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Abstract 

With the growing air transport demand and concerns about its environmental impacts, alternative 

jet fuels derived from non-conventional sources have become an important strategy for achieving 

a sustainable and green aviation. In the past ten years, governments around the world along with 

aviation industry have invested significant efforts into exploring all sorts of alternative jet fuels 

that can be used to power aircraft engines. Among all the alternative jet fuels explored, the 

aviation sector has agreed that hydrocarbon-based ‗drop-in‘ replacement fuels, which are fully 

interchangeable and compatible with current conventional jet fuels, would be the best choice in 

the near future, as they can be used without any modifications to today‘s aircraft or fuel 

infrastructure. This paper reviews the current state of development of ‗drop-in‘ alternative jet 

fuels including various Fisher-Tropsch synthetic jet fuels and bio-jet fuels. Recent advances in 

research activities on alternative jet fuels, including fuel property evaluations, combustor 

component tests, engine tests, and flight tests, are highlighted. Furthermore, basic research needs 

for understanding the combustion characteristics of alternative jet fuels are underlined and 

discussed by reviewing recent fundamental combustion studies on ignition, extinction, flame 
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propagation, emissions, and species evolution of various conventional and alternative jet fuels. 

Recognizing that the use of ‗simpler‘ surrogate fuels to emulate the behavior of ‗complex‘ 

alternative jet fuels is of fundamental and practical importance for the development of physics-

based models to enable quantitative emissions and performance predictions using combustion 

modeling, recent studies on surrogate formulation for alternative jet fuels are also reviewed and 

discussed. This review concludes with a brief discussion of future research directions. 

 

Keywords: Alternative jet fuels; Synthetic jet fuels; Bio-jet fuels; Aviation emissions; 

Combustion characteristics; Jet fuel surrogates 
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Nomenclature 

ASTM American Standard for Testing and Materials 

ATJ Alcohol To Jet 

BPD Boiling Point Distribution 

BTL Biomass To Liquid 

CAAFI Commercial Aviation Alternative Fuels Initiative 

CBTL Coal/Biomass To Liquid 

CCS Carbon Capture and Sequestration 

CHRJ Camelina-based HRJ 

CTL Coal To Liquid 

DCN Derived Cetane Number 

FSJF Fully Synthetic Jet Fuel 

FT Fisher-Tropsch 

GTL Gas To Liquid 

GHG Greenhouse Gases 

HEFA Hydroprocessed Esters and Fatty Acids 

HRJ Hydroprocessed Renewable Jet 

IPK iso-Paraffinic Kerosene 

LBO Lean Blowout 

LTO Landing and Take-off 

NTC Negative Temperature Coefficient 

OEM Original Equipment Manufacturer 

PM Particulate Matter 

SMD Sauter Mean Diameter 

SPK Synthetic Paraffinic Kerosene 
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SSJF Semi-Synthetic Jet Fuel 

THRJ Tallow-based HRJ 

TSI Threshold Sooting Index 

UHC Unburned Hydrocarbon 
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1. Introduction 

1.1 Background 

Global energy demand will continue to increase in the next decade as the world has been reeling 

from the financial crisis and economic recession. In the transportation sector, air transport has 

been growing faster than any other transport mode in the recent years and is likely to continue 

growing rapidly in the future. Today, global aviation consumes about 5 million barrels of oil per 

day, accounting for about 5.8% of total oil consumption in the world [1]. The world jet fuel 

demand is projected to grow by 38% from 2008 to 2025 at a mean growth rate of 1.9% per year 

[2]. Air transport sector is currently the leading sector with significant growth in demand for oil, 

while the key driver for global jet fuel demand is led by emerging economies, such as China and 

India. The ever-increasing energy demand coupled with the finite fossil fuel reserve has put a 

great challenge on our society. The aviation industry and governments around the world have 

been developing rational strategies through non-conventional alternative jet fuels to 

accommodate the challenge. 

The increasing aviation activity has elicited growing concern with regard to its impacts on 

environment and public health. Aircraft produces the same type of emissions as other ground 

transportation vehicles, including carbon monoxide (CO), carbon dioxide (CO2), water vapor 

(H2O), nitrogen oxides (NOx), sulfur oxides (SOx), unburned hydrocarbons (UHC), and 

particulate matters (PM). Depending on whether they occur near the ground or at altitude, 

aircraft emissions can be considered as local air quality pollutants or greenhouse gases (GHG), 

the latter are believed to be the primary cause for global climate change [3]. Aviation sector is 

relatively a small contributor to air pollutants compared to other sectors, it is estimated to 

account for 2–3% of total CO2 emissions and less than 3% of the transportation NOx emissions 
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[4]. However, given the fast growth of aviation, its emissions are likely to represent a greater 

share of transport sources in the future. It has also been shown that high-altitude emissions near 

or in the stratosphere, where airliners frequently fly, can have significantly more impacts on the 

climate change compared to the ground-level emissions [5]. Aware of the challenges, the 

aviation community has invested much effort to tackle the issue. In 2009, International Air 

Transport Association (IATA) announced a three-step commitment for industry to achieve 

carbon-neutral growth: (1) 1.5% average annual improvement in fuel efficiency from 2010 to 

2020; (2) carbon-neutral growth from 2020 onwards; (3) 50% reduction in carbon emissions by 

2050 as compared to the 2005 level [6]. More stringent standards and regulations on emissions 

are expected to push the industry towards a more sustainable and greener aviation.  

In view of the above, society has been challenged to balance conflicting energy and 

environmental demands by decarbonizing our energy chain and finding clean and viable sources 

of fuel. Concerns about rising fuel price, energy supply, energy security, emissions, and climate 

change have called for a fresh look at the development and use of alternative jet fuels, which 

hold great potential for reducing aircraft emissions while expanding domestic energy sources. In 

the past decade, many alternative jet fuels, including synthetic fuels, bio-fuels, alcohol fuels, 

liquid hydrogen, liquid methane, etc., have been proposed and explored for aviation use. Aircraft 

original equipment manufacturers (OEMs) have been working closely with researchers to 

investigate the practicality of these alternative jet fuels in the near, mid, and far-term aircraft. 

Recently, the aviation community has agreed that ‗drop-in‘ fuels are the most feasible choice for 

alternative jet fuels in the near future. A ‗drop-in‘ jet fuel is a substitute for conventional jet fuel 

that is completely interchangeable and compatible with conventional jet fuel, and hence does not 

require any modifications to the current aircraft engine or fuel distribution system. The Federal 
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Aviation Administration (FAA) has been working to enable the U.S. use of one billion gallons 

per year of alternative ‗drop-in‘ fuels by 2018 [7]. Other countries as well as airliners have also 

been making enormous efforts for the development and commercialization of alternative ‗drop-in‘ 

jet fuels. Therefore, the present paper focuses on the recent development and studies of 

alternative ‗drop-in‘ jet fuels. It has to be pointed that alternative jet fuels discussed in this 

review are only referred to the hydrocarbon-based ‗drop in‘ fuels, which have a similar energy 

content as the conventional jet fuels and can be either blended with or used as a total replacement 

of conventional jet fuels. Other alternative jet fuels such as liquid methane, liquid hydrogen, 

syngas, biogas, and oxygenated fuels are beyond the scope of the present paper. 

1.2 Conventional and alternative jet fuels 

Nowadays, the most used jet fuels are the kerosene-type fuels derived from petroleum. In U.S., 

Jet A is used in the commercial flights, while JP-8 is its counterpart for military use; JP-8 is 

similar to Jet A, but contains extra additives for corrosion and static protections. Jet A-1, which 

is widely used outside U.S., has similar composition as Jet A. The major difference between Jet 

A and Jet A-1 is that Jet A-1 has a lower freezing point (-47
o
C), thereby making it more suitable 

for intercontinental flights. Some countries may have their own jet fuel grading. For example, 

Russia uses TS-1 and RT fuels for civil and military uses, respectively, while China uses RP-3 

fuel for both civil and military use. Though there are some differences, TS-1, RT, and RP-3 are 

considered to be on a par with the western Jet A and Jet A-1 [8]. 

Compared to conventional jet fuels, alternative jet fuels can be derived from a variety of 

sources such as coal, oil shale, tar sand, plants, and animal fats. The compositions of alternative 

jet fuels can differ significantly based on their feedstocks and production process. Today, the two 
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main industrial routes to alternative fuels in aviation are through (1) synthetic process of nature 

gas or coal (synthetic jet fuels) and (2) hydrotreating process of lipids (bio-jet fuels) [9]. 

Synthetic jet fuels are derived from fossil feedstocks such as coal, natural gas, and other 

hydrocarbons. Typically, the feedstocks are first gasified to produce a mixture of hydrogen and 

carbon monoxide known as synthesis gas. The synthesis gas is further converted into liquid 

hydrocarbons through Fisher-Tropsch (FT) process. The FT process is often termed as indirect 

liquefaction and fuels are often referred to as coal-to-liquid (CTL) and natural gas-to-liquid 

(GTL). However, some FT fuels that are derived from biomass (i.e. BTL – biomass-to-liquid) or 

coal/biomass (i.e. CBTL – coal/biomass-to-liquid) are not considered as ‗synthetic‘, in the sense 

that they are not fossil-derived. Hence, BTL and CBTL fuels are generally referred to as non-

synthetic FT fuels, while the synthetic FT fuels are commonly termed as synthetic paraffinic 

kerosene (SPK). 

There are many positive qualities associated with FT fuels. The most notable advantage is 

that they burn cleaner in aircraft engines. FT fuels generally produces approximately 2.4% less 

carbon dioxide, 50%–90% less particulate matter, and 100% less sulphur than conventional 

petroleum-based jet fuels [10]. FT fuels also have excellent low temperature properties and 

superior thermal stability that can improve high altitude operation and low temperature starting 

[10]. However, there are also some challenges and issues for using FT fuels. Although burning 

FT fuels produce less carbon emissions, the total life-cycle carbon emissions of synthetic FT 

fuels can be twice those of conventional jet fuels, if without involving any carbon capture and 

sequestration (CCS) technology during fuel production [11]. To reduce the life-cycle carbon 

emissions of FT fuels, FT plants need to further implement the necessary CCS technology, which, 

however, could significantly increase the fuel production cost [12]. Another issue with FT fuels 
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is the potential failure of engine seals due to the lack of aromatic hydrocarbons. Aromatics have 

the desirous effect of causing engine seals to swell and prevent leakage [13]. To solve this 

problem, the fully-synthetic jet fuels (FSJF) are required to contain a minimum amount of 

aromatics to prevent seal failure. It is noted that there is no such requirement for the semi-

synthetic jet fuels (SSJF) since they are always blended with conventional jet fuels that already 

contain aromatics. 

Bio-jet fuels are derived from biological matter (biomass) such as agricultural crops, trees, 

wood, plants, fibers, and animal wastes. Today, most bio-jet fuels are produced from plant oils 

(e.g., algae, camelina, jatropha, etc.) and animal fats (e.g., beef tallow) through hydroprocessing, 

a process that removes the chemically-bound oxygen and produces proper molecular weight 

components for jet fuels. Thus, these bio-derived fuels are often termed as hydroprocessed 

renewable jet (HRJ) or hydroprocessed esters and fatty acids (HEFA) fuels. One major 

advantage of HRJ fuels is that their feedstocks are renewable, which can reduce the energy 

reliance on the finite fossil fuel resources. In addition, unlike FT fuels, HRJ fuels can potentially 

be carbon neutral in a sense that the carbon emitted by burning a HRJ fuel can be offset by the 

carbon absorbed during the growing process of its feedstock. Though complete carbon neutrality 

can still be challenging in practice, HRJ fuels hold great potentials for reducing carbon emissions. 

Figure 1 plots and compares the life-cycle GHG emissions for several FT, HRJ, and 

conventional jet fuels based on the data from PARTNER – Partnership for Air Transportation 

Noise and Emissions Reduction [11]. It can be seen that the life-cycle GHG emissions level of 

the FT CTL without CCS is ~123% more than that of the baseline conventional jet fuel, while 

the FT CTL with CCS and FT GTL fuels have similar levels, which are about 11–15% higher 

than the conventional jet fuel. In addition, all the HRJ fuels shown in Fig. 1 have substantial 
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lower GHG emissions than the conventional and FT jet fuels. Therefore, bio-jet (HRJ) fuels are 

widely considered by the aviation industry to be one of the primary means to reduce its carbon 

footprint. Recently, Lokesh et al. [14] has predicted the ―cradle-grave‖ carbon intensities of 

several bio-jet fuels using a life cycle GHC model. Their results revealed that bio-jet fuels 

derived from camelina, micro-algae, and jatropha deliver 70%, 58%, and 64% of life cycle 

emissions savings, respectively, relative to Jet A-1. However, bio-jet fuels have some drawbacks 

that include low energy density, poor high-temperature thermal stability, storage instability, etc. 

For these reasons, bio-jet fuels need to be developed with technology that can address those 

issues and be able to tailor the resulting fuel for aircraft applications. 

In general, the development and deployment of alternative jet fuels should depend on their 

sustainability that needs to be carefully assessed both economically and environmentally. The 

economical sustainability of alternative jet fuels needs to consider the costs of fuels, the 

implementation of new technologies, and the associated infrastructure changes, while the 

environmental sustainability mainly focuses on the issues of GHG emissions, air quality, land 

use, and water quality. In order to be sustainable, an alternative fuel has to be cost-competitive 

and maintain an ecological balance by avoiding depletion of nature resources. Though synthetic 

FT fuels are currently widely used, using natural gas and coal as their feedstocks has limited 

their capability for carbon reduction. However, the advantages of CTL and GTL fuels, including 

abundant reserves for feedstocks, low fuel price, domestic production, etc., still make them very 

attractive alternative jet fuels, especially in the coal-rich countries (e.g., U.S. and China) and the 

gas-rich countries (e.g., Russia). On the other hand, although non-synthetic FT fuels and bio-jet 

fuels that are derived from biomass have better carbon emission benefits compared to synthetic 

FT fuels, there have been concerns about their competition for farmland with food [15]. Since 
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the growing demand for biofuels can eventually put a strain on the balance between fuel uses and 

food uses, the industry needs to focus on the new-generation, sustainable biofuels that are 

derived from non-food crops. At the same time, the development of a new industry for bio-jet 

fuels has its risks and challenges, as the availability of bio-jet fuels in future depends on the 

large-scale production of biomass feedstocks, production technology and cost, world oil price, 

and emissions regulation. As the aviation community is striving to move toward to a sustainable 

and green aviation, the industry needs to ensure that the alternative fuels into which it invests 

will provide the hoped-for benefits (environmental, economic, etc.). More detailed discussions 

on the sustainability of alternative jet fuels can be found from a wide range of studies (e.g., [16-

21]). 

1.3 Strategies and global efforts for alternative jet fuels 

To achieve a sustainable and green aviation through alternative jet fuels, actions have been taken 

by governments and international aviation community. Early in 2003, the U.S. Department of 

Defense has launched Clean Fuels Initiative that includes two programs: Total Energy 

Development (TED) Program and Joint Battlefield Use Future Fuel (J-BUFF) Program. TED 

was aimed to catalyze commercial production of fuels from alternative energy resources, while J-

BUFF was designed to develop specifications for alternative jet fuels that enable a single fuel for 

the entire battle space [22]. In 2013, the U.S. Air Force (USAF) released its Energy Strategic 

Plan [23], in which USAF was committed to increase use of cost-competitive drop-in alternative 

aviation fuel blends for non-contingency operations to 50% of total consumption by 2025. 

In civil aviation, the Commercial Aviation Alternative Fuels Initiative (CAAFI) was formed 

in 2006 under the co-sponsorship of Aerospace Industries Association, Airports Council 

International-North America, Airlines for America, and U.S. Federal Aviation Administration 
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(FAA). The CAAFI also consists of approximately 300 non-sponsor members and is a coalition 

of airlines, aircraft OMEs, energy producers, researchers, international participants, and 

government agencies. The CAAFI functions as a clearing house to facilitate the exchange of 

information and coordination of private-sector and government initiatives for the development 

and commercialization of alternative jet fuels [24]. In 2008, the European Union (EU) has 

launched a program of Alternative Fuels and Biofuels for Aircraft Development (ALFA-BIRD) 

that was aimed at developing the whole chain for alternative jet fuels. In 2011, this R&D 

program has adopted Sasol FSJF
®
, a well characterized and certified fuel, as the reference fuel 

and tested several other alternative jet fuels. The test results were used to prepare the 

environmental and economic impact assessment that forms the basis for the elaboration of the 

future strategy for alternative jet fuels [25]. 

In 2009, twenty European and international organizations have launched a three year 

project, named as Sustainable Way for Alternative Fuels and Energy for Aviation (SWAFEA), to 

investigate the feasibility and impact of the use of alternative jet fuels. The final report of 

SWAFEA [26] was submitted to the European Commission to provide guidance to policy 

makers on aviation sustainability issues. This report pointed out the major economic issue for 

bio-jet fuels is their lack of competitiveness with conventional jet fuels, at least in the first 

decade of deployment; new technologies are required for more efficient processing pathways 

with higher yields and reduced costs. It was also suggested that the Commission explores the 

possibility of including bio-jet fuels in the EU Renewable Energy Directive, which sets a binding 

target of 20% share of total energy consumption from renewable sources and a 10% share of 

energy from renewable sources in transport by 2020 [27]. 
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Being the fastest country in the growth of jet fuel demand, China has also launched its own 

alternative jet fuel initiative known as National Industrial Collaborative Innovation Alliance of 

Alternative Aviation Fuels in 2012. The initiative is a collaboration of several research institutes 

aiming for the development of alternative jet fuels as well as relevant certification processes and 

standards. In the same year, China Air Force and fuel producers have also started a program for 

the development of coal-derived jet fuels for both military and commercial use. 

Other countries around the world have also started various initiatives and programs to boost 

the development and application of alternative jet fuels. More information and news with regard 

to alternative jet fuels can be found on the CAAFI website [28].  

1.4 Overview 

In a broad view of literature, many studies have already been devoted to the review of alternative 

jet fuels. For example, Gupta et al. [29] reviewed different kinds of bio-fuels for gas turbine 

applications. Law [30] reviewed the state of research on developing fuel options for next-

generation chemical propulsion for aviation uses. Liu et al. [31] provided a technical review on 

the production processes of jet fuels including conventional/unconventional oiled-based process, 

FT process, and hydrotreating process. Chuck and Donnelly [32] discussed the compatibility of 

potential bio-derived fuels with Jet A-1. Kallio et al. [33] reviewed the existing technologies for 

renewable alternative jet fuel production. Hari et al. [34] reviewed the production routes for bio-

jet fuels, including thermochemical process, hydroprocessing, biochemical process, and others. 

Murphy et al. [35] reviewed the biomass production for sustainable alternative jet fuels in 

Queensland, while Cremonez et al. [36] reviewed the current scenarios and prospects of bio-jet 

fuels in Brazil. Blakey et al. [37] provided a comprehensive review on the development of ‗drop-

in‘ alternative jet fuels including fuel production pathways, life-cycle analysis, economic 
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availability, flight tests, and engines tests on various combustion characteristics. In the present 

paper, we extend the work of Blakey et al. [37] with more recent progress in the development of 

‗drop-in‘ alternative fuels with focus on fuel properties and performance in various testing 

processes. In addition, we summarize fundamental studies on combustion characteristics of 

alternative jet fuels including fuel ignition, flame propagation, extinction, emissions, and 

combustion speciation. Finally, recent development on surrogate formation for alterative jet fuels 

is also highlighted, followed by a brief discussion of future fuel development and research 

directions. 

2. Alternative Jet Fuel Evaluations  

2.1. Path to alternative jet fuel readiness 

To facilitate the development and deployment of alternative jet fuels, the CAAFI has developed 

a path to fuel readiness, also referred to as CAAFI communication tools [38]. The tools include 

fuel readiness level (FRL), FRL exit criteria, feedstock readiness level (FSRL), guidance for 

selling alternative jet fuels to airlines, and environmental progression. Moreover, the tools are 

designed to aid in the communication of both the necessary steps to be taken and the progress of 

alternative jet fuel projects. 

In the process of alternative jet fuel development, FRL is commonly used to classify and 

track the progress on research, certification, and demonstration activities at different milestones, 

i.e. R&D (FRL 1–5), Certification (FRL 6–7), and Business and Economics (FRL 8–9). In this 

chapter, we first introduce the jet fuel specification, and then focus on the property evaluations of 

alternative jet fuels in the R&D stage, followed by the combustor component, engine, and flight 

tests in the Certification stage. While the Business and Economics stage is outside the scope of 
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this review, interested readers can refer to Refs. [39-41] for more information and discussions on 

this stage. 

2.2. Jet fuel specification 

Fuel specification is a list of standards by which the producers and users can identify and control 

the properties of fuel necessary for adequate and reliable performance. Two organizations have 

taken the leading roles in setting and maintaining specifications for jet fuels, namely the 

American Society for Testing and Material (ASTM) and the United Kingdom Ministry of 

Defense. 

ASTM standard specification D1655 [42] defines specific types of jet fuels for civil use: Jet 

A and Jet A-1. It specifies that jet fuels shall be appropriately sampled and tested to examine 

their conformance to detailed requirements as to composition, volatility, fluidity, combustion, 

corrosions, thermal stability, contaminants, and additives [42]. In 2009, ASTM established new 

standard, ASTM D7566-09 [43], for aviation turbine fuels containing synthesized hydrocarbons 

produced from Fischer-Tropsch synthesis. In 2011, an annex with requirements for synthetic fuel 

components manufactured from HEFA was included in the new edition of ASTM D7566-11[44]. 

In the latest version of ASTM D7566-14c [45], the specification covers the manufacture of 

aviation turbine fuels that consist of conventional and synthetic blending components, and is 

intended to be used as a standard in describing the quality of aviation turbine fuels and synthetic 

blending components. In addition, the fuel certified by ASTM D7566 meets all the requirements 

of ASTM specification D1655 and can be regarded as D1655 fuel. This allows the new D7566 

fuels to be seamlessly integrated into the current aircraft and infrastructures that are certificated 

for the D1655 fuels.  
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To streamline the approval process for new jet fuels, in 2009 ASTM issued D4054-09, 

detailing the practice for qualification and approval of new aviation turbine fuels and fuel 

additives [23]. This standard practice provides a framework for the certification of new jet fuels 

and new fuel additives for use in commercial and military aviation gas turbine engines. Figure 2 

shows the fuel and additive approval process specified by ASTM D4054-09 [46]. In can be seen 

the certification process is composed of test program, OEM internal review, and specification 

change. The test program that includes specification properties, fit-for-purpose properties, 

component test, and engine test is intended to ensure the candidate fuel has no negative impact 

on engine safety, durability, or performance. However, it is unlikely that all the tests need to be 

performed, the OEMS should be consulted and will provide guidance on which tests are 

applicable. The test results are then reviewed by the respective OEM and FAA, additional data 

may be required based on the review. After the approval of a new fuel, if the OEM proposes 

changes to specification ASTM 1655, the proposed changes must be reviewed and balloted. The 

process is very rigorous and can go through several iterations before a change can be made to 

specification ASTM D1655. The practice ASTM 4054 was developed as a guide by the aviation 

gas-turbine engine OEMs with the support of ASTM international members, and the OEMs are 

solely responsible for approval of a fuel or an additive in their respective engines and airframes. 

It is also stated in the ASTM D7566 that synthetic fuels and blending components certified by 

this standard specification should have been evaluated and approved in accordance with the 

principles established in the standard practice of ASTM D4054. 

Defense Standard 91-91 (DEF STAN 91-91) [47] issued on the behalf of Ministry of 

Defense by the UK Aviation Fuels Committee is another standard for aviation turbine fuel that 

defines the requirements for Jet A-1. Jet A-1 according to the DEF STAN 91-91 is very similar 
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to Jet A-1 defined by the ASTM D1655 except for a small number of areas where DEF STAN 

91-91 is more stringent. Similar to ASTM D7566, DEF STAN 91-91 in its Annex D also 

specifies the additional requirements for jet fuels that contain synthetic components. In addition, 

we note that Sasol SSJF
®

 and Sasol FSJF
®
 fuels have been approved in DEF STAN 91-91 [47]. 

There are also many other national jet fuel specifications. Most of them are based on either 

US (ASTM), UK (DEF STAN 91-91), or Russian (GOST 10227) specifications. There has been 

increasing moves to harmonize the small differences between the ASTM and DEF STAN as well 

as other national specifications. 

As jet fuel supply becomes more complex with the development of alternative fuels, an 

international specification known as Aviation Fuel Quality Requirements for Jointly Operated 

Systems (AFQRJOS) Checklist has been proposed and recognized by a group of oil companies 

called Joint Inspection Group (JIG) [48]. This checklist is the combination of the most stringent 

requirements from ASTM and DEF STAN jet fuel specifications. 

2.3. Fuel property evaluation 

The starting point for assessing the feasibility of ‗drop-in‘ alternative jet fuels is to evaluate their 

fuel properties and compare them with the known and well-characterized specifications of the 

conventional jet fuels. The proposed alternative jet fuel needs to be characterized with respect to 

its composition and physico-chemical properties to ensure its safety, reliability, and 

compatibility with today‘s airframe components and aero-engines. Further, the fuel property 

evaluation can provide insights into the fuel performance and its potential behavior during its 

implementation. 

A conventional jet fuel, such as Jet A, is a mixture of hundreds of hydrocarbons from 

different molecular classes, including n-paraffins, iso-paraffins, cyclo-paraffins, and aromatics. 
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The different molecular classes can have different effects on the fuel properties such as density, 

fluidity, volatility, energy content, and combustion characteristics. These properties mainly 

depend on the bulk composition of the jet fuel and are weighted averages of all the individual 

components [22]. Specifically, the higher concentration of long n-paraffins can increase fuel 

energy content (per mass) and improve the combustion performance, but they can result in 

poorer low-temperature properties. While more iso-paraffins can improve fuel low-temperature 

properties, their reactivity is generally lower as compared to n-paraffins. On the other hand, 

cyclo-paraffins and aromatics can lead to higher fuel density, but they have lower resistance to 

flame extinction [49] and higher sooting propensity compared to normal and iso-paraffins [50]. 

Compared to conventional jet fuels, alternative jet fuels usually contain less molecular 

classes. Table 1 shows and compares the ASTM standards and fuel properties of Jet A, JP-8, and 

six representative alternative jet fuels, including Syntroleum S-8
®
, Shell GTL

®
, Sasol IPK

®
 (Iso-

Paraffinic Kerosene), R-8, CHRJ (Camelina-based HRJ), and THRJ (Tallow-based HRJ). It can 

be seen that these alternative jet fuels are primarily composed of iso- and normal paraffins with a 

small fraction of cyclo-paraffins and negligible aromatics. Due to the different feedstocks and 

manufacturing processes, there can be significant differences among the alternative jet fuels in 

the spread of hydrocarbons as well as the ratio of normal to iso-paraffins and the presence of 

cyclo-paraffins. 

Again, the differences in fuel composition can result in different fuel properties. For 

example, the freezing point is strongly dependent on the carbon number and the fraction of n-

paraffins. For the same carbon number, n-paraffins freeze at higher temperature than other 

compounds. As shown in Table 1, Sasol IPK
®
 has the lowest freezing point among all the fuels 

due to its much smaller amount of n-paraffins. The viscosity of fuel is more related to the 
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molecular weight than the hydrocarbon class; Shell GTL
®

 is the lightest fuel among all the 

alternative jet fuels and thus has the lowest viscosity. 

To control the fuel quality, fuel specifications are used to confine the fuel properties within 

the acceptable range. In particular, alternative jet fuels should have a heat of combustion no less 

than 42.8 MJ/kg, a flash point no less than 38
o
C, and a freezing point not greater than -47

o
C [54]. 

Most of requirements can be met by the alternative jet fuels that are listed in Table 1, except for 

density. Alternative jet fuels usually have lower densities than the minimum requirement of 775 

kg/m
3
 at 15

o
C specified in both ASTM D1655 and DEF STAN 91-91. The low density of 

alternative jet fuels is attributed to their small quantity of cyclo-paraffins and aromatics and can 

be a limiting factor in the blending ratio when blending with conventional jet fuels; it is therefore 

expected that the addition of synthetic aromatics would enable the use of fully-synthetic jet fuels 

[55]. 

Fuel volatility is also an important fuel property that indicates the tendency of the fuel to 

vaporize and thus can further affect the ignition and combustion efficiency. Fuel volatility is 

expressed through the distillation curves as shown in Fig. 3 (data are from Refs. [13,51,56]). It is 

seen that S-8 has the highest boiling point distribution (BPD), while Shell GTL
®
 and Sasol IPK

®
 

have the lowest BPDs. Other alternative jet fuels compared have similar BPDs as conventional 

Jet A and JP-8. In addition, the maximum and minimum of the distillation profiles based on the 

maximum and minimum values at each respective recovery point from the CRC world fuel 

survey [56] are also plotted in Fig. 3 as a reference. Although the alternative jet fuels can have 

different BPDs compared to the petroleum samples, they all meet the ASTM specification 

maximum limit [45]. 
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Furthermore, the relatively flat BPDs of Shell GTL
® 

and Sasol IPK
®
 are primarily due to the 

lack of heavier fractions that would have come from the light distillate if available. Such BPDs 

can have effects on the results of the ignition and altitude relight tests. In general, although fuel 

volatility has no direct impact on the power or economy, less volatile fuels normally have higher 

heating values and thus the combustion performance is indirectly affected. Fuels with a higher 

front-end volatility (i.e. lower 10% distillation temperature) have a better starting and warm-up 

performance, while the deposit formation, wear, and exhaust smoke can be increased for the 

fuels with a higher back-end volatility (i.e. lower 90% distillation and end-point temperatures). 

As such, fuels that fail to meet distillation requirements usually cause increased pollutant 

emissions. 

Thermal stability is usually improved for alternative jet fuels due to the absence of 

impurities, i.e. hetero-atoms, sulfur compounds, etc. However, the lack of organic acids or other 

polar compounds can decrease the lubricity of fuel. The JP-8 specification requires a maximum 

lubricity rating of 0.655 wear scar diameter. In addition, lubricity additive is generally required 

for FSJF to ensure adequate lubricity. The lack of aromatic compounds also can cause O-ring 

seals to shrink, harden, and fail. ASTM D7566 requires a minimum aromatic content of 8.0% by 

volume [45]. This limit is based on the operational experience to ensure that the required ‗fit-for-

purpose‘ properties (e.g., seal swell, lubricity, and material compatibility) are maintained for 

both semi-synthetic fuel blends and fully-synthetic jet fuels. 

In summary, compared to conventional jet fuels, alternative jet fuels are less complex in 

compositions. They have excellent thermal stability and low emissions. The lack of aromatics in 

alternative jet fuels could cause issues in engine applications, such as material compatibility 

(elastomer swelling/shrinkage), tank gauging (density), and additive compatibility (solubility) 
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[57]. However, these issues could be resolved and would not be a hindrance to the use of 

alternative jet fuels. Although most of the alternative jet fuels developed to date would likely 

meet the jet fuel specification standard, each of the alternative jet fuel can exhibit its own unique 

behavior. The differences in fuel properties are related to their unique characteristics imparted on 

the fuel by various feedstocks. Additional studies are necessary to better understand these 

characteristics to ensure that they are not significantly outside our current experience with the 

existing conventional jet fuels, especially considering the objective of drop-in replacement. 

2.4. Combustor component tests 

Though alternative jet fuels can meet the jet fuel specifications, engine OEMs still require to 

conduct a series of tests to assess various fuel performances for different combustor components. 

The component tests cover a wide range of fuel performances, such as fuel atomization, ignition, 

extinction, lean blowout (LBO), and emissions. Due to the variation of components from 

different engine OEMs, it is difficult to define a standard or criteria for the testing components 

and the associated conditions. As a result, combustor component tests are often conducted at 

OEMs‘ facilities using different components as appropriate. Table 2 lists recent combustor 

component tests reported in the literature for alternative jet fuels including both FT and HRJ 

fuels. 

In the atomization tests, Williams [58] tested the Sasol FSFJ
®
 using an auxiliary power units 

(APUs) atomizer. The test results showed that Sasol FSJF
®
 had similar spray opening pressures, 

spray angles, and spray quality as Jet A at -40
o
C, but produced a smaller drop-size distribution 

that can provide a better cold starting [58]. Lin et al. [59] compared the atomization between a 

FT CTL and a conventional RP-3 jet fuel. A slightly smaller and more uniform droplet size 

distribution was also found in the spray of FT CTL at relatively lower fuel pressures [59]. 
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Kannaiyan and Sadr [60] compared the spray characteristics of two GTL fuels with Jet A-1 in a 

pilot-scale pressure swirl nozzle, and found that GTL fuels have faster disintegration and 

dispersion of the droplets in the core region compared to Jet A-1. The smaller droplet size of 

Sasol FSFJ
®
 and FT CTL tested in [58,59] and faster disintegration and dispersion of GTL fuel 

droplets in [60] are believed to be caused by their lower viscosities compared to their counterpart 

conventional jet fuels. It should be noted that the viscosities of alternative jet fuels are not 

necessarily always lower than those of conventional jet fuels, as shown in Table 1. Sivakumar et 

al. [61] studied the atomization characteristics of a mixture of 90% HRJ and 10% aromatics from 

a simplex swirl atomizer. The results showed that the experimental measured SMD Of the tested 

biofuel spray agrees well with a previously reported correlation intended for conventional 

hydrocarbon fuel sprays from simplex swirl atomizers. 

In the tests of ignition and altitude relight for alternative jet fuels, the results on Sasol FSJF
®
 

[62], FT GTL [63], and FT SPKs [64] showed that the tested alternative jet fuels had similar 

ignition performances as the conventional Jet A and Jet A-1; and it was also found in [64] that 

fuels with lower iso-to-normal ratio tended to have better ignition performance. Hermann et al. 

[65] studied and compared the ignition characteristics of a FT SPK and Jet A-1, and found that 

the tested FT SPK ignited under slightly richer conditions than Jet A-1. Note that the tested FT 

SPK in [65] has a higher flash point and a higher viscosity than Jet A-1. It was shown in [65] that 

the higher viscosity of the tested FT SPK resulted in larger droplet size which can lead to poorer 

fuel vaporization and thus inferior ignition performance. Lin et al. [59] demonstrated a leaner 

ignition limit for the tested FT CTL as compared to RP-3 at low liner pressure drop conditions, 

which was attributed to the lower viscosity of the tested FT CTL. In addition, Mosbach et al. [66] 

studied the chemiluminescence of OH and CH radicals in the transient process of flame ignition 
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for FT SPK fuels, showing no discernible differences between the tested SPK fuels and Jet A-1. 

Burger et al. [67] studied the ignition and extinction behaviors of eight fuels, including 

conventional Jet A-1, SPKs, aromatic solvents, and pure compounds, in a representative aero-

combustor. Their results showed that all the tested fuels have comparable ignition and extinction 

performance to conventional Jet A-1. 

While the lean blowout tests of [58,68] showed no significant differences between the tested 

alternative jet fuels and conventional ones, the results of [59] demonstrated a better LBO 

performance for the tested FT CTL than RP-3 at low liner pressure drop conditions, which could 

be caused by the different fuel distillation curves as suggested by the authors. Burger et al. [69] 

has systematically studied the lean blowout behavior of Sasol FSJF
®
, SPK, Jet A-1, and other 

fuel blends in a heterogeneous laboratory combustor. The LBO results were correlated with fuel 

properties that included distillation profile, density, viscosity, flash point, and ignition delay. A 

strong correlation was found between the LBO limits and the fuel volatility, i.e. stability limits 

were reduced with decreasing volatility [69]. Density and viscosity were also found to have 

positive correlations in that a decrease of density and viscosity resulted in lower LBO limits and 

thus wider stability limits. Other fuel properties were found to have weak or no correlations with 

the observed LBO behavior [69]. 

Combustor emission tests are typically conducted to measure the pollutant emissions such as 

CO, NOx, unburned hydrocarbon (UHC), and soot (smoke). In the tests for alternative jet fuels, 

Biddle [70] found that Sasol FSJF
®
 produced 4% less NOx and 19% less CO than Jet A in the 

landing and takeoff (LTO) cycle, while UHC emissions were only reported in the idle conditions 

and were comparable for both fuels. The notable reduction in CO emissions was believed to be 

caused by the finer droplet size of Sasol FSJF
®

 in the fuel spray, as shown in [58]. Hermann et 
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al. [65] also studied the emissions of a FT SPK fuel at different inlet air temperatures and fuel/air 

ratios (F/A). The results of [65] showed that CO emission index for SPK was higher than that for 

Jet A-1 in the leaner conditions and was lower in the richer conditions; and NOx emission index 

for SPK was lower than that for Jet A-1 in all the tested conditions, except for rich conditions at 

high inlet air temperatures. Shouse et al. [68] compared the emissions of a FT GTL with those of 

JP-8 and found that CO emission of GTL was lower than that of JP-8 for all the tested F/A, while 

NOx emission of GTL was lower than that of JP-8 at leaner conditions, but higher at richer 

conditions. Other tests of [59,71] showed no significant differences in CO and NOx emissions 

between the tested alternative and conventional jet fuels. Although differences are observed, the 

emissions of CO and NOx are generally in the same levels for both alternative and conventional 

jet fuels; the major difference in emissions with alternative jet fuels is in soot emission. In 

particular, the combustor emission tests of [65,68,70-72] all showed significant reductions in 

soot (smoke) emission when using alternative jet fuels. For example, Pucher et al. [71] showed 

that a 100% GTL and a 50/50 GTL/Jet A-1 blend had 83% and 65% reductions in smoke 

emission, respectively, compared to the base Jet A-1 fuel; and a 100% HRJ had 96% reduction in 

smoke emission. Furthermore, the combustor deposits study in [72] showed a significant 

reduction in carbon and coke formation for using alternative jet fuels, as demonstrated in Fig. 4; 

it was found that the synthetic 100% GTL and 50/50 GTL/Jet A-1 blend had 95% and 64% 

reductions in combustor deposits compared to Jet A-1, respectively. The substantial reduction in 

soot formation is, as expected, due to the lack of aromatic compounds in alternative jet fuels. 

Based on the above-mentioned tests, it is seen that combustor performances can be 

dependent on the fuel properties. However, due to the variation of the testing components and 

operating conditions, the testing results can only be interpreted under their respective testing 
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environments. To continuously improve the fuel certification process, standard testing methods 

are desirable in order to facilitate and streamline the testing practice. Though the current 

combustor components tests can be very different from each other, it can still be concluded from 

the testing results reported in the literature that the tested alternative jet fuels have no adverse 

effects on the combustor efficiency and emissions as compared to conventional jet fuels. Further, 

the soot emission can be drastically reduced when switching to or blending with alternative jet 

fuels due to their lack of aromatic components. 

2.5. Engine tests 

Ground engine tests are required upon completion of the combustor component tests in order to 

evaluate the fuel performance on the entire engine system. The purpose of the engine tests is to 

ensure the reliability and safety of alternative jet fuels and also to evaluate their pollutant 

emissions for all types of aero-engines such as turbofan, turboshaft, and APUs. 

Recently, many engine tests have been conducted on various engines using conventional jet 

fuels and alternative FT and HRJ fuels, as well as their fuel blends. For example, Bester and 

Yates [73] conducted tests in a T63 gas turbine engine using FT SPK and Jet A-1; Bulzan et al. 

[74] measured gaseous and particulate emissions in a CFM56-2C1 engine on NASA‘s DC-8 

aircraft using two FT fuels, JP-8, and their 50/50 blends; Timko et al. [75] measured the 

emissions in the PW 308 engine using FT and JP-8 fuels; Corporan and co-workers [76-78] 

studied the emission characteristics of FT, HRJ, and JP-8 fuels in various aircraft engines; 

Klingshirn et al. [79] evaluated the engine performance and emissions in a T63 turbine engine 

using HRJ and JP-8 fuels. Badami et al. [80] measured the emissions of Jet A, GTL, and a blend 

of 70% Jet A and 30% jatropha methyl ester in a small-scale SR-30 engine. Khandelwal et al. 

[81] compared emissions performance and vibration for Jet A-1 and two SPK fuels in a small gas 
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turbine engine. Altaher et al. [82] measured UHC and carbonyl compounds of Jet A-1, GTL, 

HRJ, and HEFA from the exhaust gas of an APU gas turbine engine. Overall, the engine test 

results for alternative jet fuels in the above-mentioned studies showed no operational anomalies 

or detrimental effects on the engine performance compared to conventional jet fuels, while some 

improvements were observed. Specifically, about 1.2% improvement in thermal efficiency was 

observed in [73] for FT SPK compared to Jet A-1; the improvement was mostly attributed to the 

higher H/C ratio and lack of aromatics of the tested FT SPK. Also, engine emission profiles 

[73,74,78-81] showed that the differences in CO and NOx emissions between conventional and 

alternative jet fuels were small, while some notable improvements in CO emissions were 

reported in [77]. All engine tests discussed herein showed dramatic reductions in soot and sulfur 

oxide emissions, which is consistent with combustor emission tests mentioned in the previous 

section. It was further found in [75,76] that the tested FT fuels produced smaller soot particles 

than conventional JP-8. Moreover, despite the complex and varying engine combustor 

characteristics, a strong correlation between relative PM emissions and engine power was 

observed in [78]. It was suggested in [78] that this correlation can be potentially used to predict 

alternative fuel PM emissions. However, additional tests and inclusion of fuel chemistry are 

warranted to improve the robustness and validation of these correlations. 

2.6. Flight tests 

The flight test is the final testing step to demonstrate the use of a candidate jet fuel on a flying 

aircraft. As more alternative jet fuels have been developed, fight tests have been conducted more 

frequently for alternative jet fuels by many governments and commercial airlines. 

Figure 5 summarizes the flight tests for alternative jet fuels since 2006. It is seen that the 

USAF has been playing a leading role in flight demonstrations of alternative jet fuels. 
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Specifically, in 2006 USAF conducted a flight test on B-52 Stratofortress using a 50/50 blend of 

FT synthetic S-8 and JP-8, and the B-52 was the first aircraft approved by USAF of the use of 

alternative jet fuels [83]. Since then, a series of flight tests using FT synthetic fuel blends have 

been conducted by USAF on different military aircraft including C-17, F15, F22, etc. In 2010, 

USAF for the first time tested a blend of HRJ (CHRJ) and JP-8 on A-10 Thunderbolt. This test 

was a part of the effort that aims to evaluating candidate bio-jet fuels from various biomass 

materials with the least environmental impact. The CHRJ fuel blend has also been demonstrated 

later on other military aircraft by both USAF and US Navy. In 2012, USAF first flew an A-10 

aircraft with a new fuel blend derived from alcohol (alcohol-to-jet, ATJ). In 2014, US Navy also 

conducted a test flight of F/A-18 Hornet fighter jet using an alcohol-based fuel blend. Both of the 

tests have proven that ATJ is a viable alternative jet fuel. 

Commercial airlines, aircraft OEMs, fuel manufacturers, and other government agencies 

have also been active players in the flight tests of alternative jet fuels. In 2008, the Airbus A380 

has become the first commercial aircraft to complete a flight using a FT GTL fuel blend. In the 

same year, Virgin Atlantic Airways conducted the first biofuel test with a GE CF6-powered 

Boeing 747-400 using a 20% mix of biofuel composed of babassu oil and coconut oil, while Air 

New Zealand conducted a test flight using a Boeing 747-400 with a Rolls-Royce engine powered 

by a biofuel blend of standard jet fuel and kerosene derived from jatropha oil. In 2010, the South 

Africa fuel manufacturer Sasol has flown the world‘s first passenger aircraft using internationally 

approved 100% synthetic jet fuel. In 2010, the Dutch military conducted the first flight test on 

the Ah-64 Apache helicopter using a bio-jet fuel blend that was derived from waste cooking oil. 

The first flight test using 100% bio-jet fuel was conducted by National Researcher of Canada in 

2012; the bio-jet fuel was derived from carinata oil and met jet fuel specifications without 
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blending. In 2014, a research campaign supported by NASA, German Aerospace Center, and 

National Research Council of Canada has been underway in California to investigate the effects 

of alternative fuels on aircraft emissions and contrail formation [84]. This research was focused 

on the transition of industry to low-carbon and alternative propulsion systems. In 2014, Boeing 

has completed the world‘s first flight using ‗green diesel‘, a sustainable bio-fuel made from 

vegetable oils, waste cooking oil, and waste animal fats. In 2011, China conducted its first flight 

demonstration on a Boeing 747 using a bio-jet fuel blend derived from jatropha. Subsequently in 

2013, China‘s first bio-jet fuel, CBF-1, developed by Sinopec was demonstrated on an Airbus 

A320, while in the following year CBF-1 was approved by the Civil Aviation of Administration 

of China for commercial use. In 2015, Hainan Airlines flight conducted China‘s first commercial 

flight using a 50−50 mix of conventional jet fuel and biofuel made from waste cooking oil on a 

Boeing 737-800 passenger flight. To move toward a green aviation, many other airlines around 

the world as shown in Fig. 5 have also conducted many flight tests using alternative jet fuels that 

are derived from different sources, mostly from biomass. 

3. Fundamental Combustion Properties 

As the development of alternative jet fuels has been gaining more momentum, a great effort has 

been devoted to the fundamental studies on alternative jet fuel characterization, mostly on the 

combustion characteristics in order to gain better understanding of alternative fuel chemistry. 

Since alternative jet fuels can vary significantly in composition as compared to conventional jet 

fuels, such fundamental combustion studies can provide insights into the impact of fuel 

properties on combustion and engine performance. The fundamental combustion properties of 

interest include ignition characteristics, flame properties, extinction limits, emissions, and 

combustion speciation. These combustion responses can be very sensitive to the fuel 
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compositions and molecular structures, and are directly linked to the engine performances such 

as blowout, altitude relight, combustor efficiency, and emissions. Moreover, there are significant 

cost benefits that can be obtained by developing a more streamline combustion testing programs 

that includes these fundamental combustion studies [54]. The fundamental combustion data 

obtained can enable fuel manufacturers to improve their fuel developing process and screen out 

unacceptable fuels prior to expensive component and engine test. In addition, these fundamental 

combustion data can facilitate the development of alternative jet fuel surrogates and their 

chemical kinetic models that can be further used to enable quantitative emissions and 

performance predictions using combustion modeling. 

3.1 Autoignition delay time 

Autoignition delay time is an important parameter in the combustor design of aircraft engines. In 

engine combustion, rapid spontaneous ignition and the subsequent complete reaction of the fuel 

are required to achieve efficient combustion. Most autoignition studies have been conducted for 

homogeneous fuel/oxidizer mixtures in a closed device, such as shock tube and rapid 

compression machine (RCM). Autoignition delay time measured in such devices is ideally solely 

controlled by the chemical kinetics that depends on pressure and temperature histories of the 

given fuel/oxidizer mixture, and can vary widely for different fuels. The autoignition delay time 

is typically defined as the time interval between the starting reference point, e.g., the end of 

compression in an RCM or the arrival of incident (or reflected) shock wave in a shock tube, and 

the onset of ignition. The major difference between shock tube and RCM is their 

testing/operating range; shock tube is more suitable in the high temperature range for short 

ignition delay measurements, while RCM is generally used in the low-to-intermediate 

temperature range for relatively longer ignition delay measurements. With the current 
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development of RCM and shock tube facilities, their testing ranges can overlap with each other. 

However, discrepancies were observed between shock tube and RCM data in some overlapping 

ranges, and cautions need to be exercised by taking the facility effects into account when 

interpreting and comparing the results from shock tube and RCM [85,86]. 

A number of studies have measured the autoignition delay times for conventional and 

alternative jet fuels. For example, Vasu et al. [87] measured the autoignition delay times of Jet A 

and JP-8 in a heated shock tube and in the temperature range of 715–1229 K and pressures of 

17–51 atm; Kumar and Sung [88,89] measured the autoignition delay times in RCM for Jet A, 

JP-8, and S-8 in the low-to-intermediate temperature range of 615–1100 K at pressures of 7, 15, 

and 30 bar; Wang et al. [90] used a heated shock tube and measured the autoignition times of Jet 

A, S-8, Shell GTL
®
, and Sasol IPK

®
 in a wide temperature range of 651–1381 K at pressures 

varying from 8 to 39 atm; Allen et al. [91] measured the autoignition delay times of JP-8, CHRJ, 

and THRJ in a RCM in a low temperature range of 625–730 K at pressures of 5, 10, and 20 atm. 

Zhu et al. [92] measured the ignition delay times of JP-8, HRJ, and FT fuels in the temperature 

range of 1047−1520 K, equivalence ratios of 0.25−2.2, and two pressure ranges of 2.07−8.27 

atm for fuel/air mixtures and 15.9−44.0 atm for fuel/4%O2/Ar mixtures. Valco et al. [93] 

measured the ignition delay times of JP-5, JP-8, two HRJ, and two FT fuels in RCM and shock 

tube in the temperature range of 625−1000 K and pressure of 20 atm. Figure 6 plots and 

compares the ignition delay times reported in the literature for various jet fuel/air mixtures at an 

equivalence ratio of 1.0 and a pressure of 20 atm. It is seen that in high temperature regime 

(>900 K) both conventional jet fuel (Jet A) and FT SPK fuels (S-8, Shell GTL
®
, and Sasol IPK

®
) 

have similar ignition delay times. Below 900 K, Jet A and FT SPK fuels start to differ from each 

other, but all the jet fuels in Fig. 6 show a slightly decreasing ignition delay time with decreasing 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

31 

 

temperature in a temperature range of approximately 750–900 K, thereby exhibiting a negative 

temperature coefficient (NTC) response. It is further noted that the NTC regime is known to have 

strong pressure dependence and to shift to higher temperatures with increasing pressures. While 

the NTC regime may be relatively unimportant for the present aero-engines, this regime is 

expected to be of increased interest in advanced, next-generation engines of high efficiency and 

compression ratio. 

In the low temperature regime (<750 K), there are notable differences in autoignition delay 

times between conventional jet fuels and alternative FT and HRJ fuels. It appears that in the low-

to-intermediate temperature regime conventional jet fuels have longer autoignition delay times 

than alternative jet fuels, except for Sasol IPK
®
. The relatively longer autoignition delay time of 

Sasol IPK
®

 is mainly attributed to its lack of reactive normal paraffins [90]. The different 

ignition propensities observed in the low-to-intermediate temperature regime indicate that there 

can be significant differences in the low-temperature chemistry, which is more specific and 

sensitive to fuel composition and structure as compared to the high-temperature chemistry. 

Recognizing that the NTC regime is expected to play an important role in future high-efficiency 

aero-engines, the low-to-intermediate temperature chemistry of alternative jet fuels merits further 

investigation. Other autoignition study of 50/50 (by volume) HRJ/JP-8 blends in the low 

temperature regime showed that the autoignition delay times of binary fuel blends are always 

bounded by the two baseline jet fuels [94]. 

3.2 Derived cetane number 

Derived cetane number (DCN) is another parameter describing ignition characteristics in 

compression ignition engines. The higher DCN value means shorter ignition delay time and more 

likely the complete combustion of fuel charge in the combustor, which translates into a smoother 
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running and better performing engine with more power and less emissions. Unlike the 

autoignition delay time measured for premixed, pre-vaporized mixtures in a homogenous 

environment, the ignition delay time measured for determining DCN is defined as the time 

interval from injection of the fuel to the start of combustion (hot ignition). The whole process 

includes fuel spraying, vaporization, fuel/air mixing, and ignition. Thus the DCN derived from 

this ignition delay time provides a direct measurement of ignition propensity in the compression 

engine conditions. There are two ASTM standard devices for DCN measurement: fuel ignition 

tester (FIT) [95] and ignition quality tester (IQT) [96]. Both devices utilize a constant volume 

combustion chamber (0.60±0.03 L for FIT and 0.213±0.002 L for IQT) into which the fuel is 

injected; the chamber is initially kept at 2.40±0.02 MPa and 510±50 
o
C for FIT and at 

2.137±0.007 MPa and 545±30 
o
C for IQT. An empirical correlation is used to calculate the DCN 

value based on the measured ignition delay time. Both FIT and IQT methods can produce fast, 

repeatable, and reliable DCN results in a range of about 30 to 65, which is the typical range for 

kerosene fuels. 

The DCN values of conventional and alternative jet fuels reported in various studies 

[53,57,97-99] are listed in Table 3. Jet A has a FIT DCN value of 49.35 determined by ASTM 

7170 and an IQT DCN value of 47.1 determined by ASTM D6890, respectively. Though 

differences are observed between FIT and IQT results, both dataset are consistent in trend for all 

the jet fuels. From Table 3, it can also be seen that compared to Jet A and JP-8 all the alternative 

jet fuels have notably higher DCN values, except for Sasol IPK
®
 which has significantly lower 

DCN values of ~33 and ~31 from FIT and IQT, respectively. The lower ignition propensity of 

Sasol IPK
®
 is consistent with the fact that Sasol IPK

®
 is primarily composed of less reactive 

branched alkanes. Although IPKs tend to have lower DCN values, they do not seem to impact on 
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the engine performance. Therefore, there have been discussions within the community regarding 

the relevance of cetane number to gas turbine engine operation, whether there is a need to 

include ignition criteria for certification of alternative jet fuels, and if so, what the standard 

should be. 

The DCNs of conventional and alternative jet fuel blends were also measured in [53]. Figure 

7 plots the DCN values of S-8/Jet A and Sasol IPK
®
/Jet A blends as a function of Jet A volume 

fraction in the binary fuel blend. By definition, cetane number is a linear volumetric blend of the 

blending contribution of all the components in the fuels. Most models predict the blending cetane 

number based on linear combination of the cetane numbers of the components, even though there 

is evidence that the linear assumption is not always correct [100]. It can be seen from Fig. 7 that 

a fairly linear relationship is observed between DCN values and Jet A volume fraction in the 

binary fuel blend. The linear relationship is likely due to the relatively simple composition of 

alternative jet fuels. Similar linear trend has also been reported in IQT-DCN results for S-8/JP-8 

and Shell GTL
®
/JP-8 blends [57]. 

3.3 Laminar flame speed 

In the fundamental flame studies, laminar flame speed is one of the most important parameters of 

the combustible fuel/oxidizer mixture. It is defined as the velocity of a steady, one-dimensional, 

laminar propagation of a planar, adiabatic combustion wave into a uniform fuel/oxidizer mixture. 

The laminar flame speed embodies the fundamental information on the diffusivity, reactivity, 

and exothermicity of a given fuel/oxidizer mixture. On a practical level, laminar flame speed is 

related to the fuel burning rate in the combustor, thus affects the combustion efficiency and 

exhaust emissions. Over the years, several combustion facilities and techniques have been 

explored and made available for measuring laminar flame speed [101]. These measurements 
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have employed either stationary burner flames held fixed by an upstream flow or propagating 

flames in open and closed chambers. Due to the inherent imperfection in these measuring 

techniques, most determinations of laminar flame speed require an extrapolation by eliminating 

the effects of heat loss, flow non-uniformity, or/and flame curvature. 

Recently, Kumar et al. [102] measured the laminar flame speeds of conventional Jet A and 

alternative S-8 in a counterflow setup at preheat temperatures of 400, 450, and 470 K and a 

pressure of 1 atm. Mzé-Ahmed et al. [103] measured the laminar flame speeds of a CTL FSJF 

and Jet A-1 at a preheat temperature of 473 K and pressures of 1 and 3 atm in a conical flame 

burner. Also, Kick et al. [104] measured the laminar flame speeds of GTL and CTL FSJF at a 

preheat temperature of 473 K and atmospheric pressure in a conical flame burner. Using an 

explosion bomb, Vukadinovic et al. [105] measured the laminar flame speeds of Jet A-1, GTL, 

and GTL blend with 20% aromatics at preheat temperatures of 373, 423, and 473 K and 

pressures of 1, 2, and 4 atm. Furthermore, Hui et al. [53] measured the laminar flame speeds of 

Jet A, S-8, Sasol IPK
®
, and CHRJ in a counterflow burner at preheat temperatures of 400 and 

470 K and a pressure of 1 atm. In a follow-up study using a high-pressure counterflow setup, Hui 

and Sung [106] reported the laminar flame speeds of Jet A and S-8 with a preheat temperature of 

400 K in the pressure range of 1−3 atm. Munzar et al. [107] measured the laminar flame speeds 

of several blends of Jet A-1 and HRJ fuels at a preheat temperature of 400 K and atmospheric 

pressure. 

Figure 8 plots the literature data of atmospheric laminar flame speeds of conventional and 

alternative jet fuels at a preheat temperature of about 473 K. The laminar flame speed data were 

taken from four research groups [53,103-105] using different flame configurations and 

measurement techniques. Within each group, the measured laminar flames speeds of 
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conventional and alternative jet fuels are quite similar, with the only exception for Jet A-1 at near 

stoichiometric conditions in [104]. Differences in the laminar flame speeds among the groups are 

mostly attributed to their different experimental techniques and the associated uncertainties in 

measurements and extrapolation methods. Though the laminar flame speed data are scattered, 

especially on the fuel rich side, all the data fall into a certain band of typical kerosene fuels. It is 

well known that the laminar flame speed is strongly dictated by the flame temperature through 

the Arrhenius kinetics, and the flame temperature is dependent on the heat of combustion. As 

shown in Table 1, alternative jet fuels have similar heat of combustion as conventional jet fuels, 

and hence both kinds of jet fuels are expected to have similar laminar flame speeds. Hui et al. 

[53] have also suggested that the laminar flame speed, controlled by the high temperature 

chemistry, is less sensitive to the fuel composition than ignition delay. 

3.4 Extinction strain rate 

Another important flame property is the flame extinction limit. The flame extinction can be 

induced by either incomplete reaction or the non-equidiffusion of heat and mass in conjunction 

with the flame stretch effect manifested by flow non-uniformity, flame curvature, and flow/flame 

unsteadiness. In the counterflow configuration, the extinction limit is usually captured by the 

strain rate of experienced by the flame at extinction. The extinction strain rate represents a 

kinetics-affected phenomenon and characterizes the interaction between a characteristic 

flame/flow time to a chemical reaction time. It is an important parameter to describe the flame 

stability and is directly linked to the engine blowout. The extinction strain rate can be measured 

both for premixed and non-premixed flames in a counterflow burner, and extinction is usually 

achieved by gradually increasing the flow velocity (hence the strain rate) until a flame blowout is 
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observed. The maximum axial velocity gradient ahead of the flame just prior to the extinction is 

defined as the extinction strain rate. 

Only a few studies have measured the extinction strain rates of conventional and alternative 

jet fuels. In the same study of laminar flame speeds, Hui et al. [53] measured the extinction strain 

rates of Jet A, S-8, Sasol IPK
®
, and CHRJ in premixed flames at preheat temperatures of 400 and 

470 K and a pressure of 1 atm, as shown in Fig. 9. It needs to be pointed out that the oxidizer 

used in Ref. [53] was made of 86% N2 and 14% O2 by mole in order to achieve extinction at 

moderate strain rates. The results in Fig. 9 show similar but slightly higher extinction strain rates 

for alternative jet fuels compared to conventional Jet A. Ji et al. [108] also measured the 

extinction strain rates of JP-8, S-8, Shell GTL
®
, and R-8 using normal air in both premixed and 

non-premixed flames at 403 K preheat temperature and atmospheric pressure. Similar 

observation was made in [108] for both premixed and non-premixed flames that all the tested 

alternative jet fuels had similar extinction strain rates, which were higher than that of 

conventional JP-8. Dooley and co-workers [52,98] measured extinction strain rates of Jet A and 

S-8 in non-premixed flames with fuel side temperature at 500 K and air side temperature at room 

temperature. The results of [52,98] are plotted in Fig. 10, showing that alternative S-8 has 

notably higher extinction strain rates than conventional Jet A in the non-premixed flames. 

Based on the above studies, it can be concluded that alternative jet fuels are more resistant to 

flame extinction than conventional jet fuels, especially in the non-premixed flame environments. 

The greater resistance is mostly due the absence of the less reactive aromatic components in the 

alternative jet fuels. The results also suggest that flame extinction limit is relatively more 

sensitive to the fuel composition than laminar flame speed. 
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3.5 Threshold sooting index 

The threshold sooting index (TSI) is defined in Eq. (1) by Calocte and Manos [109] as: 

                                                     TSI    Moelcular  eight
Smoke point

                                                             
where the smoke point is the maximum smoke-free laminar non-premixed flame height (mm), 

molecular weight is in g/mol, and the coefficients of a (mol•mm/g) and b (dimensionless) are 

experimental constants. The TSI is a macro measure of the tendency of a fuel to form soot under 

diffusive/mixing limited conditions, and a useful parameter in predicting soot formation in 

practical combustors based on basic fuel compositions. If a correlation can be demonstrated 

between the TSI value measured in laboratory and the amount of soot formed in practical 

systems, then TSI can also be used in the fuel production process to define the desired fuel 

components from a given feedstocks. A few studies (e.g., [110,111]) have proposed correlations 

for jet fuels in order to use TSI to predict soot formation in aircraft engines. 

Table 4 lists the TSI values of several conventional and alternative jet fuels available in the 

literature. As expected, since conventional Jet A and JP-8 include aromatic components in their 

compositions, they have the highest TSIs. Among the alternative jet fuels, Sasol IPK
®
 has the 

highest TSI due to its heavily branched alkane compositions. It is further noted that the soot 

propensities for different hydrocarbon classes are generally, but not strictly, ranked as aromatics 

> cyclic alkanes > branched alkanes > linear alkanes [109]. As Shell SPK
®
 has the lowest TSI, it 

is most likely composed mainly of linear alkanes. 

3.6 Combustion speciation 

To further expand our combustion knowledge of alternative jet fuels with respect to their 

oxidation kinetics, speciation measurement is an important means to identify and quantify the 

important intermediate species and oxidation products. Speciation measurement is usually 
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conducted in a well/jet stirred reactor or flow reactor for premixed flames. Such speciation data 

can be used to assess the fuel reactivity and to reveal possible pathways in the fuel oxidation 

process. Highlighted below are a number of studies that have been devoted to the combustion 

species measurements of alternative jet fuels. 

Stouffer et al. [112] measured the oxidation products (CO2, H2O), O2, and gaseous 

emissions (CO, UHC) of FT S-8 and JP-8 in a jet stirred reactor. It was found that gaseous 

emissions were similar for the two jet fuels and differences in the H2O and CO2 products 

appeared to be directly related to the C/H ratio of the fuels. In addition, similar NOx emissions 

were found by Naik et al. [113] in counterflow premixed flames for S-8, Shell GTL
®
, and R-8. 

Won et al. [99] measured CO, CO2, CH2O, O2, and H2O for Shell IPK
®
, CHRJ, Sasol IPK

®
, and 

JP-8 in a flow reactor. The results of [99] for O2 and H2O are shown in Fig. 11, based on which 

the relative fuel reactivity can be ranked as Shell IPK
®
 > CHRJ > JP-8 > Sasol IPK

®
. Other 

species and heat release all showed similar trend in reactivity as Fig. 11. The lowest reactivity of 

Sasol IPK
®
 is consistent with the lowest DCN values measured both in FIT and IQT. 

Mzé-Ahmed and coworkers [103,114] also measured intermediate species and oxidation 

products of synthetic jet fuels and Jet A-1 in a jet stirred reactor. Their results showed strong 

similarity between alternative and conventional jet fuels, whereas some differences were 

observed mainly for some intermediate species, such as CH2O, CH4, C2H4, and C3H6. Further, 

Dagaut et al. [115] studied the oxidation of a GTL fuel at 10 atm over the temperature range of 

550–1150 K in a jet stirred reactor. It was found that the GTL oxidized rapidly, yielding 

saturated (mostly CH4) and unsaturated (olefins) hydrocarbon intermediates, as well as 

oxygenates (mainly CH2O and CO) under the conditions studied. A comparison with Jet A-1 

showed that both fuels oxidized similarly. 
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4. Surrogates for Alternative Jet Fuels 

4.1 Surrogate fuel concept 

Computational engine modeling is an essential complementary tool for the engine manufacturers 

to test new engine components on computer before fabricating expensive prototypes. It also can 

be used to predict the engine efficiency and exhaust emissions for newly developed alternative 

jet fuels. The predictability of the numerical simulations relies on the fuel models of high-fidelity 

that can accurately describe the fuel properties and behaviors in different engine components and 

operating conditions. However, practical jet fuels are composed of hundreds of hydrocarbons 

from different molecular classes. The complexity of fuel composition makes it impossible for 

direct engine simulations even with today‘s computational power. A pragmatic way to overcome 

this difficulty is to use a surrogate fuel model. The underlying concept of a surrogate fuel is to 

mimic the behaviors of the target real fuel with manageable size that can be computed in a 

reasonable time frame. A surrogate is defined as a mixture of a limited number of hydrocarbons 

whose composition can be formulated in order to best emulate real fuel properties, such as 

physical properties, chemical properties, or even both. Edwards and Maurice [116] have defined 

two types of surrogates: physical surrogate and chemical surrogate. Physical surrogates are 

constructed to reproduce the thermophysical properties such as viscosity, thermal conductivity, 

energy density, distillation curves, surface tension, phase diagram etc. On the other hand, 

chemical surrogates are generally designed to have the same chemical-class composition and 

molecular weight as the target real fuels to reproduce selected aspects of combustion 

characteristics. A single component surrogate may be able to reproduce one or a few combustion 

characteristics of the target real fuel, but is not likely to capture a broader range of characteristics 

and certainly cannot reflect the carbon number distribution and molecular classes of real fuels. 
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As a consequence, multi-component surrogates are usually favored for their broader applications. 

In addition, capturing some physical properties in chemical surrogates is also useful in 

combustion modeling where fuel atomization and evaporation are involved. 

4.2 Surrogate formulation 

Over the years, the surrogate strategy has received considerable attention for conventional jet 

fuels (e.g., [52,97,116-120]). Recognizing that surrogate models can be a powerful tool to the 

screening process by reducing the number of expensive full-scale rig and engine tests required to 

certify a candidate jet fuel, recent progress has been contributing to surrogate formation for 

alternative jet fuels. Table 5 summarizes recent developments of surrogates for alternative jet 

fuels [98,113-115,121-124]. It is seen that based on different intended applications for various 

alternative jet fuels, their surrogates can differ significantly in the compositions and validation 

targets, as well as the methodologies with which they were formulated. 

Huber et al. [121] proposed a seven-component surrogate mixture to represent 

thermophysical properties of the synthetic S-8 fuel. An advanced distillation curve measurement 

[125] was employed to improve the volatility characteristics of the surrogate to better emulate 

the thermodynamic and transport properties of real S-8 fuel. In Huber et al. [121], the surrogate 

was formulated through two steps: (1) candidate component selection based on real fuel 

composition analysis and (2) composition determination through a multi-property regression that 

minimizes the differences between experimental and predicted thermophysical property data of 

S-8. The results of Huber et al. [121] showed that the proposed surrogate matched very well with 

S-8 in terms of distillation curve, and the density, speed of sound, thermal conductivity, and 

viscosity of the surrogate were also found to agree fairly well with those of S-8. Later, Huber et 

al. [122] further demonstrated the use of on-demand equations of state (EOS) to develop a 
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surrogate model that describes the volatility behavior of a biomass-based fuel. Following the 

same step (1) described in [121], Huber et al. [122] first generated the EOS from the NIST 

ThermoData Engine [126], and subsequently used the EOS to determine the surrogate 

composition. A five-component surrogate was developed based on the on-demand EOS approach 

and was shown to be able to represent the distillation curve of S-8 within 0.1% accuracy [122]. 

Naik et al. [113] developed a detailed, high-temperature (above 1000 K) chemical kinetic 

model for the proposed surrogates of two FT fuels (i.e. Shell GTL
®
 and S-8) and one HRJ fuel 

(i.e. R-8). A software tool known as the surrogate blend optimizer (SBO) was employed to 

determine an optimum surrogate blend composition for the target real fuel by matching the user-

defined performance targets which can include any combination of chemical composition, cetane 

number, H/C molar ratio, lower heating value, density, and true boiling point curve. A genetic 

algorithm and a direction set algorithm were also implemented in SBO for global and local 

optimizations, respectively [113]. The two FT fuel surrogates were validated against laminar 

flame speeds, extinction strain rates, and NOx data measured in counterflow premixed flames. It 

was found in [113] that the two FT fuel surrogates with the detailed kinetic model were able to 

accurately predict these combustion properties of the real FT jet fuels. 

Dooley et al. [98] proposed a two-component surrogate for S-8 to emulate its gas-phase 

chemical kinetic combustion phenomena. This S-8 surrogate was formulated on a specific basis 

through the sharing of H/C molar ratio, DCN, TSI, and average molecular weight. The distinct 

chemical functionalities [97] that describe the production/consumption of intermediate species 

were also used in selecting candidate surrogate components that can produce the same distinct 

chemical functionalities as the real fuel components. The final composition of the surrogate in 

[98] was determined by matching certain combustion property targets, such as ignition delay 
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time, laminar flame speed, extinction strain rate, etc. The two-component S-8 surrogate was 

further validated against species concentration data measured in a flow reactor, shock tube 

ignition delay data, and non-premixed flame extinction strain rates [98]. The good agreement 

between the surrogate and S-8 indicated that the underlying theory of distinct chemical 

functionalities, in addition to the combustion oriented metrics, is appropriate in surrogate fuel 

formulation [98]. 

Other studies on surrogate formulation for alternative jet fuels are also noted. Slavinskaya et 

al. [124] used an optimization method with a similar set of criteria as Naik et al. [113] to propose 

surrogates for synthetic GTL, while Mzé-Ahmed et al. [103] and Dagaut et al. [115] proposed 

their surrogates based on matching the oxidation species with those of the target alternative jet 

fuels. It is of interest to point out that both [103] and [115] suggested the inclusion of cyclo-

paraffins and aromatics in their surrogate composition. 

5. Concluding Remarks and Future Directions 

To achieve a sustainable and green aviation, alternative jet fuels hold enormous potential in 

reducing the energy reliance on petroleum as well as aviation emissions. Initiatives have been 

developed around the globe to explore all sorts of alternative fuel sources and the associated 

technologies for the comprehensive use of alternative fuels in aviation. Alternative jet fuels can 

be derived from a wide variety of feedstocks such as coal, natural gas, and biomass. Due to the 

different feedstocks, each alternative jet fuel has its own unique behavior and must be certified 

through a series of rigorous evaluation and tests before commercialization. Many alternative jet 

fuels developed up to date have already been demonstrated successfully in both military and 

commercial aircraft. The results are encouraging in that they have shown no adverse effects on 

the combustor efficiency and gaseous emissions, while a significant reduction in soot emissions 
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can be achieved compared to conventional jet fuels. In addition, beyond improvements in fuel 

efficiency, renewable jet fuels offer another means to reduce net carbon emissions. 

As environmental and geopolitical concerns are driving demand for petroleum alternatives 

in aviation, it is also of importance to develop sustainability metrics for alternative jet fuels. The 

metrics include, but are not limited to, renewability, economic viability, environmental impact, 

energy security, etc. For commercial purpose in particular, alternative jet fuels need to be 

sustainable, able to be produced domestically and with diversity, cost-competitive, and capable 

of being produced in large quantities, as well as to have well-characterized life-cycle GHG 

footprint. Since life-cycle CO2 emissions can vary significantly, depending on the nature of the 

feedstocks, it is essential to carry out analysis of the life-cycle costs and the environmental side 

effects of potential alternatives. The preferred new jet fuels should be carbon-neutral and their 

production can avoid the potential conflicts in land use and energy-food-water systems such that 

the aggressive goal of industry CO2 emissions reduction roadmap can be met. It is also worth 

noting that the aviation sector will continue to undergo extensive development in alternative 

aviation fuels and to explore novel options beyond the current FT SPK and HRJ/HEFA. 

Recent progress in the certification process for alternative jet fuels is reviewed in this paper. 

The certification process consists of extensive tests including initial physical property and 

composition tests, rig and component tests, engine tests, and flight tests. While this process has 

been codified in different countries, the approval process is under continuous refinement to 

reduce cost and improve the quality of the data obtained. Due to regulatory issues, the near-term 

goal for alternative jet fuel producers is to create a true ‗drop-in replacement‘ fuel. Therefore, the 

premise for approving alternative jet fuels is that they must be fully interchangeable with current 

fuels in performance and handling without compromising flight safety. Although the similarity 
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of SPK and HRJ fuels, which does not depend on feedstock, is expected to increase the fuel 

choice and flexibility, the fact that different processes can produce alternative jet fuels with 

dramatically different compositions leads to the current interest in continuous improvement of 

the fuel certification program. Recognizing that ‗drop-in‘ petroleum replacements and 

blendstocks are the focus in near term and the applications of fully synthetic jet fuels are the 

mid-term goal, combustion ‗rules and tools‘ for alternative jet fuels are needed to better 

understand the impact of fuel properties on combustor performance in order to ensure reliable 

operation of the engine. 

Since alternative jet fuels can vary significantly in composition as compared to conventional 

jet fuels, substitution of conventional jet fuels with alternative jet fuels requires understanding of 

similarities and differences in fuel properties (both physical and chemical) and comprehensive 

knowledge of the combustion characteristics of alternative jet fuels. In addition, there are 

significant cost benefits in developing a more streamlined combustion testing program that 

includes fundamental characterization. Fundamental combustion datasets of interest include 

autoignition delay times, laminar flame speeds, extinction limits, and combustion species profiles, 

which are of direct relevance to ignition and altitude relight, flame propagation, lean blowout, 

and engine emissions, respectively. In this review, the fundamental combustion studies to date 

are highlighted and discussed. Some differences in combustion characteristics among alternative 

jet fuels and as compared to their conventional counterparts can be attributed to the differences 

in fuel composition. In general, the high temperature chemistry is relatively less sensitive to the 

fuel composition variations, while the low-to-intermediate temperature chemistry as well as the 

NTC response (if exists) can be more fuel specific. In view of the increasing importance of low-

to-intermediate chemistry and potential NTC behavior in the next-generation aero-engines of 
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high compression ratio, further chemical kinetic studies under the less-understood high-pressure, 

low-temperature, engine relevant conditions are strongly recommended. For combustion 

modeling of alternative jet fuels, several surrogate fuel models including both physical and 

chemical surrogates have been proposed and validated against real fuel properties (physical and 

combustion); all of them were found to be able to adequately predict the real fuel behaviors in 

their intended aspects. Further studies on alternative jet fuel combustion are warranted for a 

better understanding of fuel oxidation chemistry and comprehensive surrogate models with a 

wider range of predictability. 

Finally, the importance of fundamental combustion research on alternative jet fuels cannot 

be over-emphasized and its goals for a sustainable and green aviation should include the 

development of viable technologies to assess the feasibility of alternative fuels in aviation 

applications as well as the advancement of validated physics-based models to enable quantitative 

emissions and performance predictions using combustion modeling. It is also of practical 

importance that fundamental combustion research can provide guidance for developing ‗rules 

and tools‘ expediting certification and integration of new alternative jet fuels with petroleum-

derived products and current propulsion systems/infrastructure. Ultimately, fundamental 

combustion research and tests should facilitate and lead to the development of cost-effective 

screening of alternative jet fuels, the design for advancing existing and new aero-combustor 

concepts, and the integration of new non-petroleum-derived alternative fuel resources into the 

aviation sector. 
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Figure 1 – Life-cycle greenhouse gas emissions for conventional and alternative jet fuels. The 

units of ‗g CO2 e/MJ‘ represent the CO2 equivalent emissions per unit of energy [11]. 
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Figure 2 – Overview of fuel and additive approval process [46]. 
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Figure 1 – Distillation curves of conventional and alternative jet fuels. Data were taken from 

Refs. [13,51,56]. 
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Figure 2 – Igniter deposits: (a) 100% synthetic fuel and (b) Jet A-1 [50] (Courtesy: G. Pucher). 

  



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

67 

 

 

Figure 3 – Flight tests using alternative jet fuels as of 2006. 
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Figure 4 – Autoignition delay times of various stoichiometric jet fuel/air mixtures at a pressure 

of 20 atm measured in two shock tubes (STs) and a rapid compression machine (RCM). Data are 

from Refs. [87,90,91]. 
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Figure 5 – FIT-DCN values of binary blends of conventional and alternative jet fuels [53]. 
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Figure 6 – Laminar flame speeds of various jet fuel/air mixtures at preheat temperature of about 

Tu=473 K and pressure of P=1 atm. Data were taken from Refs. [53,103-105]. 
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Figure 7 – Extinction strain rates of Jet A/oxidizer, S-8/oxidizer, IPK/oxidizer, and 

CHRJ/oxidizer at 400 K and 470 K preheat temperatures as a function of equivalence ratio [53]. 
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Figure 8 – Extinction strain rates of Jet A [52] and S-8 [98] in atmospheric non-premixed flames 

with fuel/N2 temperature of 500 K and air temperature of 298 K. 
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Figure 9 – Comparison of species data from flow reactor oxidation of conventional and 

alternative jet fuels [99]. 

  



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

74 

 

Table 1 – ASTM standard and properties of conventional and alternative jet fuels. 

Property 
ASTM 

standard 
Jet A JP-8 S-8 

Shell 

GTL
®
 

Sasol 

IPK
®
 

R-8 CHRJ THRJ 

POSF number -- 4658 3773 4734 5172 5642 5469 6152 6308 

Composition  
  

    
  

n-paraffins, % wt -- 28 19 17.7 53.3 2.1 13.1 10.2 8.8 

iso-paraffins, % wt -- 29 38.2 82 45.7 88 -- 78.9 89.4 

cyclo-paraffins, % wt -- 20 24.1 <0.4 <1.0 9 -- 11.1 2.1 

aromatics, % wt Report 20 13.5 <0.1 <0.2 <0.5 -- <0.2 <0.4 

total sulfur, % wt max 0.3 -- 0.0064 
<0.00

1 
<0.001 <0.001 <0.001 <0.0018 <0.003 

Distillation  
  

    
  

initial boiling point, °C Report 158 152 182 146 149 158 151 165 

10% recovered, °C max 205 184 173 195 162 166 175 161 179 

20% recovered, °C Report 192 179 -- 162 170 185 166 185 

50% recovered, °C Report 213 198 228 169 180 215 182 210 

90% recovered, °C Report 248 239 -- 184 208 260 237 243 

final boiling point, °C max 300 269 260 280 198 228 274 259 255 

Flash point, °C min 38 47 48 49 44 44 48 43 55 

Freezing point, °C max -47 -49 -49 -59 -54 <-78 -49 <-77 -62 

Density @ 15°C, kg/m
3
 775–840 806 790 757 737 762 762 751 758 

Viscosity @ -20°C, cSt max 8.0 5.2 4.1 4.6 2.6 3.6 5.5 3.3 5.3 

Neat heat of combustion, 

MJ/kg 
min 42.8 42.8 43 44.1 44.2 44 44.1 44.3 44.1 

Smoke point, mm min 19.0 21 25 >43 40 >40 >40 50 >40 

H/C molar ratio -- 1.957 1.937 2.152 2.202 2.119 2.152 2.169 2.152 

Molecular weight, g/mol -- 142 153 168 146 156 177 160 174 

Data were taken from Refs. [13,42,51-53] 

―Report‖ – The product of the test program that formally documents all data and information compiled during the 

evaluation process. 
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Table 2 – Combustor component tests for alternative jet fuels. 

Performance 

targets 
Testing components Testing fuel 

Atomization 
Auxiliary power units (APUs) atomizer (2007) [58] Sasol FSJF® 

Pressure-swirl atomizer (2012,2014,2015) [59,60,61] FT CTL, GTL, HRJ 

Ignition and 

altitude relight 

Full-annular Trent combustor (2007) [62] Sasol FSJF® 

Annular-can combustor sector (2012) [63] Shell GTL
®

 

Twin-sector combustor (2011) [64,66] FT SPKs 

Single can-type combustor (2005) [65] FT SPK 

Single cup rectangular combustor (2012) [59] FT CTL 

RQL combustor (2014) [67] SPK 

Lean blowout 

Full-scale annular combustor (2007) [58] Sasol FSJF® 

Three-cup combustor sector (2010) [68] Shell GTL
®

 

Single cup rectangular combustor (2012) [59] FT CTL 

Heterogeneous combustor (2012) [69] 
Sasol FSJF®, GTL, 

SPK 

RQL combustor (2014) [67] SPK 

Emissions, 

smoke, and 

carbon deposit 

Four-nozzle arc combustor sector (2007) [70] Sasol FSJF® 

Single can-type combustor (2005) [65] FT SPK 

Three-cup combustor sector (2010) [68] Shell GTL
®

 

Twin-sector combustor (2011) [66] FT SPKs 

Single cup rectangular combustor (2012) [59] FT CTL 

Can-annular combustor (2011,2013) [71,72] 
CTL, GTL, HRJ, 

FAME 

Sources: Refs. [58-72] 
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Table 3 – Derived cetane numbers of conventional and alternative jet fuels. 

Fuel DCN 

Name POSF# FIT, ASTM D7170 
IQT, ASTM 

D6890 

Jet A 4658 49.35 [53] 47.1 [97] 

JP-8 6169 - 47.3 [99] 

Syntroleum S-8
®
 4734 66.50 [53] 58.7 [98] 

Shell GTL
®
 5172 64.69 [53] 59.1[57] 

Shell SPK
®
 5729 - 58.4 [99] 

Sasol IPK
®
 5642 33.46 [53] 31.28 [57] 

Sasol IPK
®
 7629 - 31.1 [99] 

R-8 5469 66.27 [53] - 

Camelina HRJ 6152 60.70 [53] 53.94 [57] 

Camelina HRJ 7720 - 58.9 [99] 

Tallow HRJ 6308 65.85 [53] 58.1 [99] 

Data were taken from Refs. [53,57,97-99] 
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Table 4 – Threshold sooting indices of conventional and alternative jet fuels. 

Fuel 
TSI 

Name POSF# 

Jet A 4658 21.4 [97] 

JP-8 6169 19.28 [99] 

Shell SPK
®
 5729 9.11 [99] 

Sasol IPK
®
 7629 17.28 [99] 

Camelina HRJ 7720 11.99 [99] 

Tallow HRJ 6308 11.58 [99] 

Data were taken from Refs. [97,99] 
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Table 5 – Surrogates for various alternative jet fuels. 

Reference 
Target 

real fuel 
Surrogate fuel Validation targets 

Huber et al. 

[121] 
S-8 

n-nonane/2,6-dimethyloctane/ 

3-methyldecane/n-tridecane/n-tetradecane/ 

n-pentadecane/n-hexadecane 

0.03/0.28/0.34/0.13/0.20/0.015/0.005 (by mole) 

Density, thermal conductivity, 

sound speed, viscosity, 

distillation curve 

Huber et al. 

[122] 
Bio-SPK 

4-methyloctane/2,5-dimethylnonane/ 

2,3,5-trimethyldecane/n-tridecane/ 

n-pentadecane 

0.105/0.281/0.164/0.227/0.223 (by mole) 

Distillation curve 

Mawid et al. 

[123] 
S-8 

n-decane/iso-octane 

0.60/0.40 (by volume) 

Autoignition delay time and 

species profile 

Naik et al. 

[113] 

S-8 
iso-octane/n-decane/n-dodecane 

0.32/0.25/0.43 (by mole) Laminar flame speed, 

extinction strain rate, NOx Shell 

GTL
®
 

iso-octane/n-decane/n-dodecane 

0.28/0.61/0.11 (by mole) 

Dooley et al. 

[98] 
S-8 

n-dodecane/iso-octane 

0.519/0.481 (by mole) 

Species profile, autoignition 

delay time, extinction strain 

rate 

Slavinskaya 

et al. [124] 
GTL 

propyl-cyclohexane/2,7-dimethyloctane/ 

2-methyldecane/n-decane 

0.15/0.17/0.32/0.36 (by volume) 

Physical properties 

propyl-cyclohexane/n-decane/iso-octane 

0.15/0.36/0.49 (by volume) 

Autoignition delay time propyl-cyclohexane/n-decane/ 

2-methyldecane/iso-octane 

0.15/0.36/0.32/0.17 (by volume) 

Mzé-Ahmed 

et al. [114] 
CTL 

n-decane/iso-octane/ 

n-propylcyclohexane/ 

n-propylbenzene 

0.395/0.130/0.373/0.102 (by mole)  

Species profile, autoignition 

delay time, laminar flame speed 

Dagaut et al 

[115] 
GTL 

n-decane/iso-octane/n-propylcyclohexane 

0.577/0.332/0.091 (by mole) Species profile, autoignition 

delay time, laminar flame speed n-decane/iso-octane/n-propylcyclohexane 

0.699/0.214/0.087 (by mole) 

Sources: Refs. [98,113-115,121-124] 

 


