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Evaluation of physicochemical
variability of sustainable aviation
fuels

Anna L. Oldani?, Alexandra E. Solecki?* and Tonghun Lee?

Federal Aviation Administration, Washington, DC, United States, 2Department of Mechanical Science
and Engineering, University of lllinois Urbana-Champaign, Champaign, IL, United States

This study outlines an effort to report on the physicochemical variability of
Sustainable Aviation Fuels (SAF), leveraging data from the FAA Alternative Jet
Fuels Test Database (AJFTD). The AJFTD, containing fuel sample records of
conventional and sustainable aviation fuels to date, was developed by the Pls
through the FAA Center of Excellence (ASCENT). With the development of SAF
from various feedstocks and processing methods, new approval processes have
been developed to accommodate the changing jet fuel landscape. To control
for these differences, approval procedures were designed as each new fuel
category came through the development pipeline. However, recent studies
have suggested that rather than feedstock or processing method, chemical
properties and fuel performance can be accurately judged by considering fuel
composition characteristics such as carbon chain length, hydrocarbon class,
and branching level. To quantify the variability present in recently approved jet
fuels, this paper evaluates physicochemical property variability and provides
relevant thermophysical property relations for conventional and alternative jet
fuels with a discussion of efforts to streamline approval, reducing the time and
cost of bringing new SAF to future markets. Findings from this study show that
the variability in the composition and properties of SAF as compared to
conventional fuels is small enough such that they still satisfy specification
requirements outlined by the American Society for Testing and Materials
(ASTM) D7566 standards for aviation fuels containing synthesized
hydrocarbons.

KEYWORDS

sustainable aviation fuel, alternative jet fuel test database, AJFTD, certification, fuel
properties, fuel variability, physicochemical, jet fuel

1 Introduction

The International Civil Aviation Organization (ICAO) defines Alternative Jet Fuels
(AJF) as any fuel derived from an unconventional (non-petroleum based) feedstock
(CAAFIL, 2022). In the past decade, significant strides have been made in developing
newer, more optimal production pathways for these fuels. Sustainable Aviation Fuels
(SAF) are a subset of AJF that have gained popularity in recent years in response to
aggressive global goals in de-carbonizing the aviation industry (CAAFI, 2022). SAF
production pathways can be broadly categorized by processing method and include
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Fischer-Tropsch (FT), Hydroprocessed Esters and Fatty Acids
(HEFA) [previously known as Hydrotreated Renewable Jet
(HR])], Synthesized Iso-Paraffins (SIP), Synthetic Kerosene
with Aromatics (SKA), Alcohol to Jet (ATJ), Catalytic
Hydrothermolysis (CHJ), and Hydrocarbon Hydroprocessed
Esters and Fatty Acids (HC-HEFA). In September 2021, the
White House published a new Sustainable Aviation Fuel Grand
Challenge, a plan outlining a multi-modal approach to increase
annual SAF production to at least 3 billion gallons by 2030
(FACT SHEET, 2021). The push to develop these fuels can be
attributed to several key drivers, namely: economic incentives,
energy security, and environmental considerations. With high
price volatility in the global fuel market, fuel producers and
customers want to secure predictable fuel sources independent of
external suppliers, additionally supporting domestic skilled job
growth. In recent years, jet fuel price volatility has skyrocketed,
with fuel prices rising by more than 70% in 2021 alone (Jet Fuel
Price Surge is Clouding U.S. Airlines’ Recovery Plans, 2021). The
second key driver for SAF development, energy security, is
reflected that
requirements military branches to

in US government mandates set clear

for various secure
alternative energy sources, with the Navy goal of 50%
alternative energy for its fleet by 2020 (GreenFleet, 2010). The
national government realizes the advantage in having secure
domestic energy resources, not subject to international conflicts,
which can cause supply disruptions and further challenges.
SAF have the

environmental benefits, namely in the reduction of fossil fuel

Finally, some potential to provide
usage and greenhouse gas/particulate emissions levels. As shown
in a recent report, conventional jet fuel blending with HEFA in a
50:50 (by volume) blend reduces particulate emissions from
aircraft at cruise conditions by greater than half and up to
70% (Moore et al, 2017). Fuel producers seek to develop
“drop-in” SAF that can be blended with conventional fuels
and used in current engine architectures. This reduces
switching costs of having to update engine systems, fuel lines,
storage facilities, and delivery equipment while minimizing risks
associated with keeping incompatible fuels and systems separate.
Current SAF specifications set maximum blending limits to
ensure compatibility in operating systems. Before obtaining
blending approval, new SAF must undergo rigorous testing
from property evaluation to rig and engine testing, which is
cost and time intensive for producers, discouraging greater SAF
development. The extensive fuel database maintained by the Air
Force Research Laboratory (AFRL) provided much of the needed
fuel property data utilized for this study and is available through
the Alternative Jet Fuel Test Database (AJFTD) maintained at the
University of Illinois at Urbana-Champaign (altjetfuels.illinois.
edu). This is in collaboration with the National Jet Fuel
Combustion Program and supported by the FAA Center of
Excellence for Alternative Jet Fuels and Environment
(ASCENT) research program, funded by the FAA, NASA,
Department of Defense, Transport Canada, and the EPA.
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Much of the work in the SAF landscape concerns feedstock
and fuel production, life cycle economic and environmental
analyses, and end use emissions and noise studies. In safely
and efficiently integrating SAF produced from broadly varied
feedstocks, understanding the relations between fuel composition
and combustion performance and fuel physical/chemical
properties is of utmost concern and has lacked significant
study. The following sections of this paper will address this
area through a statistical analysis of the variability present in
jet fuels for key fuel properties preceded by a discussion of the
SAF certification process.

2 Methodology

In this manuscript, a statistical analysis of jet fuel variability
for certification-relevant properties is conducted through the
synthesis of multiple data sources for conventional and
alternative jet fuel data. In Section 3, this manuscript outlines
current jet fuel specifications, production pathways, and
in SAF. Also
presented is a detailed description of the University of Illinois’

quantification of compositional variation

AJFTD, the main data source for the alternative fuels sampled in
Section 3 of this work. Section 4 delivers statistical regression
models which outline expected variability in properties of SAF
compared to conventional fuel samples. The authors synthesize
results from D4054 Fit-For-Purpose properties reports and the
2006 Coordinating Research Council’s (CRC) World Fuel Survey
(WES) report to obtain quantitative values for the deviation of
various SAF across select properties. This is done by comparing
regressions for speed of sound, viscosity, density, and specific
heat via a t-test. Subsequently, a regression demonstrating the
range of expected temperature dependent property values for
various SAF is provided for select properties. Due to the fact that
they are ASTM regulated properties for jet fuel specifications,
viscosity at —40°C and —20°C and density at 15°C are selected for
regression analysis. A 95% confidence interval is then
constructed around the fits to encompass a range of likely
expected values for each fuel type and the associated
equations are tabulated. Similar relations for specific heat,
isentropic bulk modulus, surface tension, speed of sound and
thermal conductivity are provided in the Supplementary
Materials. Finally, this study provides a discussion of this
expected variability for SAF given the largest dataset available
and how it may ultimately relate to the certification of such fuels.
The final section in this manuscript outlines future routes to
streamline the approval pipeline while advancing fuel property
prediction techniques to address ongoing challenges for SAF.
All computational work documented in this manuscript was
conducted at the University of Illinois Urbana-Champaign
Mechanical Engineering Department. No experimental work
was conducted by the authors of this manuscript in the
development of the datasets for statistical analysis. Rather, the
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datasets were acquired through sampling fuel property and
composition test data from the D4054 Fit-For-Purpose
properties reports, the CRC-WFS report and the University of
Illinois> AJFTD. All data sources are available online and can be
accessed to replicate procedures undertaken in this study.

3 Sustainable aviation fuels approval
process

3.1 Specification development

The current jet fuel approval process for civil aviation in the
United States is governed by three key American Society for
Testing and Materials (ASTM) standard specifications: D1655,
D7566, and D4054. D1655, Standard Specification for Aviation
Turbine Fuels, defines aviation fuel types that meet operating
requirements for aircraft and engines. This covers the class of
kerosene-type jet fuels considered Jet A and Jet A-1, which differ
—-40°C
and —47°C, respectively, with Jet A being used predominantly
in the United States (ASTM Standard D1655, 2018). Excluded
from this study, wider cut naphtha-type Jet B is detailed in
D6615. For SAF, D7566, Standard Specification for Aviation
Turbine Fuel Containing Synthesized Hydrocarbons, details fuel

in their freezing point maximum requirements,

property requirements that must be met before the fuel can be
blended with D1655 approved fuels (ASTM Standard D7566,
2018). These blends effectively become D1655 approved drop-in
fuels. Finally, D4054, Standard Practice for Qualification and
Approval of New Aviation Turbine Fuels and Fuel Additives,
guides novel fuel and fuel additive qualification and approval for
use in aviation engines (ASTM Standard D4054, 2016). Similar
fuel specifications exist for fuels outside of the United States such
as the UK Defense Standard DEF STAN 91-91, but are excluded
from the scope of this paper. Additional military specifications
that govern the approval of fuels for military use will not be
discussed in further detail but include MIL-DTL-83133 (JP-8 and
F24) and MIL-DTL-5624 (JP-5).

As mentioned previously, fuel producers seek to develop
drop-in SAF to ensure compatibility with existing engine
architecture and mitigate risks of cross-fuel contamination
that could pose significant hazards for aircraft engine systems
designed to operate with fuels meeting specific operability
requirements (Wilson et al., 2013). Drop-in fuels provide the
assurance that these fuels will not result in operating hazards or
The
development of fuel specifications involves stakeholders from

deterioration of aircraft fuel and engine systems.

various groups in the aviation fuel sector including government,
academia, and OEMs. These specifications then determine
whether a fuel will be considered as a drop-in fuel for use in
blending with conventional fuels. Flight tests over recent decades
of alternative fuels blended with conventional jet fuel have
affirmed the drop-in viability of these fuels (Blakey et al,
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2885). The following flowchart of Figure 1 summarizes the
multi-step approval process by which new fuels are approved
and annexed in ASTM D7566 that begins with various testing
leading to the ASTM research report submitted for review prior
to final approval and specification incorporation.

The most recently approved SAF production pathway is
IHI Corporation’s HC-HEFA fuel. This pathway was the first
to be approved via the D4054 Fast Track approval process. In
September 2020, ASTM D4054 was appended to include a
fourth Annex A4 which permits reduced testing
requirements for fuels falling within standard composition
and property ranges similar to conventional fuels (Rumizen,
2021). Any fuel approved through the D4054 Fast Track
process is strictly limited to a 10% blend limit with
conventional fuel (Fuel Qualification, 2022). Currently, SIP
and HC-HEFA are the only two D7566 Annexed fuels limited
to a 10% blend ratio. Recent efforts are being made by
governmental offices and research organizations across the
country to determine what is required to increase the
allowable blending limits, such as potentially considering
mixing approved blend components with one another in
order to achieve a fuel which lies within acceptable
composition and property limits, with the eventual goal of
transitioning to 100% SAF.

3.2 American society for testing and
materials approved production pathways
for sustainable blend stocks

ASTM D7566-21, the most recent revision, lists seven
approved SAF: FT, HEFA, SIP, SKA, ATJ, CHJ, and HC-
HEFA. These fuels differ in feedstock and processing methods
shown graphically in Figure 2. The first fuel pathway to be
annexed under D7566, FT fuels utilize fossil fuel feedstocks
such as coal and natural gas that undergo gasification and
reforming processes to produce a synthesis gas (syngas)
(Edwards, 2017). Paraffins and olefins are then derived from
this syngas via the Fischer-Tropsch process, which are then
processed via hydrotreating,
additional

Generally, FT fuels contain normal (n-) and branched (iso-)

hydrocracking,

or
hydroisomerization  and refinery  processes.
alkanes with little to no heteroatoms or aromatics. The second
group, HEFA, has feedstocks which may include renewable lipid
sources such as animal tallow or plant oils. These fuels are
produced via hydroprocessing of mono-, di-, and triglycerides,
fatty acid esters, and free fatty acids to remove oxygen (Gutiérrez-
Antonio et al,, 2017). Additional processing steps, similar to FT
fuels, include hydrocracking, hydroisomerization, isomerization,
fractionation, or a combination of these processes and other
refinery processes. SIP type fuels cover those fuels produced from
hydroprocessing of fermented sugars recovered from renewable
sources such as sugar cane through hydrolysis. The SKA category
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FIGURE 1
Summary of D7566 SAF approval process.
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FIGURE 2

SAF pathways [adapted from Brown, lowa State, 2012 and T. Edwards, USAF/AFRL—ASTM D7566 Task Forces].

of fuels is also termed SPK/A, FT Synthesized Paraffinic Kerosene
plus Aromatics, and is different from the first classification of FT
fuels as SKA fuels have aromatics deliberately added to increase
the aromatics content, an important factor in ensuring the proper
volume swell of elastomer seals utilized in current in fuel systems
(Moses, 2015a). This is achieved via alkylation of non-petroleum
derived light aromatics, such as benzene, with FT derived olefins.
The fifth class of SAF is ATJ, produced by fermenting sugars
obtained through hydrolysis to obtain alcohol that is then
processed through

dehydration, oligomerization,
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hydrogenation, and fractionation steps (Edwards et al., 2014).
Catalytic Hydrothermolysis, referred to as either CH-SK or CHJ,
is the sixth fuel class which is derived from fatty acids and
triglyceride-based feedstocks like soybean and tung oil. Extracted
lipids are subjected to high pressures and temperatures through
hydrothermal liquefaction followed by a final fractionation step
(Eswaran et al,, 2021). The final and most recent pathway, HC-
HEFA, is similar to the process for developing HEFA but differs
in that the hydrocarbon feedstock is specifically bio-derived from
Botryococcus braunii, an oil-rich micro-algae (Goh et al., 2022).
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FIGURE 3
FAA Alternative Jet Fuels Test Database website content tree structure.

3.3 Alternative Jet Fuels Test Database

With the immense global diversification of SAF in the past
decade, a need has risen for a common data sharing platform for
storing and reporting information surrounding the composition,
properties, and use of these fuels. Such a platform supports a
high-level understanding of the current state of airline fuel trends
such that obstacles to the development of the SAF industry can be
identified, and improvements can be made to optimize widescale
SAF adoption. The AJFTD satisfies this need, containing a vast
library of testing data for commercial and sustainable aviation
fuels. This database was built for Project 33 of ASCENT (https://
ascent.aero), a national research coalition committed to
addressing sustainability and environmental concerns in the
commercial aviation sector. The database’s features a library
of over 25,000 fuel samples of local and international origin.
Figure 3 outlines the database’s content structure. The database
contains representative fuels from the seven Annexes of the
ASTM D7566, Standard Specifications for Aviation Turbine
Fuels Containing Synthesized Hydrocarbons. Document data

categories include aviation emissions, chemical kinetics
mechanisms, experimental testing results, and literature
publications. Further, a diverse pool of manufacturers

producing these Annexed fuels is also represented, from
conventional fuel producers like Shell to SAF-exclusive
producers like Gevo. All data was retrieved through close
collaboration with the National Jet Fuel Combustion Program
(NJECP), Metron Aviation, Naval Air Systems Command
(NAVAIR), Air Force Research Laboratory (AFRL), and the
European JETSCREEN research program. The JETSCREEN
program, short for Jet Fuel SCREENing and Optimization,
aimed to developed screening tools for fuel OEMs which
could assist them in assessing the potential viability of new
fuels while still in the low-volume generation phase of
development. This effort was centered around mapping fuel
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Documents Fuels
earch Data. NJFCP 25,000+ Properties Composition
Categories Samples

AN

Emissions ASTM  GCxGC

International Conventional Standards

composition to properties and improving property-predictive
models which could estimate the likelihood of a fuel falling
within the acceptable property range required for certification.
Fuel data collected for this project was shared continuously with
the AJFTD through an online platform up until project
completion in October 2020 (Edwards et al., 2012a).

In addition to searching for fuel-specific composition and
property data, users can utilize interactive analysis capabilities
such as the compare function for assessing composition or
properties of two or more fuels side by side. Figure 4 depicts
the viewing scheme for a sample two-dimensional gas
chromatograph (GCxGC), available for select fuels. User-
interactive functionalities such as these are in continued
development on the AJFTD website.

Ongoing data collection and incorporation into the database
supports continued development of machine learning data
analysis techniques and applications to SAF research. Figure 5
outlines one such example application, a machine learning
algorithm built to detect novel fuels in large datasets. Deep
autoencoders are utilized in this application to extract hidden
features from a data point—such as the GCxGC composition of a
new candidate SAF—and compare it to a larger dataset—such as
that of conventional aviation fuels—in order to better
characterize how different this new fuel is from the pre-
existing ones. Other applications include leveraging deep
learning algorithms for missing data imputation, which is
particularly relevant in the fuels data-scape as fuel property
metadata can be inconsistent depending on where it was
acquired, leading to missing data or data sparsity. Novel
developments in machine learning techniques such as these
ones and applications to jet fuel research can provide AJFTD
users with more advanced data analysis tools for engaging with
the extensive amount of data available to them online. For clarity,
the authors would like to note that this manuscript does not
attempt to provide a thorough review of such methods, nor does

frontiersin.org


https://ascent.aero
https://ascent.aero
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1052267

Oldani et al.

10.3389/fenrg.2022.1052267

OB aromatics (di)
OM aromatics (cyclo)
o

o

175

n-paraffins
iso-paraffins

(=] cycloparaffins (mono)
[ .ycioparaffins (di)
LI ¢y cloparaffins (tri)

15.0

125

e

IO 5 romatics (alkylbenzenes)

[ 5romatics (alkylbenzenes)
[ aromatics (di)
M aromatics (cyclo)
0" n-paraffins
O iso-paraffins
O cycloparaffins (mono)
O cycloparaffins (di)
M cycioparaffins (tri)

®

) 5 s
(] o
2l o ';‘ H
4
50 — = |:| —
25 —— 2 ==
; 1= — =
0.0 o —
6 8 10 12 4 16 8 20 22 24 6 8 10 12 14 16 18 20 22 24
Carbon Number Carbon Number
FIGURE 4
Sample fuel data from AJFTD website; view GCxGC data in an interactive categorized bar chart format.
Training set
o *  Augmented
* training set
3 ¢ Testset
m -
Q
® - y
Novelt
x - O' y Auto-Encoder
e
c
Q
=
L]
- <
FIGURE 5

Deep autoencoders (lower left) used to detect novelty compositions from GCxGC (upper left); a proposed deep-learning-based framework for

screening SAF (right).

it propose novel machine learning models for assessing
physicochemical variability in SAF; however, the authors have
chosen to mention the increasing frequency of deployment of
such models to underscore the importance big data is beginning
to play in the alternative jet fuel research and integration process.

The AJFTD outlines a comprehensive overview of archived
and recently acquired aviation fuel test data. It is supported by a
number of sponsors, including the FAA and NASA. Table 1
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contains general summary statistics quantifying the database’s
content and relevance across various categories.

Current users represent an international and occupationally
diverse group. This includes students, post-doctoral researchers,
industry employees, members of environmental organizations,
national laboratories and governmental offices. Members
employed in more than seven different regions internationally

are the US,

represented, including Canada, France,
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TABLE 1 Alternative jet fuel test database summary statistics.

10.3389/fenrg.2022.1052267

Category Fuel AJF Records Fuel US NJFCP* European AJFTD  Users New users/
records records w/GCxGC types airports JETSCREEN sponsors month®
#Results 25000+ 826+ 160+ 82+ 11 28 123 11 115 ~5

“NJFCP, National Jet Fuel Combustion Program.
"Averaged from October 2021—]January 2022.

United Kingdom, Italy, Japan, and Germany. Even within a
single occupational category, such as industry professionals,
there is a diverse collection of companies: materials
manufacturers, chemical manufacturers, ticketing agencies,
renewable energy centers. The heterogeneous nature of the
AJFTD website user pool suggests that this database, in
practice as well as in theory, provides a relevant source of
information for a variety of people related to the alternative
jet fuel industry. With future growth of the database in both data
categories and dataset size, it is anticipated that the size and
diversity of the user pool—and overall relevance of the
database—will also grow.

While the current database represents a significant and
successful effort to retrieve, synthesize, and organize fuel
related data from a variety of sources, ongoing development is
required in order to keep up with a quickly evolving arena of
aviation fueling, particularly with respect to the rise of novel fuel
production pathways. First, improvement of the data retrieval
process—primarily the search functionalities and detailed
tagging of data within the website—will allow users to locate
the most relevant and up to date information for their search.
Development of the analytical capabilities of the web portal, such
as fuel property comparison functions, will provide additional
utility of the database which extend beyond simple data retrieval.
Further, the incorporation of state-of-the-art machine learning
bulk property predictive models will reflect the current level of
analytical capabilities relevant to aviation fuel research, while
providing users with the most comprehensive approaches to
interact with the data available to them. Beyond this,
diversification of the data categories available on the website
will ideally reflect not only fuel test data, but also information
relevant to the supply chain, environmental impact, and
economic impact that specific fuels have on the aviation
sector. This will require swift mobilization in establishing data
retrieval infrastructure with sources such as airport personnel,
airlines, and fuel manufacturers, and will significantly improve
high level understanding of aviation fuel industry operations as a
whole.

The physicochemical variability among SAF outlined in this
paper is a significant motivator for the continued collection and
centralization of composition and property information for
existing and newly emerging fuels. It will streamline the
process for conducting further analysis of SAF properties,
composition, and combustion behavior—which will only
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become more important in the coming years in order to
support aggressive global sustainable aviation goals.

3.4 Sustainable aviation fuels
compositional variation

As discussed, there are several pathways for SAF production
that include various feedstocks and processing methods
contributing to physicochemical variability. Conventional JP-8
fuel is similar to commercial Jet A-1 fuel but contains various
additives including a static dissipator, corrosion inhibitor,
lubricity improver, and a fuel system icing inhibitor as
required by MIL-DTL-83133. This fuel primarily contains
n-paraffins ranging from C8 to C16, but there is significant
variation of JP-8 within the specifications listed, with
of different
hydrocarbons. Other main chemical classes include iso-

conventional jet fuel containing hundreds
paraffins, cyclic alkanes, and aromatics. As described in the
SPK fuel research report, Petroleum Quality Information
Survey (PQIS) data from 2006 reveals variability in aromatic
content with 0.06% of jet fuel containing 2.5%-5.0% aromatics by
volume versus 5.82% of jet fuel containing 22.5%-25% aromatics
by volume (Blakey et al., 2022). From the 2013 PQIS report, the
minimum, mean, and maximum reported values for aromatic
content in Jet A were 8.4%, 16.25%, and 23.1%, respectively
(Defense Logistics Agency Fort Belvoir VA, 2018). These reports
indicate that there is significant fuel compositional variability
even when solely examining conventional jet fuels in current use.
In the following sections, fuel data from the AJFTD is reported
for a variety of alternative fuels and fuel blends to show the range
of composition and properties present in aviation fuel. The data
sampled is not a fully representative dataset of all available fuel
types covering all fuel producers, processes, or feedstocks. These
selected fuels were chosen for inclusion based on relevance in fuel
approval reports and fuel test data availability. The following
total ion chromatograms (TIC) provide the chemical class
breakdown of conventional JP-8, various FT fuels, and a 50/
50 blend of JP-8 and a selected FT fuel. FT 1 is a narrow-cut FT-
SPK fuel with a high normal to iso-paraffinic ratio. FT 2 is a
natural gas (NG) derived fuel produced utilizing gas to liquid
(GTL) processes resulting in a wider cut fuel. FT 3 is coal derived
iso-paraffinic kerosene (IPK) as can be seen by the lack of normal
paraffins identified as the prominent peaks in the JP-8 TIC.
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Neat JP-8, FT and 50/50 FT3/JP8 blend TICs (Blakey et al.,
2022).

Finally, FT 4 is a second NG derived synthetic fuel produced via a
low temperature FT process that results in a fuel with a wide cut
and overall composition similar to JP-8. The variable cut of FT

TABLE 2 Compositional analysis for neat SAF.

Category FT HEFA HEFA
Manufacturer Shell uopP uoP
Fuel SPK Jatropha Camelina
POSF 5,172 5,673 5,674
HC by MS D2425 [mass%]

N-, Iso-Paraffins 99 94.8 85.8
Mono/Di/Tricycloparaffins 0.47 52 14.2
Total Aromatics 0 0 0

C/H D5291 [mass%]

Hydrogen 84.76 84.52 85.01
Carbon 15.69 15.18 15.31

10.3389/fenrg.2022.1052267

fuels can be observed, with FT 1 and FT 3 containing mostly C8-
C12 hydrocarbons while FT 2 and FT 4 fuels have a much wider
cut spanning C8-C16, similar to conventional JP-8. Some
features to note are the lack of normal paraffins in the FT
3 fuel and the greater presence of C9 and C10 normal
paraffins in the FT 1 fuel. Figure 6 illustrates the effect of 50/
50 blending of FT 3 with JP-8, introducing higher carbon number
species (Klein et al., 2006).

In Table 2 the compositional results for selected neat SAF are
shown, indicating the relative proportion of the dominant chemical
classes in each of the SAF categories. The fuel identification number,
POSF, as assigned by AFRL is included to facilitate cross referencing
with other studies utilizing these same fuels. The AT] fuel from
Cobalt Technologies is nearly all paraffinic compounds at 98% mass
percent with the camelina HEFA fuel from UOP containing the
lowest percentage at 85.8% with the remainder of its composition
residing in mono-, di-, and tri-cycloparaffins (Edwards et al,, 2012b).
One feature common to SAF, with the exception of SKA and CHJ
fuels, is low to no concentration of aromatics, a result of the various
processing methods used (CAAFI, 2020). This feature of SAF
provides environmental benefits in usage such as a reduction in
soot and particulate matter emissions, but it also reduces the
lubricity and proper seal swelling of fuel line system components
that are both critical to ensuring drop-in compatibility (Wei and
Spikes, 1986). Thus, SAF are only approved for use with blends of
conventional jet fuel to ensure that aromatic content meets the
minimum requirement of 8%. As outlined by ASTM D7566, CHJ
fuels have a relatively high batch property requirement of between
8.4 and 21.2% aromatic content by mass percent (Chong and Ng,
2021). Overall, SAF have a consistent H/C ratio, containing
approximately 85% hydrogen with 15% carbon, indicating a low
content of other compounds including sulfur or oxygenated
components. Data for SIP in Table 2 was obtained from a
NAVAIR SYSCOM report from 2014. This report showed that

SIP SKA ATJ HC-HEFA
N/A Rentech Cobalt THI
Farnesane NG ATJ-5 SPK-3
N/A 5,698 9,697 13,784
98 89.8 98 58.26
1.7% 9 0 41.73
0 1.2 0.7 0.2
99.5 84.99 — -
15.31 — 15.1

“Remaining 0.3 mass% for SIP, consists of trace elements and metals not specified in the NAVAIR, report.
"NAVAIR, reports a total hydrogen and carbon weight percent with no distinction between the two.
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TABLE 3 Compositional analysis for SAF blends.

10.3389/fenrg.2022.1052267

Fuels JP8 jatropha JP8 camelina Jet A Jet A Jet A
R-8 farnesane farnesane
Blend 50/50 50/50 50/50 90/10 80/20
POSF 5,703 5,704 5,536 10,348 10,349
HC by MS D2425 [mass%]
Paraffins 63.5 58.1 70.7 50.2 56.1
Mono/Di/Tricycloparaffins 246 30.6 19 28.8 259
Aromatics 11.9 11.3 10.4 21.0 18.0
C/H D5291 [mass%]
Hydrogen 85.49 85.5 84.94 86.23 86.02
Carbon 14.56 14.39 14.64 13.93 14.07

TABLE 4 Autoignition characteristics for selected fuels (Hutzler et al.,
2014).

Fuel Blend POSF DCN ID [ms]
Amyris AM]J 700/JP-8 50/50 7,708 43.4 4.8
Camelina/JP-8 50/50 5,704 46.9 4.2
Cobalt/Navy ATJ-5 neat 9,697 49.2

Cobalt ATJ-5/JP-5 50/50 NA 45.6

Farnesane neat 10,347 58.2
Farnesane/Jet A-1 Oct-90 10,348 43.6 4.8
Farnesane/Jet A-1 20/80 10,349 45 4.6
Gevo IBF002 neat 7,695 15.1

Gevo IBF002/JP-8 50/50 7,700 34.6
Jatropha/JP-8 50/50 5,703 47.6 4.2
Jatropha + Camelina/JP8 50/50 5,705 48.1 4.1
Jet A neat 10,325 49 4.3
Jet A-1° neat 42

JP5 neat 10,289 43.8

JP8 neat 4,751 459 4.5
R-8 neat 7,272 59.1 3.4
R-8/Jet A 50/50 5,536 50.5 39
Sasol IPK neat 7,629 313 6.9
Sasol IPK/JP-8 50/50 5,618 39.5 53
Shell SPK neat 5,172 59.6 34
Shell SPK/JP-8 50/50 5,834 51.2 39
Swedish Biofuel/Jet A 50/50 7,658 42.6 4.9
Syntroleum S-8 neat 5,018 59.9 34
Syntroleum S-8/JP-8 50/50 5,171 51.7 3.8
Tallow/JP-8 50/50 6,406 49.8 4

#[value for Jet A-1 is Cetane Number (Solmaz et al., 2014)].
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SIP is primarily composed of a single molecule, a C15 iso-paraffin
farnesane (Weisser and Turgeon, 2014).

In Table 3, the blends of additional SAF with JP-8 or Jet A are
shown, highlighting the changes to the chemical class composition for
the blended fuels. Notably, there are significant increases to the
proportion of cyclic structures, both in the cycloparaffin and
aromatic classes. The fuels all meet the 8% minimum aromatic
content requirement once blended with conventional fuels. The
blend ratios are also shown, with the Farnesane mixtures included
at both 10% and 20% Farnesane blending levels to demonstrate the
relative changes in chemical classes as blending ratios vary. As the
Farnesane mixtures contain the highest levels of Jet A, the aromatic
level in both blends is significantly higher than the other 50/50 blends.

Table 4 details the autoignition characteristics, namely derived
cetane number (DCN) and ignition delay (ID) for a selected list of
conventional and alternative fuels. The DCN of a fuel indicates its
propensity to ignite, with higher DCN corresponding to faster
ignition and shorter ID. The fuel ID represents the time it takes
a fuel to ignite under a given set of conditions, measured from the
end of compression until ignition is observed. It can be seen from the
DCNss that the cetane number is not only dependent on fuel type,
but it is also fuel structure dependent. Sasol IPK lacks n-paraffins
and has a low DCN, while Shell SPK has greater n-paraffin
concentration, specifically in the C9-C10 range, and a
significantly higher DCN than the Sasol fuel. Weakly branched
iso-paraffinic fuels, including Cobalt ATJ-5, Shell SPK, and HEFA,
have higher DCN values, while heavily branched iso-paraffinic fuels,
such as Sasol IPK and Gevo ATJ, have relatively low cetane values.
This is in line with general combustion theory that attributes
increased reactivity with straight or weakly branched components
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TABLE 5 Fuel identifiers.

ID POSF Fuel type Manufacturer
JP8 4,751 JP8

Jet A 10,325 Jet A Shell

FT1 5,642 FT Sasol

FT2 5,172 FT Shell
FT2_a 5,729 FT + add Shell
FT2_b 5,834 FT blend Shell
HEFA 5,480 HEFA Syntroleum
HEFA_b 5,645 HEFA blend Syntroleum
ATJ 7,695 ATJ Gevo
ATJ_a 7,699 ATJ + add Gevo
ATJ_b 7,700 ATJ blend Gevo

ATJ2 8,438 ATJ Gevo
ATJ2_b 10,280 AT]J blend Gevo

SKA 5,698 SKA Rentech
SIP 10,347 SIP AMYRIS
SIP_bl 10,348 SIP blend AMYRIS
SIP_b2 10,349 SIP blend AMYRIS
CHJ N/A CHJ N/A
HC-HEFA 13,784 HC-HEFA THI
HC-HEFA_bl 13,785 HC-HEFA blend THI
HC-HEFA_b2 13,786 HC-HEFA blend THI

HJ, fuel record obtained from JETSCREEN, database. No POSF, or manufacturer
available.

and retarded ignition for more heavily branched compounds.
Research has also demonstrated a decrease in DCN attributable
gem-dimethyl (two methyl groups attached at the same carbon)
branch points, whereas the majority ethyl-branch points for Cobalt
ATJ-5 may contribute to increased DCN (Lapuerta et al,, 2016).
DCN is also shown to trend linearly as the 50/50 blends are
approximately halfway between the two fuel blendstocks.

4 Sustainable aviation fuels _
specification properties evaluation

4.1 World fuel survey and sustainable
aviation fuels comparison

To ensure SAF compatibility with current aerospace

systems,  property  specifications  detail the fuel
characteristics required to meet conventional fuel
standards. Table 5 lists fuel identifiers used for data

reported in subsequent graphs detailing relevant ASTM
D7566  fuel both
conventional and alternative jet fuels. Results are shown for
fuels from the 2006 CRC WES supplemented with data from
the AJFTD with the number of samples for the WES fuels
indicated in parentheses on the figures (Hadaller and Johnson,

specification  requirements  for
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2006; Moses, 2008; Yost et al., 2014). Fuel selection was
prioritized based on data availability, inclusion in ASTM
approval reports, and any instances reported in relevant
literature. Further information on a selection of the listed
fuels is provided in the Supplementary Material along with
results for additional specification properties including acid
number, distillation residue, electrical conductivity, and olefin
content. The properties described below including viscosity,
flash point, density, freezing point, lubricity, and heat content
are significant when considering combustion performance,
low temperature fluidity, fuel volatility, and aircraft range.
Aromatics increase fuel density and are of importance to
ensure satisfactory swelling of elastomer seals such as those
used in O-ring seals. Fuels lacking aromatics have been shown
to cause fuel system leaks due to insufficient seal swelling
(Corporanetal.,, 2011). As seen in Figure 7A, SAF blend stocks
lack aromatics and could pose a hazard if not appropriately
blended. To ensure proper swelling, the SAF are required to be
blended with conventional fuels which contain aromatics and
the resulting blends can be seen to contain appreciable
aromatic content (Bessee, 2012). Density is another crucial
fuel characteristic as it impacts the resulting fuel load for the
plane and is linked to additional fuel properties such as
dielectric constant (Kinder, 2010). Figure 7B indicates that
SAF blends fall within the specified range for density. Some
neat SAF blend stocks (a few FT and AT] samples) fall below
the specification minimum and thus must be blended to meet
the density requirements. Fuel heat content indicates the
energy contained within the fuel and therefore is an
fuel
performance and flying range. Fuels that do not meet the

important property when considering aircraft
minimum value would require a greater amount of fuel to
provide the same energy as a higher heat content fuel. For
planes with limited fuel payloads, having a lower heat content
fuel would result in a shorter flying range, impacting planned
flying routes and posing serious safety hazards if it is
unaccounted for. Figure 7C indicates that all the fuels
shown, including SAF, meet the net heat of combustion
requirement.

Another fuel safety property is freezing point, important
when considering cold operating conditions at high altitudes.
Fuels falling above specification maximum could pose fuel line
hazards as the fuel may solidify and cause lines to seize up. The
freezing point is one of the low-temperature fuel properties that
is controlled in the ASTM specifications. This specification
ensures that systems can operate reliably in expected flight
The the

temperature at which visible solid fuel wax particles disappear

conditions. freezing point is determined as
on warming. As shown in Figure 8A, all fuels meet the
specification maximum of —40°C for Jet A and —-47°C for JP8,
with the exception of CHJ falling just above the JP8 minimum.
The hydrogen content of fuels is used to establish the net heat of

combustion, determined by subtracting the hydrogen content of
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Results for WFS and SAF (A) aromatic content, (B) density, (C) net heat of combustion.

the fuel from the gross heat of combustion. As shown in
Figure 8B, this value is set with a specification minimum
value of 13.4% for JP8, and all fuels shown meet this
specification value. Fuel lubricity is an important property
when considering pumping systems as fuel lubricates system
components including pumps, engine controls, and servo valves
and protects against corrosion. Fuels with high wear scar
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diameters are considered hard fuels with poor lubricity that
results in high friction and metal-to-metal contact, causing
high wear rates. As shown in Figure 8C, FT1 and HC-HEFA
fuel samples are considered hard fuels with AT]J falling close to
the specification maximum. The poor lubricity of these fuels is a
result of hydrocracking and other severe refining conditions,
which remove natural fuel lubricants. Blended with JP8, FT fuels
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Results for WFS and SAF (A) freezing point (Jet A, JP 8), (B) hydrogen content, (C) lubricity.

fall below the specification maximum and thus meet lubricity
requirements (Sympson, 2014; Yost and Brandt, 2012).
Viscosity is a key fuel property when considering
operations at low-temperature conditions found in the
high-altitude environments where jet fuels are utilized. Fuel
viscosity relates to fuel pumpability over the operational
temperature range and fuel atomization in the nozzle spray.
The specification max of 8.0 mm?/s is met by all fuels
excluding farnesane (SIP) as shown in Figure 9A. Due to
its high viscosity, SIP fuels are limited to a max 10% blending
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level as annexed under D7566 Annex A3, but this blending
level can be even lower in cases of viscosity exceeding
permissible values due to the specific SIP that is blended
(Rolland and Garcia, 2014). The flash point of fuels is
another important characteristic when dealing with fuel
safety and is the most widely used property when
evaluating the flammability hazard of combustible liquids.
Fuels that fall below this value are considered hazardous due
to their possibility of autoignition in air. As seen in Figure 9B,
all SAF meet the specification minimum of 38°C for fuel flash
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point. The highest flash point of the fuel samples is seen in
neat SIP, potentially making it a suitable agent for increasing
the flash point of conventional fuels through blending.

4.2 Sustainable aviation fuels variability
statistical analysis

Table 6 provides a statistical analysis of the variability of
thermophysical property relations for data taken from the
Fit-for-Purpose D4054 Review report for selected SAF
categories, where FSJF represents Fully Synthetic Jet Fuel
(Moses, 2015b). The conclusion of this report stated that
overall trends for thermophysical property relations were
that
independent of processing method. In this study, we

qualitatively  similar, suggesting fuels behave
sought to provide a quantitative analysis of the observed
trends and found that significant variance occurs in all
examined fuel properties excluding surface tension, which
is therefore not included in Table 6. Categories with
significant variance (p < 0.05) from conventional values,
where WES results are the hypothesized population mean,
are indicated in bold font. Additional slope results for
hydrocarbon groupings (HC1, HC2) as well as CRC
handbook values are included in the Supplementary
Materials, but these categories were excluded from the
analyses of slope deviation from WES fuels as they do not

represent SAF categories (Biddle, 2013).
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Table 7 presents the calculated thermophysical relations
for WFS conventional fuels SAF as presented in the 2013 CRC
WES report for conventional fuels. These relations were used
to compute 95% confidence interval expected property value
ranges for properties listed in the specification requirements,
detailed in Table 8. Not all properties contained values for the
SAF categories examined, so results are shown where relevant
data was available. Additional thermophysical property
relations for isentropic bulk modulus, specific heat, surface
tension, speed of sound and thermal conductivity are provided
in the Supplementary Material. These equations can inform
readers as to the expected values for these properties over a
selected range of temperatures when experimental data is not
available.

Table 8 details the expected ranges for viscosity and density
given the variability observed from fuel type data as listed in
approval reports. Of the thermophysical properties reported in
Table 6, only viscosity and density are currently regulated by
ASTM specifications for SAF. The tables indicate the given fuel
types meet specification requirements excluding FT and SKA
exceeding density requirements. As these fuels only slightly
exceed the listed fuel specifications, it can be safely assumed
that for actual fuel production, fuel producers are able to meet the
required values with slight modifications to the processing
procedures. From these results, we conclude that although the
previous thermophysical relations indicated significant variation
from conventional fuels, the expected property ranges still fall
within specification requirements. Additional ranges for neat HC
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TABLE 6 Statistical analysis results for slope variability for
thermophysical property relations for SAF.

Speed of Sound Slope Intercept T-test
WES —4.113 1,403.7

FT -3.974 1,399.4 0.0686
HEFA —-2.748 1,371.4 0.0010
Viscosity [y = bm*] m b T-test
WES 0.9750 2.8487

FT 0.9758 2.9994 0.7989
SKA 0.9815 3.0912 0.0015
HEFA 0.9777 2.8944 0.0137
Density Slope Intercept T-test
WES -0.7216 815.49

FT -0.7376 777.68 0.0778
SKA -0.7439 796.76 0.0239
Specific Heat Slope Intercept T-test
WES 0.0036 1.5597

FT 0.0030 1.7845 0.0466
HEFA 0.0037 2.0513 0.4214
FSJF 0.0018 1.5797 4.7E-06

Categories with significant variance (p < 0.05) from conventional values, where WFS
results are the hypothesized population mean, are indicated in bold font.

TABLE 7 Thermophysical property relations for SAF.

Viscosity Equation

WES y = 2.849%0.9750*
FT y = 2.999%0.9758*
SKA y = 3.091*0.9815*
HEFA y = 2.894*0.9777*
Density Equation

WES y = —0.7216x +815.5
FT y = —0.7376x +777.7
SKA y = —0.7439x +796.8

Specific Heat Equation

WES y = 0.0036x + 1.560
FT y = 0.0030x + 1.784
HEFA y = 0.0037x + 2.051
FSJF y = 0.0018x + 1.580
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and CRC handbook values are provided in the Supplementary
Material.

5 Evolution of sustainable aviation
fuels certification

The investigation of fuel composition and property
variability outlined in this manuscript precedes a broader
discussion of fuel characterization and certification. Recent
discussions have focused on an effort to further streamline the
multi-year SAF approval process by limiting approval to fuel
composition of final blend components. The ASTM Generic
Annex had been proposed as a route to introduce sustainable
aviation fuels into the pipeline by establishing conservative
that
appropriately controlled. The blend level for sustainable fuels

blending limits could ensure fuel properties are
was proposed to be capped at 10% by volume, much lower than
the 50% blending limit allowed for sustainable fuels approved
through the various annexes to ASTM D7566. One justification
for this low blending level was to control fuel property variability,
as sustainable fuels introduced at such reduced ratios would have
little discernable impact on observable fuel properties. As a result,
these sustainable fuels could forgo extensive rig testing, reducing
both the time and cost for bringing such fuels into the
marketplace. This would have significant advantages for fuel
producers and their investors who seek to mitigate risks involved
with developing new sustainable fuels, opening them up to
increased markets even at low blending levels. While safety
always remains the top priority, another upcoming industry
objective as seen by the research community is providing a
scientific directive on the feasibility of 100% SAF operation.
With high profile flight tests running engines on 100% SAF
making news with increasing frequency, researchers in the area
are looking at ways to address the main composition-property
discrepancies between sustainable and conventional fuels. For
example, such considerations include employing a “blend of
blends” approach in which a variety of SAF blend stocks are
blended with one another to address deficits in composition or
property specifications, such as aromatic content. Additionally,
new fuels are now entering the certification process at
unprecedented rates, which, if certified, provide a more
diverse selection of blend stocks to incorporate in such a SAF-
centered approach to blending.

After  further with
manufacturers (OEMs) and other stakeholders involved in the jet

discussions original  equipment
fuel marketplace, it was decided that the Generic Annex would be
replaced with a less aggressive Fast Track proposal. This route would
be an option that would allow emerging SAF that resemble
conventional jet fuel in their chemical composition to receive
reduced fuel testing as part of the D4054 qualification process.
Having a controllable method by which to input blend stock

properties and predict final blend properties would support the
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TABLE 8 Viscosity ranges for SAF at —40°C and -20°C.

Viscosity Equation Low range

WES y = 2.849*0.9750% y = 2.740.9743x

FT y = 2.999*0.9758% ¥ = 2.6*0.9697x

SKA y = 3.091*0.9815% y = 2.8*0.9789%
HEFA y = 2.894*0.9777x y = 2.6*0.9760%
Density Equation Low Range

WES y = —0.7216x + 815.5 y = —0.7366x + 807.2
FT y = —0.7376x + 777.7 y = —0.7459% + 765.6
SKA y = —0.7439x + 796.8 y = —0.7543x + 780.9

10.3389/fenrg.2022.1052267

-40°C -20°C High range -40°C -20°C
7.73 459 ¥ = 3.010.9758x 7.93 4.86
8.94 4.83 ¥ = 3.4%0.9820x 7.01 4.87
6.63 433 ¥ = 3.4%0.9842x 636 462
6.77 4.16 ¥ = 3.240.9794x 7.42 4.90
15°C High Range 15°C

796.1 y = -0.7067x + 823.8 813.2

754.4 y = -0.7294x + 789.8 778.9

769.6 y = -0.7334x + 812.6 801.6

D7566 limits: viscosity —~40°C max 12 mm?/s, —20°C max 8 mm?/s, density: FT 730-770 kg/m’, SKA 755-800 kg/m’
Categories with significant variance (p < 0.05) from conventional values, where WES results are the hypothesized population mean, are indicated in bold font.

goals of more readily introducing SAF into the blended aviation fuel
market. FCAST, a fuel chemometric software developed by the
Naval Research Laboratory, shows promise in achieving this aim.
FCAST predicts global performance parameters of an arbitrary fuel
blend based on gas chromatography mass spectrometry (GC-MS)
and physical properties. The results have been validated on an
extensive property library from the Defense Logistics Agency.
Adapting the current format of the FCAST software to include
datasets from SAF will be a crucial step in validating its applicability
for future ASTM SAF approval routes. The aim to streamline fuel
certification through controllable fuel blend property prediction can
help guide the advancement of the software and stimulate further
SAF development. The advancement of fuel analysis techniques and
their incorporation into fuel screening procedure and specification
requirements will be another avenue to further streamline the SAF
approval process. Utilizing two-dimensional gas chromatography
(GCxGC), can be especially beneficial for alternative fuels as it is
uniquely able to capture fuel compositional features such as
cycloparaffinic and heavily branched paraffinic content (Striebich
et al,, 2014). Efforts to standardize GCxGC testing methods will be
crucial to its potential inclusion as a standardized specification under
ASTM D7566.

As mentioned in Section 3.3, in recent years there has been
a particular emphasis on developing and deploying low-
volume prescreening methods for modeling and predicting
certification-relevant properties for new fuels entering the
certification process. These models may be purely data
driven (i.e., fuel agnostic) or may incorporate domain
knowledge on fuel chemical compositions and properties to
further improve model accuracy, including but not limited to
features such as isomer compositions and distributions within
a sample (Isaacman et al., 2012; Feldhausen et al., 2022; Heyne
et al., 2022). Further, experimental methods such as vacuum
ultraviolet (VUV) spectroscopy are being explored for
improving resolution of compositional data from processes
like GCxGC by resolving specific isomers whose individual
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chemical properties are known, which shows potential for
reducing uncertainty in predictive models (Heyne et al., 2022).
A combination of higher fidelity, higher resolution low-
volume test methods and the incorporation of larger, more
inclusive composition-property datasets across the broadest
range of fuels possible will provide the best outlook for
fuel and the
certification process as a whole.

optimizing prescreening  procedures

6 Conclusion

For reasons including energy security, price certainty, and
environmental benefits, research continues to grow in evaluating
alternative transportation fuels that meet combustion performance
requirements in existing engine architecture. This study aims to
deliver an overview of relevant chemical characteristics and
property variability in SAF annexed under ASTM D7566.
Although significant variance for thermophysical properties exists
for SAF, the variability is not so great as to result in expected property
values outside of specification ranges. Additionally, most SAF blend
stocks meet ASTM D7566 specification requirements, and all SAF
blends satisfy property specifications. This work provides valuable
data to support future certification efforts aimed at reducing
prohibitive costs of the approval process for experimental SAF.
Previous proposals, such as the ASTM Generic Annex, sought to
control fuel properties through conservative fuel blend limits to open
the door for fuel producers to bring new fuels online. Beyond these
conservative limits, fuel producers will want to evaluate how higher
alternative blend stock ratios impact overall blend properties, and this
will be a key area of future research. The knowledge that fuels can be
classified, and their properties predicted by carbon number,
hydrocarbon class, chain length, and branching level are crucial
factors to improve SAF certification to remove the necessity for
evaluating new fuels based on feedstock or processing method. As
aptly stated, “hydrocarbons do not know where they come from,”

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1052267

Oldani et al.

therefore it is more important to consider the fuel chemical makeup
(Moses, 2015b). This knowledge can enhance fuel analysis tools that
utilize chemometric analysis, such as NRL’s FCAST software, to
provide property predictions for fuel blends. As new fuels are
integrated into the aviation fuel pipeline, there will likely be a re-
examination of specification requirements to more accurately control
properties based on actual fuel performance metrics and not simply
existing legacy concerns. Tracking the latest trends and changes in
physicochemical properties of newly emerging fuels on the AJFTD
will become increasingly critical to streamlining this process as
diversification in the sustainable fuel industry continues to
accelerate. Further, implementing new analysis methods such as
two-dimensional gas chromatography, GCxGC, could also become
an avenue for future specification modification. As fuel research
continues down many pathways, it will become ever more important
for certification procedures to stay abreast of the latest analysis
methods to ensure an efficient and effective approval process is in
place to accommodate the ongoing development of SAF.
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