathways for SAF production [16] [18], although it 

is predicted that by 2025 there will be 11 approved pathways [9]. 

 Hydrotreated Esters and Fatty Acids (HEFA): This process refines vegetable oils 

(e.g. palm, camelina, jatropha, pennycress, tallow tree, algae, and used cooking 

oil), waste oils, or fats into SAF through hydrotreating and hydroprocessing. 

HEFA is currently the only commercial pathway being used at scale to produce 

SAF, and it is one of the earliest-approved pathways. It is certified for use up to a 

maximum blend of 50% 

 Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK): This pathway converts 

syngas derived from the gasification of municipal solid waste, agricultural and 

forest wastes (e.g. sawdust), or energy crops into jet fuel through the Fischer-

Tropsch synthesis reaction. It is certified for use up to a maximum blend of 50%. 

 Fischer-Tropsch Synthetic Paraffinic Kerosene with Aromatic compounds (FT-

SPK/A): the process and feedstocks are similar to the previous one, but it is 

additionally derived by the alkylation of light aromatics from nonpetroleum 

sources. It is certified for use up to a maximum blend of 50%. 

 Hydroprocessing Hydrocarbons synthesized isoparaffinic kerosene (HC-HEFA-

SPK): It involves the hydroprocessing of bio-derived hydrocarbons that come 

from oils found in specific algae (botryococcus braunii). It is certified for use up 

to a maximum blend of 10%. 

 Synthesized Iso-Paraffin (SIP) This process involves a fermentation process to 

convert a sugar feedstock (sugarcane, sugar beet) into a hydrocarbon molecule 

that can be blended into conventional jet fuel. It is certified for use up to a 

maximum blend of 10%. 

 Alcohol to jet (AtJ): process utilizes dehydration, oligomerization, and 

hydroprocessing to convert alcohol feedstocks (e.g. sugarcane, sugar beet, 

sawdust, lignocellulosic residues like straw) to a pure hydrocarbon fuel blending 

component. It is certified for use up to a maximum blend of 50%. 

 Catalytic Hydrothermolysis Jet fuel (CHJ): also known as hydrothermal 

liquefaction, in which clean free fatty acid (FFA) oil obtained from the processing 

of waste or energy oils is mixed with preheated feed water and directed into the 

CH reactor. Within this reactor, extremely high temperature and pressure 

conditions create a single phase comprising FFAs and supercritical water (SCW). 

In this phase, FFAs undergo cracking, isomerization, and cyclization, resulting in 

the formation of paraffin, isoparaffin, cycloparaffin, and aromatic compounds. It 

is certified for use up to a maximum blend of 50%. 
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Figure 5 shows a timeline for the approval of the current 7 SAF ASTM-approved 

pathways. 

 

FIGURE 5:  SAF TECHNOLOGY CERTIFICATION T IMELINE FOR THE 7 SAF PRODUCTION PATHWAYS [16] 
 

 

1.2  Aims and Methods 

This section of the thesis delineates the aims and methodologies employed to 

investigate the integration of SAFs into the aviation industry. 

Assessing SAF integration involves a multidisciplinary approach, considering 

environmental (“Balancing Environmental Impact), economic (“Economic Viability”), 

and operational factors (“Aircraft Performance”). The author of this thesis considered 

these 3 aspects as lenses/perspectives through which to look at the integration of 

SAFs, each with different characteristics and challenges.  

This thesis had 3 separate aims, regarding the integration of SAFs, each encompassing 

different tasks described below: 

 Assessing their environmental impact: This entailed analyzing and quantifying 

the environmental impacts of SAFs across various criteria. 

 Assessing their economic viability: This entailed carrying out a cost/revenue 

analysis, research on needed investments, trends regarding the amount of 

production and consumption of SAF, identifying the potential revenue 

streams, and exploring the existing incentives and policies influencing the SAF 

marketplace. 

 Assessing their effect on aircraft performance: This entailed assessing the 

compatibility of SAFs with existing aircraft technologies and identifying the 

potential technical limitations as well as their implication on aircraft 

performance. 
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To carry out these tasks, the following steps were taken: 

1. Literature review: Initially, a literature review was carried out. When 

choosing articles, preference was generally given to recently published ones, 

given the rapid rate of development in the SAF field. The databases used were 

“Google Scholar” and “ScienceDirect”, with the search terms: “sustainable 

aviation fuels”; “SAF”; “SAF lifecycle”; “SAF performance”; “SAF cost”; 

“sustainable aviation”; “alternative energy systems aviation”; “SAF pathways”; 

“aviation fuels”; “SAF technologies”; “aviation contrails”; “sustainable aviation 

emissions”. The most relevant articles were then summarized in the 

“Literature review” chapter, and their data was documented in chapter “3 

Results”. 

2. Industry publications: The research for this thesis went beyond analyzing 

scientific papers and looked at various publications on the topic of SAFs. This 

was done in order to gain a higher-level view of the integration of SAFs, to 

increase understanding in the domain area and to develop a better outlook of 

the international and European goals for aviation-related emissions and goals. 

This research was carried out on relevant reports listed in the official EASA, 

ICAO, FAA, ATAG and IATA websites. 

3. Synthesizing information: Subsequently, various environmental, 

economic, and operational factors from SAFs were documented and assessed 

in this thesis. The analysis delved into how each factor interacts with and 

influences the overall integration process of SAFs within the aviation industry. 

Lastly, all these findings were synthesized to assess the broader implications 

of SAF integration. 

4. Conclusions: Conclusions were drawn on the practicality, challenges, and 

potential pathways forward for the widespread adoption of SAFs in the 

industry. This section also provided a predicted future outlook in the 

integration of SAFs, and also listed some recommendations to further increase 

the integration of SAF in the aviation industry. 

This holistic assessment provides valuable insights into not only the current state of 

SAF development but also strategic recommendations for stakeholders aiming to 

enhance the sustainability and efficiency of aviation operations through SAFs. 
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1.2.1 Limitations 

This thesis focuses on the application of the SAFs to Aviation Turbine Fuels (ATFs), 

which include gas turbines/jet engines, which are used in most types of modern 

aircraft. Therefore, the SAF effect on piston engines using Aviation Gasoline 

(AVGAS) is excluded. 
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2 Theory 

2.1  Literature review 

As a summary of what was written in the previous chapter, SAF is a non-conventional 

(non-fossil) aviation fuel that is produced from sustainable resources, such as used 

cooking oil, seaweed, agricultural waste, municipal waste, waste gases, and 

agricultural residues, among others. The concept is similar to that of a biofuel 

(produced from plant or animal biological resources), but new advances have made it 

possible to produce also sustainable synthetic fuels. As such, SAFs include biofuels and 

other fuels resulting from sustainable production. 

The chemical and physical characteristics of SAF are very similar to those of 

conventional jet fuel, allowing them to be safely mixed with traditional fossil fuels 

and used in the existing aircraft and engine infrastructure. As such, they are "drop-in 

fuels" meaning they can be incorporated into existing airport fueling systems without 

requiring significant modifications [19]. 

 

2.1.1 Sustainable aviation fuel technologies, costs, emissions, policies, 

and markets: A critical review. 

Published in April 2024, this article presents up-to-date relevant information. It 

presents a detailed examination of SAF technologies, including their costs, emissions, 

policies, and market dynamics. It highlights bio-jet fuels as a low-carbon alternative 

to traditional jet fuel, with a CO₂ emission reduction between 27% and 92%. The 

exact figures can be found in Table 1 [11]. 

TABLE 1:  FOR EACH SAF PRODUCTION PATHWAY,  THE MINIMUM JET SELLING PRICE (MJSP),  AS WELL AS THE 

AVERAGE CO₂ EMISSIONS,  ARE SHOWN,  BOTH IN ABSOLUTE TERMS AS WELL AS IN PERCENTAGE COMPARED TO 

CONVENTIONAL FUEL) [11].   
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The review identifies the HEFA technology as the one with the highest possible 

technology readiness level and fuel readiness level, as seen in Table 2. Despite its 

potential, bio-jet fuel production costs are significantly higher than fossil-based jet 

fuel (ranging from 120% to 700% higher than fossil-based jet fuel costs), with limited 

policy incentives hindering its widespread adoption. Policies such as the ICAO’s 

CORSIA, the European Union Emissions Trading System, and national biofuel 

mandates are essential in promoting the use of SAFs. However, the article noted that 

only 38% of current policies offer financial incentives to SAF producers. The SAF 

prices from each pathway analyzed can be seen in Table 1. 

TABLE 2:  SHOWS THE 7 PATHWAYS AND THEIR FUEL AND TECHNOLOGIC AL READINESS LEVELS,  AS WELL AS THEIR 

CURRENT BLENDING LIMIT AND THE YEAR THEY WERE APPROVED [11]. 

 

At present, there is a large disparity between current SAF demand and net-zero by 

2050 projections, with SAF production currently operating at a mere 3.5% of its full 

potential capacity. Here, "full potential capacity" refers to the maximum achievable 

production output of SAFs based on existing and planned production facilities if they 

were to operate at their optimal efficiency and without any operational constraints. 

As a result, the paper points out areas for further research at the intersection of SAF 

technology, policy, and market dynamics. 

The article also provided an illustrative representation shown in Figure 6, 

representing the main processes and feedstocks that are part of the ASTM-approved 

pathways. Please note that the HEFA and FT-SPK/A are omitted since their main 

processes are similar to those in HEFA-SPK and FT-SPK respectively. 

 

FIGURE 6:  REPRESENTS THE FEEDSTOCKS USED AND THE MAIN PROCESSES INVOLVED IN THE MAIN SAF  PRODUCTION 

PATHWAYS [11]. 
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2.1.2 Modeling the impact of sustainable aviation fuel properties on 

end-use performance and emissions in aircraft jet engines 

This study aimed at modeling the performance and CO₂ emissions of some types of 

commercially available SAFs (and in different blends) using mathematical models and 

computer simulations. It did not carry out actual tests in real life but instead used 

advanced software and a Jet model to come up with this analysis, represented in 

Figure 7. According to the authors, this Jet-model is accurate in reflecting real-world 

cases. To summarize their findings, “the results show changes in fuel consumption 

[using SAFs] relative to standard kerosene oscillating between −0,85% and +3,72% 

and reduction in carbon dioxide emissions that vary from −3,22% to +0,42% for 

selected fuels [20]. 

 

FIGURE 7 SHOWS THE MODELING APPROACH USED IN THE STUDY.  THE SYMBOLS REPRESENT FUEL PROPERTIES SUCH 

AS DENSITY,  VISCOSITY,  AND CALORIFIC CONTENT.  THE FUEL CONSUMPTION COMPARED TO JET-A1  IS THEN 

ESTIMATED,  ALONG WITH GHG  EMISSIONS [20] 

 

Limitations of the study: The author of this thesis notes that simulations in general 

might not reflect real-world scenarios with absolute precision, although it is estimated 

that the error is only about 0.21-0-68% in experimental trials. In addition, this article 

focused on performance at the cruise level and therefore does not take into account 

take-off/climb/descent/landing/taxi phases. Lastly, this article only took into 

consideration the effects on jet engines (most of commercial airplanes), leaving out 

the other types. 
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2.1.3 Recent advancements in sustainable aviation fuels 

This article is very comprehensive and goes through an explanation of current aviation 

fuels and the need for alternative fuels; fuel requirements, specifications, and 

standards; alternative fuel approval process; and provides a LCA of SAFs. 

The article concludes that existing drop-in fuels allow for a 50% blending of SAFs, 

resulting in a total CO₂ emissions reduction of up to about 40% [21]. The exact 

percentage cannot be determined since it varies depending on the feedstock and 

pathway used. 

To reduce CO₂ emissions further, it is necessary to use a higher blend percentage of 

SAF, ideally achieving 100%. However, for this transition towards 100% SAF usage, 

a thorough examination of SAFs, encompassing their operational efficacy, effects on 

gaseous and particulate emissions, seal integrity, compatibility with engines and fuel 

systems, as well as considerations such as blow-off limits, ignition, relight, vibrations, 

and noise needs to be carried out.  

Additionally, it highlights the fact that developing novel fuels and pioneering 

production pathways/methods have the potential to decrease emissions and cut the 

expenses associated with aircraft system design and operation, ultimately leading to 

more affordable air travel. 

The article also highlights that SAFs lower NOx and particulate emissions, but result 

in no apparent advantage on gaseous emissions compared to standard petroleum-

derived fuels. 
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2.1.4 Perspectives on Fully Synthesized Sustainable Aviation Fuels: 

Direction and Opportunities 

The aviation industry aims to cut greenhouse gas (GHG) emissions, with targets for 

"zero-emission" solutions. To achieve this, reduced-carbon aviation fuels are crucial. 

However, currently, existing aircraft are designed for traditional 

kerosene/petroleum-based fuels like Jet A (in the USA and Canada) and Jet A-1 (in 

the rest of the world except Russia, which uses TS-1) [22]. Because of this, the 

industry focuses on getting approval for synthetic (non-petroleum based) aviation fuel 

components to blend within set limits, ensuring compatibility and resulting in a fuel 

that maintains similar properties to Jet A/A-1. It is projected that by 2030, all newly 

delivered aircraft should be compatible with 100% unblended SAF [6]. 

These synthetic components may currently lack certain chemical elements or have 

different properties/characteristics from Jet A/A-1. To ensure safety, these synthetic 

fuels are only approved for blending within limits. The industry aims for 100% SAF 

meeting sustainability criteria but must develop, evaluate, and deploy them carefully. 

This study examines critical issues regarding the adoption of 100% SAF and concludes 

that: 

 Short-term synthetic fuels must be compatible with existing aircraft and 

infrastructure [23]. 

 Full-fledged synthetic fuels could be approved within 1-2 years, with gradual 

blends to reach 100% [23]. 

 Sustainability criteria are important but evaluated separately from technical 

performance [23]. 

 

2.1.5 Sustainable aviation fuels and imminent technologies - 

CO₂ emissions evolution towards 2050 

Among the array of technologies poised for imminent deployment, new engine 

architecture and natural laminar flow stand out as particularly promising. Conversely, 

considerable endeavors have been dedicated to the production of SAFs, with certain 

methods for generating alternative jet fuel already gaining approval from ASTM. 

This article tries to assess the anticipated decline in CO₂ emissions by the year 2050 

to the implementation of SAFs within the aeronautical sector, using a numerical 

model. What is of special interest in this article is that they considered several 

feedstocks, and production pathways. 
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Only trying to decrease CO₂ emissions through technological advancements will only 

result in 15% of CO₂ reduction [24]. Therefore, they conclude that the 2050 goal of 

net zero carbon requires a combined approach of technological advancements and 

increased SAF usage, with carbon-neutral growth feasible by 2040 through a 15% 

annual increase in SAF introduction, as represented in Figure 8.  

 

FIGURE 8 SHOWS THE ESTIMATED  CO₂ EMISSIONS FROM 3 POSSIBLE SCENARIOS:  IF NO ACTION IS TAKEN;  IF  

IMMINENT AIRCRAFT TECHNOLOGIES ARE IMPLEMENTED;  AND IF BOTH SAFS AND IMMINENT AIRCRAFT 

TECHNOLOGIES ARE EMPLOYED [24]. 

In addition, this article concluded that the various feedstocks employed in each 

production process for SAF do not exert a significant influence on CO₂ emissions 

reduction during combustion. The greatest disparity observed between conditions 

amounted to a mere 1.47%. This indicates that the advantageous lower CO₂ emission 

of SAFs is due to their lifecycle, given that they produce similar amounts of CO₂ when 

being burned. 
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2.1.6 Biofuels, electrofuels, electric or hydrogen?: A review of current 

and emerging sustainable aviation systems  

This article reviewed the current main alternative technologies for sustainable 

aviation: 1) biofuels, 2) electrofuels, 3) electric (battery-based), and 4) hydrogen 

aviation [25].  

The article reviewed and mapped nine biofuels, each having been obtained from a 

different production pathway, as shown in Figure 9. The market demand and supply 

for this was also evaluated, along with the international regulations and future targets 

for aviation. 

 

FIGURE 9  SHOWS THE FEEDSTOCKS USED IN PRODUCING SAFS THROUGH DIFFERENT PATHWAYS,  AND THE 

PROCESSES INVOLVED,  AS WELL AS THE COMPOUNDS OBTAINED [25]. 

 

The article noted that a significant challenge for these alternative biofuels is their 

lower fuel density and aromatics content, which impacts the material compatibility, 

particularly the shrinking of engine seals commonly made from nitrile rubber. 

Research efforts are currently directed towards developing new sealing materials that 

prevent leakages and exploring the use of cycloparaffins to increase fuel density and 

reduce particulate matter emissions [25]. 

Cycloparaffins, like cyclohexane and cyclooctane, show promise due to their higher 

gravimetric heat of combustion compared to aromatics, potentially leading to cleaner 

burning fuels. Additionally, there are ongoing efforts to develop alternative liquid 

fuels that can completely replace fossil carbon fuels. This includes Synthetic Aromatic 
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Kerosene (SAK) produced via the APR pathway and potential ASTM-approved fuels 

such as CHJ-SK. The compatibility of these new fuels with current aircraft technology 

is critical, and thus, there is a push towards designing new engine generations capable 

of using low aromatic or unblended fuels efficiently. One notable development in this 

area is the D328neo aircraft, which is designed to be compatible with these advanced 

fuel types and is expected to commence test flights by 2024 [25]. 

 

2.1.7 Karl Hillman (2023). Transport: Energy, Resources and 

Environment. Lecture slides. Energy systems ETA009. University 

of Gävle. [12 Oct 2023] 

According to Hillman (2023), the 4 options for reducing energy use and 

environmental impact from transport are [26]:  

1) Through ’societal efficiency’ (e.g. reducing transport demand). The author of 

this thesis notes that for aviation, this could be done through increasing ticket 

prices (e.g. indirectly through a carbon tax). 

2) Through ’system efficiency’ (e.g. reducing vehicle and infrastructure use, e.g. 

through car-pooling); The author of this thesis notes that for aviation, this 

could be perhaps straighter flight routes, decreasing taxi times, and flying 

airplanes with more people onboard. 

3) Through ’vehicle efficiency’ (reduce in-flight energy use or increase 

efficiency). This could be done through engines that are more efficient, more 

aerodynamic planes, lighter materials etc. [6]. 

4) Through ’environmental efficiency’ (reduce environmental impact per unit of 

energy). The author of this thesis notes that for aviation, this could be done 

through the introduction of SAFs. 

This thesis is mainly concerned with point 4, although some mentions are done to 

point 1 in regard to the European and international carbon reduction mechanisms and 

point 3 in regards to technological advancements.  
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2.1.8 Editorial: The motivations for and the value proposition of 

sustainable aviation fuels 

SAFs are designed to be used instead of conventional jet fuels without needing to 

change aircraft and other equipment. This makes it easier to adopt SAFs into existing 

aviation operations. SAFs can be made through different methods, including 

thermochemical processes like gasification and pyrolysis, and biochemical processes 

that use microbes to convert biomass. Each method helps produce hydrocarbons that 

can take the place of conventional jet fuel. 

Standards and regulations are crucial for the acceptance of SAFs. These fuels are 

thoroughly tested to meet standards like ASTM D7566 and D1655, ensuring they are 

safe for use in aviation. Such standardization helps in their broader adoption by 

providing clear guidelines for their production and use. 

SAFs offer significant economic and environmental benefits. Economically, they can 

enhance energy security and create jobs, especially in rural areas. Environmentally, 

they significantly reduce the carbon footprint of aviation fuels, aiding in the global 

effort to combat climate change. However, for SAFs to be viable, they must:  

 Achieve economic feasibility [27]. 

 Minimize or eliminate environmental harm while enhancing sustainability 

[27]. 

 Fulfill social sustainability objectives, such as preventing land-use changes, 

securing food supplies, boosting local economies, and enhancing energy 

security [27]. 

Current research is looking into new ways to produce SAFs and the possibility of using 

them in higher blends. However, challenges such as scaling up production and 

reducing costs need to be overcome to make SAFs cost-effective compared to 

traditional fuels. 

This editorial highlights the strategic importance of SAFs in the future of aviation, 

focusing on their role in supporting both environmental sustainability and economic 

viability in the energy sector [27]. 

Figure 10 illustrates the projected future annual emissions of the aviation sector out 

to 2050, with and without the application of measures to reduce CO₂ emissions 

(which include operational and technological advancements along with SAF 

deployment). It emphasizes that without SAF, the aviation sector will not meet its 

net-zero emissions goals. Figure 10 serves as a visual representation of the significant 

impact that SAFs could have on reducing aviation's carbon footprint. 
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FIGURE 10 SHOWS AN ANALYSIS AND PROJECTION OF FUTURE DOMESTIC (USA-BASED) AND INTERNATIONAL 

AVIATION (FROM U.S.  CARRIES) CO₂ EMISSIONS [28]. 

 

2.1.9 Renewable fuel options for aviation – A System-Wide 

comparison of Drop-In and non-drop-in fuel options 

This article evaluates various renewable aviation fuel options, focusing on their 

greenhouse gas reduction potential and technical feasibility.  

Drop-in fuels, which are compatible with current aircraft technologies, are contrasted 

with non-drop-in options that require significant modifications to aircraft and 

infrastructure.  

The analysis utilizes a set of nine criteria to assess fuels like synthetic kerosene, 3 

alcohols, and 3 gases (methane, ammonia and hydrogen). Findings indicate that while 

drop-in fuels are limited by production capacities, non-drop-in fuels face challenges 

related to aircraft compatibility [29]. Both fuel types, however, offer substantial 

potential for reducing aviation's greenhouse gas emissions, with kerosene-like fuels 

showing promising near-term development potential due to demand from other 

sectors [29]. 
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2.1.10 Sustainable aviation fuels – Options for negative emissions and 

high carbon efficiency 

The article addresses the challenge of reducing the climate impact of aviation, which 

is difficult due to the limitations of electrifying long-range flights and the heightened 

climate impact of fuel combustion at high altitudes [30].  

The study investigates seven different methods for producing aviation biofuels, 

combined with either bio-energy carbon capture and storage (BECCS) or bio-energy 

carbon capture and utilization (BECCU). These methods aim to improve the 

efficiency of carbon utilization from feedstock. The analysis focuses on carbon and 

energy balances, with carbon efficiency, climate impact, and production cost as 

primary indicators.  

Results indicate that carbon capture and storage (CCS) can achieve a negative carbon 

footprint for four pathways, offering a more cost-effective reduction in greenhouse 

gas emissions compared to the base process [30]. Conversely, pathways involving 

carbon capture and utilization show less promising results due to their higher 

production costs and carbon footprints [30]. Pathways with substantial vented CO₂, 

such as gasification of black liquor or fermentation of forest residues, demonstrate 

lower greenhouse gas reduction costs for the CCS option. These pathways also offer 

greater feedstock and production potential.  

The study's findings provide valuable insights for policymakers and industry 

stakeholders by comparing the strengths and weaknesses of BECCS and BECCU, 

highlighting cost-effective and climate-efficient pathways for aviation biofuel 

production. 

 

2.1.11 A stakeholders’ participatory approach to multi-criteria 

assessment of sustainable aviation fuels production pathways  

Since SAFs can be produced using a variety of feedstocks and pathways, and given that 

there are numerous factors with conflicting objectives to take into consideration 

(technical, economics, societal and environmental) and relatively little data to base 

decisions on, their selection can be challenging [31]. 

This research paper proposes a multi-criteria decision-making (MDMC) framework 

for evaluating SAF production pathways. The proposed framework involves 

stakeholders, accommodating subjective judgments and offering flexibility to provide 

to stakeholders guidelines for selecting SAF production pathways [31]. 
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The MDCM ranked 11 SAF production pathways against 24 criteria grouped under 

social, environmental, economic, and technical impact categories. These criteria were 

weighted with the inputs via an online survey from several stakeholders/experts, as 

shown in Figure 11. 

 

FIGURE 11  SHOWS THE DIFFERENT RESULTING GLOBAL WEIGHTS ( IN GREEN)  FOR EACH CRITERION ANALYZED.   

 

Data was then gathered (and normalized) on the environmental, social, economic, 

and technical performance of each pathway. Following this, the outranking 

PROMETHEE II method was used to rank the results. 

Their analysis concluded that the categories of environmental and economic impacts 

held the greatest importance, followed by technical and social criteria. 

Gasification/Fischer-Tropsch (FT) based production processes were favored over 

fermentation and oil-based methods, with waste gases and wood residue emerging as 

the preferred feedstocks.  

Advantages of this approach 

 Transparency and inclusivity: Allowing stakeholders to contribute to the decision-

making process enhances transparency and leads to socially responsible outcomes. 

 Comprehensive and informed decision-making: By incorporating diverse 

perspectives and criteria, decisions regarding the most sustainable SAF production 

pathway can be made with greater depth and understanding. 
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 Increased acceptance and legitimacy: Stakeholder participation cultivates 

ownership and comprehension of the selected pathway, potentially fostering 

wider societal acceptance and aiding in policy development. 

While the presented MCDM framework is certainly very useful and valuable, the 

author of this master thesis points out that there are several limitations to this study. 

First, it assumes that the opinions of each stakeholder have equal value. Second, the 

results present a “global” rating without taking into consideration that the weight of 

each criterion will vary in different geographical locations. For example, in regions 

with limited access to water, the water criteria should hold more value.   

Thirdly, different stakeholders will have different criteria. For example, for airlines, 

fuel price will probably be the main decision criterion. Nevertheless, this article 

offered a valuable way of reaching consensus-based decisions that involve a variety of 

stakeholders. 

 

2.1.12 Life Cycle emission of selected Sustainable Aviation Fuels – A 

review 

This article carried out a LCA of 4 SAF-approved pathways for a variety of feedstocks, 

the results of which can be found in Table 3 [32]. This was done by examining the 

emissions associated with CORSIA Eligible Fuels (CEF) as outlined by CORSIA [33]. 

More information is provided on CORSIA in section “3.2.3. CORSIA” 

Core LCA value is determined by considering all emissions associated with each stage 

of sustainable aviation fuel production: feedstock cultivation, processing, collection, 

recovery, extraction, transportation to processing facilities, the conversion process 

from feedstock to fuel, fuel transportation and distribution, and ultimately, fuel 

combustion in aircraft engines. 

ILUC, or Indirect Land Use Change, refers to emissions associated with potential land 

use changes for the production of sustainable aviation fuel feedstock. Some feedstocks 

are assigned a zero ILUC value because they pose a low risk of causing land use change. 

These feedstocks fall into three groups: waste, residue, and by-product feedstocks; 

feedstocks that do not lead to an increase in global agricultural land use for their 

production; and feedstocks that yield significantly more per unit area than traditional 

crops, such as certain types of algae. 

The resulting LCA is the sum of “Core LCA” and “ILUC”. 
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The study highlights the significant impact of Land Use Change on the final LCA value. 

Results indicate that miscanthus from Fischer-Tropsch and Alcohol to Jet conversion 

processes have the lowest life cycle emission factors among various SAF pathways. 

Conversely, for HEFA, which is widely used, jatropha oil exhibits the lowest emission 

factor among CORSIA-eligible fuels. The analysis also underscores the variability of 

life cycle emission factors for the same feedstock and pathway depending on factors 

like cultivation and transport. 

TABLE 3  SHOWS THE VALUES OF CORE LCA,  ILUC,  AND LCA  FOR THE SAME FEEDSTOCK IN DIFFERENT 

CONVERSION PROCESSES [32] 

 

The article also reviewed the different Core LCAs already available for HEFA 

(without taking into account the ILUC data), and presented in Figure 12 to summarize 

this, depending on the feedstock used. It concluded that the median value for all 

presented feedstock for the HEFA conversion process in this research is equal to 41.5 

gCO₂e/MJ. As a comparison, the LCA set up by CORSIA for conventional aviation 

fossil fuel is 89 gCO₂e/MJ, therefore achieving a 46.6% lifecycle reduction in CO₂. 

 

FIGURE 12 SHOWS THE VALUES OF  LIFE CYCLE GHG  EMISSION FOR HEFA  FUEL BASED ON A REVIEW SPECIFIED 

RESEARCH [32] 

 

Additionally, this article also explains the CORSIA global program and the different 

steps involved in certifying a SAF as CEF. This will be also be further explained in 

chapter “3.2.3. CORSIA”. 
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2.1.13 Uncertainty in life cycle greenhouse gas emissions of sustainable 

aviation fuels from vegetable oils 

This article explores the variability and uncertainty in estimating life cycle greenhouse 

gas emissions of SAFs derived from vegetable oils. The analysis mainly focuses on 

HEFA fuels produced from non-edible vegetable oils such as jatropha, pennycress, 

and energy tobacco. A stochastic methodology using Monte Carlo simulations was 

applied to capture the parametric uncertainties in life cycle inventory data, and 

scenario analyses were conducted to address methodological choices, such as 

allocation methods and the inclusion of direct land use change (DLUC) emissions. 

The article shows that HEFA fuels could offer GHG emission reductions ranging from 

34% to 65% compared to fossil kerosene when DLUC emissions are excluded [34]. 

However, the inclusion of DLUC emissions reveals a significant source of uncertainty, 

potentially negating these GHG savings if conversion of forests or natural shrub lands 

to agriculture occurs [34]. The choice of allocation method for by-products during oil 

extraction (e.g. energy-based vs. mass- or market-based allocation) was found to 

substantially affect the GHG emissions outcomes, with impacts varying up to 46% 

[34]. 

Overall, the results emphasize the high variability and sensitivity of GHG emission 

estimates to methodological assumptions used in life cycle assessments of SAF [34]. 

Addressing these uncertainties requires robust modeling techniques and careful 

consideration of the impacts of land use changes, highlighting the complex interplay 

between biofuel production and environmental sustainability [34]. 

This article highlights the need for standardized LCA methodologies that can more 

accurately reflect the true environmental costs and benefits of SAFs derived from 

vegetable oils, ensuring that these fuels contribute effectively to the aviation sector's 

decarbonization goals [34]. 
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3 Results 

This section of the thesis presents the findings from the systematic literature review 

and analysis conducted on the integration of Sustainable Aviation Fuels (SAFs) into 

the aviation industry. The results are categorized into three main aspects: 

environmental impact, economic viability, and aircraft performance. 

3.1 Balancing Environmental Impact 

The direct environmental impact of aviation can be primarily attributed to two key 

factors: aircraft noise and exhaust gas emissions [24]. Besides CO₂ emissions, aviation 

affects the climate in various ways. These include emitting nitrogen oxides (NOx), 

aerosols and precursor substances, interactions between aerosols and clouds, and the 

formation of contrail cirrus clouds [35]. 

 

3.1.1 CO₂ 

According to Watson et al (2024), SAFs reduce CO₂ emissions between 27% and 

87% [11]. Since SAFs can be made from a variety of sources and in a variety of ways, 

their environmental impact widely varies, explaining this large disparity in results. 

Specific figures can be found in the studies mentioned in the literature review. 

 

3.1.2 Noise and air quality 

Certain SAFs demonstrate a decrease in pollutants such as sulfur oxides (SOx), 

nitrogen oxides (NOx), carbon monoxide (CO), particulate matter, hazardous air 

pollutants, and occasionally carbon emissions, as can be seen in Figure 13. The 

utilization of synthetic jet fuels is anticipated to enhance air quality around airports, 

where reduced soot emissions are observed particularly at idle and taxi [36], which 

proves especially advantageous for inner-city airports [37]. 

For a SAF to be considered as CEF under the CORSIA program, the 6th criterion 

requires that in principle, “production of CORSIA SAF should minimize negative effects on 

air quality” [12]. 
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FIGURE 13 SHOWS THE EMISSION AND AIR QUALITY CHANGES RESULTING FROM THE ADOPTION OF SAFS.  AS 

EXPECTED,  THE HIGHER THE BLEN D OF SAF,  THE HIGHER THE BENEFIT TO AIR QUALITY [37]. 

 

3.1.3 Contrail formation 

SAFs have the potential to reduce some of the non-CO₂ emissions associated with 

aviation, in particular when it comes to contrail cirrus [30], which are line-shaped 

clouds made up of ice crystals produced by aircraft engine exhaust during the 

combustion of jet fuel or changes in air pressure. A recent study [38] shows that this 

effect is even more pronounced when using 100% SAF, reaching a clear reduction 

both in terms of time the contrail was seen as well as ice number formation (56% 

reduction). The researchers hypothesized that it could be linked to the lower Sulphur 

and hydrogen content of the SAF. 

Another study done by NASA in collaboration with Boeing and the German Aerospace 

Center [39] has also shown that SAFs can lead to fewer ice crystal contrails at cruising 

altitudes, with reductions ranging from 50% to 70%. 

In general, contrails have a much shorter lifespan compared to CO₂, causing uneven 

changes in radiative forcing and adding to the unevenness in temperature response. 

Furthermore, the climate impact of emissions from short-lived substances can differ 

depending on where and when the emissions take place, both regionally and globally. 

While certain effects of high-altitude aviation emissions may have short lifetimes, 

research indicates that their long-term impacts can be significant [40]. For example, 

studies have demonstrated that contrail cirrus, a type of cloud formation resulting 

from aircraft emissions, remains a substantial contributor to the long-term climate 

impact, accounting for approximately 15% of the CO₂ emissions impact over a span 

of 100 years [41]. 
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The contrail effect on global warming is not yet fully understood, but it appears that 

in general contrails help reflect the sun’s energy during the day (having a cooling 

effect), but help retain the Earth’s heat during the night (having a warming effect). 

Their effect is much more complex than this, depending on geographical location, 

temperature, and other factors. However, there is scientific consensus that their 

overall occurrence causes global warming [40], and NASA is currently investigating 

to what extent [42]. 

SAFs diminish the warming impact of contrails because they emit fewer particulates 

than conventional fuels, resulting in larger ice crystals that fall and melt more quickly 

in the warmer air below, thus reducing the environmental impact of contrails [38].  

However, the overall climate impact of contrail formation is still not fully understood, 

and more tests are ongoing [43].  

 

3.1.4 Circular economy and SAF production integration 

One strategy to reduce carbon footprint further might be the integration of SAF 

production with other industries: A recent study published in April 2024 [44]  

presents a circular economy solution for reducing aviation sector emissions by 

converting waste paper sludge into SAF using a catalytic sugar upgrading system. 

Through an LCA and process simulation, the study demonstrates that converting high-

ash paper sludge to SAF in the USA significantly lowers the carbon footprint when the 

resulting ash (as a byproduct from SAF production) is then recycled for cement 

production. The research suggests that this approach could annually produce over 330 

million gallons of SAF, potentially mitigating 2–7 million tCO₂eq, underscoring the 

efficacy of circular economy strategies in carbon reduction for aviation [44]. 

On this point, some companies such as “Svante” are integrating their SAF production 

with already existing industries via carbon capture. They are using filters (more 

precisely structured absorbent beds) that can capture 95% of CO₂ emissions from 

industrial sites, as well as CO₂ already present in the air. After capturing CO₂, they 

concentrate it and utilize it in producing SAF [45]. 
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Another example is SAF sourced from municipal waste, as it repurposes waste that 

would otherwise be disposed of through methods like open burning, incineration, or 

landfill decomposition, processes that emit gases like methane. By utilizing this waste 

to produce SAF, commercial flights are powered while mitigating these detrimental 

environmental impacts. The LanzaTech and Tadweer partnership exemplifies this 

approach, transforming 385,700 tons of municipal waste into SAF annually, 

significantly reducing the carbon footprint of air travel and supporting a circular 

economy [46]. 

3.1.5 Chemicals and hazardous materials  

Another adverse environmental impact is the use of chemicals and hazardous materials 

during the manufacturing process of SAFs, such as catalysts, solvents, acids/bases, 

additives, and cleaning agents. These substances may pose risks to ecosystems, water 

sources, and human health if not managed properly. For instance, hydrotreating 

processes in SAF production use catalysts that contain metals such as nickel and cobalt 

[47], which can be hazardous if not properly handled [48] [49]. It underscores the 

importance of implementing stringent regulations and sustainable practices 

throughout the SAF production chain to minimize these negative environmental 

impacts.   

Moreover, certain types of SAF have lower impurities, such as sulfur and aromatic 

hydrocarbons, leading to decreased emissions of soot, sulfur dioxide, and particulate 

matter [50]. 

To mitigate this risk of chemicals and hazardous materials, for a SAF to be considered 

as CEF under the CORSIA program, the 8th criterion requires that in principle, 

“Production of CORSIA SAF should promote responsible management of waste and use of 

chemicals” [12]. 

 

3.1.6 Food competition for feedstocks 

One potential drawback of SAFs is the competition for feedstocks, which can lead to 

reduced food production and security. Increased SAF production may divert 

agricultural resources away from food production, potentially exacerbating food 

scarcity or competition for essential crops. This is a major concern given the fact that 

around 9 million people die per year from hunger-related causes and it is projected 

that by 2030 more than 600 million people worldwide will be facing hunger [51]. 

To mitigate this risk, for a SAF to be considered as CEF under the CORSIA program, 

the 14th criterion requires that in principle, “production of CORSIA SAF should promote 

food security in food insecure regions.” [12]. 
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3.1.7 Water competition 

Water competition in the production of SAFs is another significant concern, especially 

in regions where water resources are scarce or already under pressure. The 

production of SAFs typically involves processes such as biomass cultivation, feedstock 

processing, and refining, all of which require substantial amounts of water 

(particularly in pathways such as hydroprocessing) [52]. This excessive water 

extraction for SAF production can have further cascading adverse environmental 

impacts, such as depletion of aquifers, degradation of water quality, and habitat loss 

for aquatic ecosystems, leading to a decrease in biodiversity [53].  

To address these challenges, SAF producers need to implement sustainable water 

management practices throughout the production chain [54]. This includes optimizing 

water use efficiency, recycling and reusing water where possible, and prioritizing 

feedstock and production pathways that minimize water consumption and 

environmental impact. 

For a SAF to be considered as CEF under the CORSIA program, the 4th criterion 

requires that in principle, “production of CORSIA SAF should maintain or enhance water 

quality and availability” [12]. Additionally, the 12th criterion requires that in principle, 

“production of CORSIA SAF should respect prior formal or customary water use rights” [12]. 

 

3.1.8 Deforestation and Land use  

Another potential concern associated with SAFs is the risk of deforestation arising 

from the production of feedstocks and sourcing of biomass for SAF production in their 

manufacturing process. If feedstocks such as certain biofuels or biomass are sourced 

from areas where deforestation occurs to make land available for cultivation, it can 

lead to habitat destruction, loss of biodiversity, and increased carbon emissions from 

land-use change [55]. Therefore, ensuring sustainable sourcing practices for 

feedstocks is essential to mitigate the risk of deforestation associated with SAF 

production [56]. 

This is further exacerbated by the fact that some LCAs leave out the effect of 

deforestation, resulting in an overly favorable carbon LCA [57].  
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To counteract this, to consider a SAF as CORSIA-eligible fuel, the CORSIA program 

includes criterion number 2 which refers to carbon stock, which means that the fuel 

should not be produced from biomass obtained from land converted after 1 January 

2008 from primary forest, coral reefs, wetlands, estuaries and others, which are rich 

in carbon. Criterion number 5 states that in principle, “production of CORSIA SAF should 

maintain or enhance soil health.” Additionally, the 7th criterion states that in principle, 

“production of CORSIA SAF should maintain biodiversity, conservation value, and ecosystem 

services” [12]. 
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3.1.9 Life cycle  

A typical carbon lifecycle of SAFs can be seen in Figure 14. The carbon dioxide (CO₂) 

is initially absorbed by plants during their growth (or captured from industrial 

sources), and then goes through several steps such as transport, refining and 

distribution before being finally burned in flight, releasing CO₂ back into the 

atmosphere. It is estimated that the amount of CO₂ captured by feedstock is roughly 

equal to the amount of CO₂ emitted when fuel is burned in an engine, ultimately 

returning to the atmosphere [58]. However, as shown in Figure 14, additional steps 

such as transporting the SAF fuel, sorting and pre-processing it, and refining it also 

produce CO₂, and that is why it is very difficult to achieve a 100% reduction in 

emissions.

 

FIGURE 14:  SHOWS TYPICAL CARBON LIFECYCLE OF SAFS.  SOURCE:  BEGINNER’S GUIDE TO SAF,  ATAG  2023 [59] 

 

Research indicates that the primary source of GHG emissions occurs during farming 

and fuel production [60]. In cultivation, high emissions stem from fertilizer and diesel 

usage in farming practices [60]. In the fuel production process, hydrogen and natural 

gas serve as the main sources of emissions. Conversely, the lowest GHG emissions 

occur during the transport and distribution of aviation fuel [60].   

In the future, reducing emissions further during both the cultivation, and 

transportation of SAF and the conversion of feedstocks into jet fuel brings SAF closer 

to achieving carbon neutrality [60]. 
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When considering all CO₂ elements throughout the lifecycle of SAF analysis indicates 

substantial reductions in overall CO₂ emissions compared to fossil fuels. Projections 

suggest that in the future, lifecycle CO₂ reductions from various sources of SAF will 

average approximately 70-80%. However, advancements in the production process 

and the adoption of additional measures such as carbon capture could potentially 

elevate this average to achieve complete CO₂ reduction, or even surpass it [59]. 

 

3.2 Economic Viability 

3.2.1 Cost 

Fuel represents the primary operational expense for the airline industry, often 

constituting the largest portion of their costs.  

Currently, SAF costs are 120%–700% higher than fossil-based jet fuel costs [11]. In 

Europe, the typical price of fossil-fuel-based kerosene is €600/tonne compared to 

SAF made from cooking oil which could range anywhere between €950/tonne and 

€1015/tonne [61]. In the USA, the difference is even larger, and Figure 15 shows that 

the current price of SAF is between 2 and 3 times the price of conventional jet fuel 

[62]. 

 

FIGURE 15  SHOWS A PRICE COMPARISON BETWEEN SAF AND CONVENTIONAL JET FUEL [62] 
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Different feedstocks have different costs of production, as shown in Figure 16. 

Currently, from the 7 currently approved SAF production pathways, the HEFA 

pathway is mostly used. However, waste oils and crop-based feedstock constraints 

limit this to 6%-8% of the future required capacity, meaning that their production 

capacity is limited. Furthermore, the laws of economics dictate that as their demand 

increases, so will the price for it until achieving economic equilibrium, and therefore 

these feedstock prices are not constant. Near-future production will likely also rely 

on AtJ and FT pathways, using a diverse range of feedstocks including agricultural and 

forestry residues, municipal wastes, and selected crops. 

 

 FIGURE 16:  COST OF PRODUCTION VS FEEDSTOCK AVAILABILITY CHART [18] 
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3.2.2 SAF Production 

As mentioned in the Introduction, and shown in Figure 17, SAF production (in green) 

is still very limited compared to conventional jet fuel (in blue) despite its recent 

exponential growth. SAF price (in red) is also 2-3 times higher than jet fuel price (in 

yellow). Please note that this market is still in its nascent phase, which poses 

challenges in estimating a global SAF price (in red), with very large fluctuations.  

 

FIGURE 17 SHOWS THAT THE SAF  USED IN 2022  WAS MERELY 0.1%  OF THE TOTAL AVIATION FUEL USED.  IT CAN 

ALSO BE SEEN THAT THE SAF  PRICE IS OVER DOUBLE COMPARED TO CONVENTIONAL JET FUEL [63] 

 

Looking forward to the future, as can be seen in Figure 18, the SAF production is 

expected to keep growing steadily. When higher economies of scale and technical 

maturity are reached, SAF price will probably come down.  
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FIGURE 18  SHOWS IATA’S FORECASTED GLOBAL SAF  PRODUCTION UNTIL 2050,  WHERE THE AMOUNT OF  SAF  

PRODUCED IS ESTIMATED TO SURPASS THE JET FUEL DEMAND IN 2019 [64]. 

 

One of the reasons why SAF prices are higher is due to the large capital investments 

required by producers. This lack of producer incentives poses a significant obstacle to 

SAF adoption [11]. 

 

3.2.3 CORSIA 

Airlines are required to monitor and report their yearly CO₂ emissions from 

international flights, and any emissions exceeding a set baseline must be offset through 

the purchase of "eligible emissions" units, which are carbon credits. 

Initially, the baseline for CORSIA was set at the average of 2019-2020 emissions 

levels, but due to the COVID-19 pandemic (and subsequent reduction in traffic 

levels), the ICAO Council agreed to use only 2019 emissions as the baseline for 2021-

2023. Subsequently, at its 41st assembly, ICAO set 85% of 2019 emissions as 

CORSIA's baseline from 2024 until the end of the scheme in 2035. 

An airline operator can decrease its CORSIA offset obligations for a particular year 

by claiming emissions reductions achieved by using CEFs. These eligible fuels 

encompass CORSIA SAFs and CORSIA lower carbon aviation fuels.  
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CORSIA is being rolled out in three stages: an initial pilot stage from 2021 to 2023, 

a first stage from 2024 to 2026, and a second stage from 2027 to 2035. Participation 

in the first two stages, spanning 2021 to 2026, is voluntary. Starting in 2027, 

participation will be mandatory and will depend on Revenue Tonne Kilometer data 

from 2018 [65].On 1st Jan 2024, 126 states are currently participating in the CORSIA 

program [66]. 

Limitations of CORSIA: There are some potential concerns [67] about the CORSIA 

framework: First is the fact that it is a voluntary program until 2027. Secondly, it only 

focuses on CO₂ and not the other GHG emissions. Thirdly, that it only applies to 

international flights (which are about 65% of all flights [7]). 

 

3.2.4 Infrastructure Investments required 

Given the similitude of SAFs to conventional aviation fuels, the transitioning to SAF 

will necessitate only minimal investment in on-airport distribution systems [5]. After 

the production of neat SAF, only a blending infrastructure will be needed to gradually 

mix it into the jet fuel supply. This blending process will probably take place off-

airport at dedicated facilities to maintain fuel quality control before entering the 

airport environment. While this requires an infrastructure investment, the drop-in 

nature of SAF enables a gradual increase in SAF blend percentages as more supply 

becomes available. Therefore, the majority of the required investments will be in the 

production of SAFs. 

According to ATAG's Waypoint 2050 estimates [5], between 330 million to 445 

million tonnes of SAF will be needed by 2050, alongside technological and operational 

advancements. Addressing the gap with current figures would require the 

establishment of 5,000 to 7,000 new facilities, necessitating an investment ranging 

from $1 trillion to $1.5 trillion, depending on the scenario selected. 

 

3.2.5 Fuel price volatility 

The unpredictable nature of crude oil prices poses challenges for airlines and operators 

in long-term financial planning and budgeting. The future widespread availability of 

SAF will offer a promising solution to this. Since SAF can be produced globally from 

a diverse range of feedstocks, it could potentially mitigate aircraft operators' 

vulnerability to fuel price volatility associated with reliance on a single fossil-based 

energy source, once it is produced at scale [68]. 
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3.2.6 Competition with Renewable diesel 

Both SAF and renewable diesel can be produced from various similar feedstocks (such 

as vegetable oils, animal fats, and waste oils) and production processes [69]. 

Competition for these feedstocks can drive up prices and impact the profitability of 

both SAF and RD production. 

3.2.7 Potential SAF revenue streams 

The SAF industry is still evolving and presents several potential revenue streams, 

driven by increasing demand for eco-friendly aviation solutions and regulatory 

mandates [70]:  

 Direct SAF Sales:  Core revenue will come from selling SAF to airlines. As 

regulations and environmental commitments push for cleaner aviation fuels, 

airlines will require increasing volumes of SAF to meet their obligations. 

 Carbon Credits: SAF production can generate tradable carbon credits or carbon 

offsets. Airlines can purchase these credits to compensate for their carbon 

emissions and comply with regulations. 

 Government Incentives: Many governments are offering subsidies and tax breaks 

to promote SAF production. These incentives can significantly improve the 

profitability of SAF ventures. 

 Feedstock Production:  Companies involved in cultivating or processing 

feedstocks like sustainable biomass for SAF production can establish a separate 

revenue stream. 

 Technology Licensing:  Companies with innovative SAF production technologies 

can license their processes to other producers, generating royalties. 

 Exporting SAF: As SAF demand rises globally, there's potential to export SAF to 

other countries, creating a new revenue stream. 

 

3.2.8 Policy incentives 

Governments around the world are recognizing the potential of SAF and are 

implementing various policy incentives to boost its production and adoption, some of 

them in conjunction with ICAO’s global CORSIA program. These incentives can be 

broadly categorized into 3 main approaches: 
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Direct financial incentives: 

 Tax Credits: This is a popular strategy where governments offer tax credits to 

producers or blenders of SAF. The credit amount often increases with the 

percentage of lifecycle greenhouse gas reduction achieved by the SAF compared 

to conventional jet fuel. The US offers a SAF credit that starts at $1.25 per gallon 

for SAF with a 50% lifecycle GHG improvement, increasing for better 

performance up to $1.75 per gallon [71]. 

 Grants: Some governments provide direct grants to stimulate SAF production 

facilities and research & development efforts. For example, the US has proposed 

a 1 billion USD grant over five years to expand SAF production facilities [72]. 

 

Regulatory measures: 

 Low Carbon Fuel Standards: These regulations mandate a reduction in the 

carbon intensity of transportation fuels over time. This indirectly incentivizes the 

use of cleaner fuels like SAF, as airlines look to comply with the standards. 

 Blending Mandates: A growing number of countries are implementing 

blending mandates that require airlines to uplift a specific percentage of SAF in 

their fuel mix at airports. For example, as already mentioned in “1.1.2 SAF 

production/adoption figures”, the European Union has a blending mandate that 

starts at 2% in 2025 and reaches 70% by 2050. 

 

Emission Trading Schemes (ETS): 

These programs cap the total amount of emissions allowed in the aviation sector. 

Airlines can receive or purchase allowances to emit a certain amount of CO₂. For 

example, in Europe, there is the EU Emissions Trading System. Using SAF can be 

incentivized within an ETS by: 

 Attributing zero emissions to SAF: Airlines using SAF may not need to 

purchase as many allowances, reducing their overall cost. 
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 Auctioning revenue for SAF support: Funds generated from selling emission 

allowances can be used to invest in SAF production or further reduce the cost 

for airlines: In the EU ETS, most emission allowances are sold through 

auctions to companies involved in the EU carbon market. With carbon prices 

rising notably in recent years, auction revenues have surged from EUR5 

billion in 2017 to EUR30 billion in 2022, and this upward trend is anticipated 

to persist. Member States utilize the auction revenues, with reports indicating 

that 76% of the total revenue between 2013 and 2022 was allocated to 

climate-related, renewable energy, and energy efficiency initiatives [73]. 

These policy-tools work together to address the higher production cost of SAF 

compared to traditional jet fuel. By offering financial benefits and creating demand 

through mandates, governments are hoping to accelerate the development and 

adoption of SAF, promoting a more sustainable aviation industry. 

 

3.3 Aircraft Performance 

Given the similitude in the composition of approved SAFs to conventional jet fuel, 

their addition has minimal impact on aircraft performance itself [74]. In fact, SAFs are 

designed to be "drop-in" fuels, meaning they can be used in existing aircraft with 

minimal to no modifications. However, SAFs are currently only certified in blends up 

to 50%, due to concerns regarding the full compatibility of their physical and chemical 

properties with all aircraft engine types and components over prolonged use. Limited 

data on the long-term effects of higher concentrations of SAFs on engine wear and 

tear, material compatibility, and overall engine performance require further 

investigation and validation to ensure safety and reliability in aviation operations. 

 

Combustion and Maintenance 

Most studies show combustion properties of SAFs are similar to conventional jet fuel, 

resulting in comparable engine performance [20]. Regarding maintenance, as 

previously mentioned SAFs have been shown to reduce the formation of soot and 

particulates during combustion, which can lead to cleaner engines and potentially 

lower maintenance costs. However, research on this topic is currently ongoing. 
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Aromatics Content and Material Compatibility 

Traditional jet fuels contain aromatics, which help maintain the swell and sealing 

integrity of nitrile rubber components within the aircraft fuel system. Most biofuels 

and electrofuels, however, have low aromatics content, which can lead to the 

shrinking of engine seals and potential leakages [25]. To address this issue, research is 

being directed towards developing new sealing materials that are compatible with low 

aromatic fuels and investigating the addition of SAK to SAFs. SAK, produced through 

pathways like the APR process, aims to mimic the sealing swell properties of 

traditional fuels while maintaining the environmental benefits of SAFs [25]. 

. 
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4 Discussion 

4.1 1st, 2nd, 3rd, 4th generation SAF 

The 4 generations of SAFs refer to the raw material or feedstock used in their 

production, and a summary of these is presented below, based on an article by Paula 

Kurzawska [75]. 

First Generation: Derived from edible food crops such as oil palm, sugarcane, corn, 

sugar beets, and wheat. These crops yield oil or fats that can be easily converted into 

jet fuel, achieving lifecycle reductions in carbon emissions. However, they often 

compete with food crops for arable land and require high water and fertilizer inputs. 

HEFA and SIP are classified here. 

Second Generation: Includes waste biomass and energy crops. Waste biomass 

encompasses agricultural and forestry residues, as well as food and municipal wastes. 

Energy crops consist of oil-seeds, trees (e.g. poplar, willow, and eucalyptus), and 

grasses (e.g. Miscanthus, Switchgrass, and Elephant grass). Among second-generation 

feedstock, oil-seed plants like jatropha and camelina are popular due to their high oil 

content and suitability for cultivation in arid or non-arable areas. These second 

generation SAFs show improved sustainability metrics without competing with food 

resources, but they involve more complex logistics and processing technologies. AtJ, 

CHJ, FT-SPK and FT-SPK/A processes are classified here. 

Third Generation: Comprises algae, which are non-edible and can be cultivated in 

suspension, requiring minimal land. Algae are highly efficient in carbon dioxide 

absorption and grow rapidly, purifying both air and water during cultivation. Algae-

based fuels are assessed for their high yield and minimal land use, but technological 

and economic challenges remain significant hurdles for large-scale deployment. HC-

HEFA-SPK is classified here. 

Fourth Generation: Involves non-biological resources such as carbon dioxide, 

renewable electricity, water, and sunlight, as well as genetically modified organisms 

like microalgae, yeast, fungi, or cyanobacteria. These biofuels do not compete with 

food crops and can be produced in non-arable lands or under challenging conditions. 

Genetic modification of microalgae aims to enhance photosynthesis efficiency and 

improve light penetration. Additionally, raw materials from non-biological sources, 

such as flue gases from industrial plants, offer environmental benefits when used in 

fourth-generation biofuel production. Hypothetical scenarios involving synthetic 

biology and genetically engineered organisms to produce fuels that capture carbon 

directly from the air illustrate cutting-edge possibilities but also raise questions 

about scalability and regulatory acceptance. PtL (Power to Liquid) is classified here. 
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A visualization of the predicted development and utilization of each SAF generation is 

displayed in Figure 19. As can be seen, the majority of SAF produced today comes 

from HEFA, but feedstock constraints limit this to 6%-8% of the required capacity, 

and therefore other alternatives must be developed. 

 

 FIGURE 19  SHOWS THE 4  GENERATIONAL WAVES OF SAF PRODUCTION [76] 

 

4.2 Uncertainty in projections 

While discrepancies in future projections such as those illustrated in Figure 8 and 

Figure 10 underscore the challenges in quantifying the exact impact of SAF 

implementation, they also highlight the necessity for developing more sophisticated 

predictive models and methodologies. It is essential to incorporate a broader range of 

variables, including non-CO₂ emission effects like contrails and aerosol formations, 

which significantly contribute to aviation’s climate impact. Additionally, enhancing 

the accuracy of these projections requires better integration of real-world data and 

more advanced simulation technologies. This approach will not only refine our 

understanding of SAFs' potential to reduce emissions but also improve strategic 

planning and policy formulation for their broader implementation. By acknowledging 

and rigorously addressing these uncertainties, the aviation industry can more 

effectively leverage SAFs to achieve its climate goals. 
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4.3 Broader Environmental Implications of SAFs 

While SAFs are often heralded for their potential to reduce CO₂ emissions from 

aviation, a comprehensive evaluation of their environmental impact must also 

consider additional climatic factors beyond CO₂. This chapter delves into the broader 

spectrum of environmental effects associated with SAFs, highlighting potential 

concerns that are not captured solely by measuring CO₂ emissions. 

 

Contrails and Cirrus Cloud Formation 

One significant environmental impact of aviation, often overlooked in discussions 

about SAFs, is the formation of contrails and cirrus clouds. These thin, ice-crystal 

clouds form at high altitudes due to water vapor emissions from aircraft jet engines 

and can persist for hours or even days. Contrails and the resulting cirrus clouds have 

a warming effect on the Earth's surface, which some studies suggest could be as 

significant as the impact from CO₂ emissions from aircraft [39] [42] [38]. The 

composition of SAFs, particularly in terms of water vapor content and particulate 

emissions, can influence the formation and persistence of these clouds, potentially 

altering their climatic impact. 

 

Non-CO₂ Emissions 

Besides CO₂, aircraft engines emit a variety of other substances that can have 

significant climatic impacts, including nitrogen oxides (NOx), sulfur oxides (SOx), 

unburned hydrocarbons, and particulate matter [77]. NOx emissions, for instance, 

contribute to the formation of ozone in the upper troposphere, which is a potent 

greenhouse gas. While SAFs generally result in lower sulfur emissions, their impact 

on NOx and other non-CO₂ emissions varies depending on the fuel composition and 

engine technology. Evaluating SAFs based on their total climate impact requires a 

holistic view that includes these emissions and their interactions with atmospheric 

chemistry and physics. 
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Indirect Climate Effects 

The production and use of SAFs can have indirect effects on the climate that are not 

immediately apparent. For instance, the type of biomass used, land-use changes 

associated with biomass production, and the energy sources utilized for fuel 

processing and distribution all contribute to the overall climate impact of SAFs. Life 

cycle assessments that encompass these factors are crucial for understanding the true 

climate footprint of SAFs. 

 

Economic Factors and Pricing Mechanisms 

The pricing of SAFs often does not reflect their actual climate impact. Current market 

prices typically focus on the cost of production and supply-demand dynamics but do 

not adequately factor in the environmental costs or benefits. Implementing a pricing 

mechanism that includes the cost of climate impacts, such as a carbon pricing scheme 

that accounts for all greenhouse gas emissions and their radiative forcing effects, could 

provide a more accurate reflection of the true cost of SAFs. 

In conclusion, while SAFs present a promising solution for reducing the aviation 

industry's carbon footprint, a broader perspective on their environmental impact is 

necessary. Understanding and mitigating the full spectrum of climate effects 

associated with SAFs is crucial for achieving genuine sustainability in aviation. 

Developing comprehensive assessment frameworks that include CO₂ and non-CO₂ 

emissions, along with indirect climate effects and economic factors, will support more 

informed decision-making and policy development in the aviation sector. 

 

4.4 Power-to-Liquid in Aviation Sustainability 

PtL technology, pivotal for producing synthetic jet fuel, emerges as a significant 

advancement in SAFs. This method, which synthesizes liquid fuels from carbon 

dioxide and water using renewable energy, offers a nearly carbon-neutral solution 

when utilizing renewable resources. PtL fuels can be produced anywhere with access 

to renewable energy and CO₂, enhancing energy security and reducing reliance on 

fossil fuel supply chains. 
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Despite these advantages, a notable challenge for PtL is the current scarcity of 

renewable energy resources. Global renewable energy production must substantially 

increase to fully leverage PtL technology. Moreover, PtL fuels are not yet certified 

under ASTM standards for aviation fuels, which poses a barrier to their adoption in 

the aviation industry. This certification is crucial for ensuring the compatibility of PtL 

fuels with existing aviation infrastructure and for maintaining the high energy density 

required for long-haul flights. 

The successful integration of PtL technology into the aviation sector not only aligns 

with decarbonization goals but also promotes the broader use of renewable energy, 

crucial for sustainability across multiple sectors. Therefore, accelerating the 

expansion of renewable energy capabilities and advancing the ASTM certification of 

PtL fuels are essential for harnessing their full potential and achieving comprehensive 

climate targets in aviation. 
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5 Conclusions 

The exploration of SAFs within this thesis underscores their critical role in the aviation 

industry's transition towards a more sustainable future and aligning with global 

climate goals. Developing a robust market for SAF is imperative. SAF is not merely 

an optional product but an essential enabler for ensuring the future sustainability of 

the aviation industry, which is predicted to replace conventional jet fuels in the 

medium to long term. This conclusion draws from the detailed analysis of 

environmental impacts, economic viability, and performance implications as follows: 

 

 Environmental Impact 

SAFs have shown considerable promise in reducing the carbon footprint of the 

aviation sector. Through life-cycle assessments, it is evident that SAFs can diminish 

CO₂ emissions significantly—up to 80% compared to traditional jet fuels if used at 

100% blending, depending on the feedstock and production pathway. Moreover, 

SAFs contribute to reduced soot and particulate matter emissions, which are 

beneficial for improving air quality around airports and populated areas. The potential 

of SAFs to reduce contrail formation, a notable non-CO₂ climatic impact of aviation, 

also points towards their broader environmental benefits. 

 

 Economic Viability 

Despite these environmental advantages, the economic challenges of SAFs are 

notable. The current cost of SAFs is significantly higher than conventional jet fuels, 

primarily due to the early stage of technology, and limited production scales and 

incentives. However, with appropriate policy frameworks and incentives, such as 

those proposed by CORSIA and various national schemes, the economic hurdles could 

be mitigated. These incentives are essential to foster the growth of the SAF market 

and to encourage technological advancements that could reduce production costs. 

Moreover, integrating a pricing mechanism that reflects the true climate impact of 

SAFs, including their non-CO₂ emissions and indirect climate effects, could provide 

a more accurate reflection of their economic value and promote more sustainable 

pricing strategies. Additionally, the expansion of renewable energy production is 

crucial to support the energy-intensive PtL processes. 

 

 

 Aircraft Performance 
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From a performance standpoint, SAFs present a compatible alternative to 

conventional fuels with minimal adjustments required for current aircraft 

technologies. This "drop-in" capability ensures that the transition to SAFs can occur 

without significant investments in new infrastructure or aircraft modifications, 

thereby facilitating a smoother integration into existing aviation operations. 

However, addressing the challenges associated with the chemical properties of SAFs, 

such as their lower aromatics content, is crucial. Aromatics are important for 

maintaining the integrity of nitrile rubber seals within aircraft fuel systems. Most SAFs 

have a low aromatics content, which can lead to the shrinking of engine seals and 

potential leakages. Research is currently directed towards developing new sealing 

materials compatible with low aromatic fuels or enhancing SAF formulations to 

include SAK that mimics the sealing swell properties of traditional fuels. 

 

5.1  Future Outlook 

The future of SAFs hinges on overcoming economic barriers and enhancing 

production capabilities, and addressing the performance nuances related to their 

chemical properties. Collaboration between governments, industry stakeholders, and 

researchers is crucial to scale up SAF production and reduce costs, and to refine fuel 

formulations to ensure compatibility with existing aviation technologies with the end 

goal of using 100% SAF without blending. Innovations in feedstock sourcing, refining 

processes and lifecycle management can drive the sustainability and economic viability 

of SAFs forward. Furthermore, PtL's integration hinges on achieving ASTM 

certification to ensure its viability and safety as an alternative jet fuel. 
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5.2 Recommendations 

 Increased Research and Development: Continued investment in R&D is 

essential not only for improving SAF production efficiencies but also for 

addressing the specific challenges related to fuel compatibility and 

performance, such as aromatics content and seal integrity. Expanding the 

range of suitable feedstocks should also include efforts to optimize feedstock-

processing technologies that reduce environmental impacts and enhance fuel 

properties. 

 Policy Support and Incentives: Governments should enhance policy 

mechanisms that incentivize SAF production, incorporating comprehensive 

environmental cost assessments. This could involve tax rebates, grants, and 

mandatory blending requirements that are sensitive to the broader ecological 

impacts, including non-CO₂ emissions and life cycle effects. 

 Global Collaboration: Strengthening international cooperation can facilitate 

knowledge exchange, standardize regulatory frameworks, and scale up SAF 

deployment globally. This should extend to aligning technical standards on 

new fuel technologies and sharing best practices for integrating SAFs into 

existing supply chains. 

 Integration with Other Industries: Adopting a circular economy strategy to 

integrate SAF production with other industries can further lower the carbon 

footprint. This approach would involve using waste products from other 

sectors as feedstocks for SAF production, thereby reducing waste and 

enhancing resource efficiency across industries. 

 Development of New Materials and Technologies: Encourage the 

development of new materials and technologies that can withstand lower 

aromatic fuels. This includes funding research into new types of sealants and 

other engine components designed to operate optimally with SAFs, ensuring 

that aircraft performance and safety are maintained without extensive 

modifications. 

These additions and refinements aim to provide a more comprehensive set of 

recommendations that address the complex interplay of technical, economic, and 

regulatory challenges in scaling up SAFs effectively.
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