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ARTICLE INFO ABSTRACT
Keywords: Sustainable aviation fuel pathways do not generally yield selective synthetic blend components in the aviation
Distillation optimization turbine fuel distillation range. Here we discuss a methodology for maximizing the sustainable aviation fuel yield

Sustainable aviation fuel
Muti-dimensional optimization
Pareto front

Conventional jet fuel

from a pathway and the respective blend ratio with a petroleum-derived fuel by varying distillation cut points.
These cut points are typically unique for each combination of feedstock and conversion technology and are
essential independent variables for fuel finishing. The resultant cut point variations create a Pareto front, illu-
minating a competition between yield and blend ratio limits, i.e., the boundary where key operability properties
are on the specification limit. Computational and experimental examples are given herein. In the computational
case, eight bulk properties are calculated for a surrogate composition to simultaneously predict the competition
between distillation yield and blend limit, with 10 points along the Pareto front experimentally verified. In the
experimental optimization example, this methodology has been applied to an actual product stream currently
under development. Relative to a third-party distillation cut recommendation, the method here yielded 37 %v
more renewable carbon into the SAF fraction, while also affording a greater margin to property specification
limits. This article shares the optimization process which can impact SAF qualification, the relative corre-
sponding diesel and gasoline fractions, and business strategy.

%v blends with conventional fuels. More recently, another qualification

1. Introduction path has emerged, fast track. The fast track approval requires 100 gal-
lons of neat fuel, two tiers of testing, and ideally only one year to

Sustainable aviation fuel (SAF) remains the principle strategy for the complete the evaluation, and may result in approval to use the SAF in
aviation industry to achieve net-zero carbon emissions by 2050 [1]. blends with conventional fuel up to 10 %v. Production pathways that
Alternative strategies include hydrogen combustion and electric motors achieve fast track approval produce a fuel blend component with a
powered by batteries or fuel cells. However, 73% of aviation CO, narrower set of control specifications than those passing through the

emissions come from medium and long-haul flights, which exceed the standard approval process. Either way, production pathways that

technology readiness levels expected for electric and hydrogen-powered receive a favorable re.view .(and ballot) of the evalluation car.ried out
aircraft capability over the next several decades [2-4]. To achieve the under ASTM D4054 will be included as a new or edited annex in ASTM

net zero 2050 goal, it is estimated that 330-445 million tons of SAF per ~ D7566 [6], which is the document describing the feedstock, process, and

annum are needed [1]. In theory, a multitude of production pathways product specification limits for the synthetic pathway.

will be developed and qualified in order to achieve this goal. This work is Prescreening has already demonstrated the ability to accelerate and
intended to serve that goal. de-risk SAF process and technology development [7-9]. Heyne et al.

All synthetic aviation fuel production pathways (whether sustainable [10] proposed two levels O'f prescreeniflg (requiring l.to 5 ml and 1.50 to
or not) must be qualified through a process described in ASTM D4054 500 ml of sample, respectively) focusing on properties that may influ-

[5]. Historically, all pathways were required to be considered for four ence flight safety [11,12]; derllsity, viscosit'y, surface tension{ derived
tiers of testing, with the volumes required to eclipse the process ranging cetane nun%ber (.DC_N)» ﬂash p.01nt, f.reeze point, and lower h.eatmg valu.e
from 100 gallons to hundreds of thousands of gallons and years to (LHV). By identifying inconsistencies between the properties of candi-

complete. Under this process, pathways have been qualified for up to 50 date product streams and those of conventional jet fuel, qualification
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Nomenclature
Br Blended fraction - the fraction of SAF blended into

conventional jet fuel; mass of SAF divided by mass of
the conventional fuel plus mass of SAF.

Dr Distilled fraction - mass collected as SAF after
distillation divided by mass of the renewable product
stream supplied to the still.

Macii Mass of actual i component in the renewable product
stream

Mopii Mass of optimized i component in the renewable
product stream

Yi Mass fraction of i component

API American Petroleum Institute gravity

ASTM ASTM International

CI Confidence Interval

DCN Derived Cetane Number

DMCO  1,4-dimethylcyclooctane

FID Flame Ionization Detector

GCxGC Two-Dimensional Gas Chromatography

JudO Jet Fuel Blend Optimizer

LHV Lower Heating Value

MIDACO Mixed Integer Distributed Ant Colony Optimization
SAF Sustainable Aviation Fuel

SIP Synthesized Iso-Paraffins

VFA Volatile Fatty Acids

risks (or other opportunities) can be highlighted while the scale-up
process is readily and inexpensively adjustable. Moreover, project-
management decisions concerning the prioritization of competing SAF
technologies can be made with as much information as possible and as
early as possible.

Conventional fuel blend components are also an importance
consideration for blend limits and potentially SAF yield. In order for a
SAF blend component to be used in an aircraft, it must be blended with
an on spec conventional fuel (ASTM D1655) at a ratio no higher than the
approved limits set in the annexes of ASTM D7566. Additionally, the
blended SAF-conventional fuel must meet ASTM D7566 Table 1 and 2
properties for it to be regarded as a Jet A/A-1 (ASTM 1655). This process
has many important considerations for an institution such as, the size
and location of a blending facility, the SAF pathway in question, and
properties of the initial conventional fuel to name a few. The property
variance from conventional fuels can be substantial [12], and in turn,
constrain SAF blend limits at a blending facility, which in turn can
cascade to various financial impacts. The impacts of conventional fuel
variance on SAF blending is yet to be explored in the literature.

Unlike conventional jet fuel, SAF may be very selective (e.g., Annex 3
SIP) or, in other cases, composed of a broad suite of hydrocarbon con-
stituents, depending on its feedstock source and production process. For
a selective process, most of the renewable carbon product stream should
end up in the finished SAF, and distillation (if needed) can be considered
a purification step. For non-selective processes, however, the product
stream could contain species ranging from as few as five to many (>26)
carbon atoms per molecule (distillation range, 36 to > 450 °C), which is
broader than the jet fuel range. In these cases, distillation can be used to
separate the product stream into fractions, where the monetary value of
each fraction varies based on contemporary policies, and the properties
of that fraction. While this is essentially the same process as petroleum
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refining, the population distribution of different molecular species with
a given distillation cut could be markedly different depending on the
pathway, and those composition differences result in significant prop-
erty differences. In this work, property predictions of virtual distillation
fractions blended at varied ratios with a nominal conventional Jet A are
used to guide the optimal cut points for the distillation of the renewable
carbon product stream.

Fuel production process optimization has long been an interest in the
fuel community. Feedstock selection/pre-processing, conversion tech-
nology, and distillation all influence product yields. Miller et al. [13]
explored the possibility of optimizing biomass upgrading strategies for
transportation fuel based on maximum bio-blendstock content, applied
to a case study with biomass-derived volatile fatty acids (VFA) for
transportation fuels with the potential to extend to many non-VFA in-
puts. Zhang et al. [14] were able to improve the carbon yield of
renewable alkanes for jet fuels from a feedstock selection and pre-
processing perspective by co-feeding cellulose and low-density poly-
ethylene. Peng et al. [15] explored the optimization of conversion
technology (hydrocracking) to improve jet fuel yield and quality from
vacuum gas oil, with hydrocracking already being a component of the
Fischer-Tropsch SAF pathway (i.e., ASTM D7566 Al and A4).

Most distillation optimization research, however, has been done on
crude oil distillation and focused on industrial processes. For example,
Franzoi et al. [16] explored the optimization of cut point temperature of
crude oil distillation units to improve distillation yield and properties (i.
e., sulfur content) toward a specific fraction (i.e., naphtha fraction).
They used a surrogate modeling approach to estimate compositions and
properties (API and sulfur) of distillates based on the existing data from
a plant or rigorous simulated data. Lopez et al. [17] were able to develop
a nonlinear programming model to simultaneously optimize crude oil
blending and operating conditions of crude oil distillation units for
maximum system profit (USD/day). None of these works address both
SAF distillation yield and blend ratio with conventional jet fuels (i.e., Jet
A), while predicting and measuring eight key operability properties as
done here.

In this work, we report a methodology that leverages hydrocarbon
composition input to illuminate the spectrum of solutions between
maximum blend ratio and SAF yield. This method uses properties
models to predict distillation cut points that maximize, simultaneously,
distillation yield (the fraction of renewable carbon product stream that
goes to yield SAF) and blend limit (the maximum ratio of the SAF
fraction that can be blended into conventional jet fuel) by performing a
two-objective, multi-constrained optimization. Convergence occurs
when neither the yield nor blend limit can be improved without
compromising the other, and the set of points meeting that condition is
called the Pareto front. A high-level flow chart describing the optimi-
zation approach is shown in Fig. 1. To guide the optimization, the Jet
Fuel Blend Optimizer platform (JudO) [18,19] was used to manage the
constrained optimization, where fuel properties subject to spec limits
were calculated from blending rules [19-23], a molecular property
database [24], and trial product composition derived from the objective
functions. For experimental validation of this optimization, two vali-
dation methods are reported. First, simple blends mimicking the opti-
mization results were prepared and blended with Jet A (POSF 10325)
until a property limit was violated. A second validation was completed
by simulating the path taken by the JudO simulation. There an initial
mixture was prepared in the lab, and cut points from the JudO simula-
tion were used to experimentally acquire trial SAF fractions. Subse-
quently, those SAF fractions were blended with Jet A at + 2 %v
increments until a property limit was violated, as in the first validation
case.
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Fig. 1. Flow chart of the methodology reported here. Distillation simulation, property predictions, and blend limit with conventional jet fuel are calculated
simultaneously within the JudO optimization software to meet the ASTM D7566 property requirement. The resulting Pareto front represents a set of

optimal solutions.

The process described here could be easily adapted to other sce-
narios, and an experimental method mimicking the computational
example above is also reported. For that part of the study, the optimal
distillation cut of a product stream for an actual, prospective production
pathway was guided by the method reported in this work. The result of
this method is then compared to those of a third party working from the
same sample product stream. Our approach enabled significantly higher
SAF yield (37% more volume) and a greater margin to property spec
limits. Beyond increasing the SAF yield, this methodology illuminates
the entire scope of potential routes a producer could pursue for quali-
fication or business strategy.

2. Experimental methods
2.1. Material

Six hydrocarbon materials were sourced from five vendors to create a
surrogate renewable carbon product stream. The intention of this sur-
rogate is not meant to mimic conventional jet fuels but rather to create
an arbitrary product stream. The materials and their compositions were
selected primarily based on the ability to represent an arbitrary product
stream that fails to meet spec for a plurality of reasons (i.e., out of spec
flash point, freezing point, and density, etc.). Additional considerations
included availability, cost, and purity. The petroleum fuel is represented
here by a nominal Jet A (A-2 [POSF 10325]). The details of the materials
used for the mixture are provided in Table 1.

Table 1

2.2. Gas chromatography method

Two-dimensional gas chromatography (GCxGC) coupled with a
flame ionization detector (FID) was used to determine species concen-
trations of distilled mixtures, as described by Heyne et al. [25]. The GC
x GC system employed an Agilent 8890 with a SepSolve INSIGHT flow
modulator. The columns are arranged in a reverse configuration with an
Rxi-17Sil MS 60 m x 0.32 mm x 0.5 pm first-dimension column from
Restek and an Rxi-1 ms 15 m x 0.32 mm x 0.5 pm second dimension
column, also from Restek. The carrier gas is grade 5.0 helium with flows
of 1.2 ml/min and 48 ml/min through the first and second dimension
columns, respectively. The temperature profile of the GC starts at 40 °C
for 30 s and increases by 1 °C/min until 280 °C.

2.3. Fractional distillation

Fractional distillation was utilized in this study to perform distilla-
tion cuts on the surrogate product stream that fails to meet spec. The
benchtop distillation unit setup consists of a 125 ml flat bottom boiling
flask connected to a Synthware Jacketed Vigreux Distillation Head
(Synthware D214300), and a receiving graduated cylinder. A ther-
mometer is inserted through the top of the jacketed Vigreux column per
ASTM D86 guidance; a picture of the setup is provided in the supple-
mentary information. The hot plate temperature is increased periodi-
cally to achieve a consistent receiving rate of 1 ml/min. Boiling stones
are also used to increase efficiency and consistency. The average time
from the first application of heat to the initial boiling point is five

Hydrocarbons used in the surrogate renewable carbon product stream, including blend ratios and suppliers.

Material name Purity Supplier Blended mass fraction
2,2,4-trimethylpentane >99% Sigma-Aldrich 0.2398
n-octane 99% ACROS 0.2086
n-nonane 99% ACROS 0.1777
1,4-dimethylcyclooctane 98.5% B.G. Harvey, NAWCWD and M. Karanjikar, Clean Joule 0.0811
n-decane 99% thermo scientific 0.1807
n-tridecane >99% TCI 0.1121
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Table 2
Fuel property measurement and equipment used in this study, along with the
associated ASTM methods (if available).

Property Company/model ASTM or other methods
Density, viscosity Anton Paar - SVM 3001 D7042

Freezing point PAC - Phase FPA-70Xi D5972

Flash point PAC - OptiFlash D3828

DCN Tier Alpha/GC Ref [27]

Surface tension CSC - DuNouy Tensiometers D1331A

Smoke point Koehler- Smoke Point Lamp D1322

tLHV Tier Alpha/GC Ref [21]

tThese properties were estimated from blending rules only. The rest were
measured in accordance with the procedures described in the applicable ASTM
test method as called out in ASTM D7566.

minutes. The total volume supplied and collected is recorded during
each run, which forms the basis for the distillation yield. Three frac-
tional distillations, each employing different cut points, were carried out
for this study. None of the distillations were replicated, so no comment
regarding the repeatability of the yield fraction composition can be
made. A fractional distillation unit is used instead of a traditional D86
setup due to the high separation efficiency needed in this study. The
Vigreux distillation head is generally accepted to have 6-8 theoretical
plates, depending on the heating rate and geometry [26].

2.4. Property measurement

Each fuel property that affects engine operability was measured ac-
cording to its respective ASTM method as documented in D7566
(Table 2). Other properties, including DCN and LHV, were determined
from the blending rules only, due to the high cost of the samples, the
sample volume required for DCN measurement, and in case of the LHV,
the exceptional accuracy of the blending rule methodology [21]. Mea-
surement for all individual properties at any given time was measured
once according to the ASTM method and reported reproducibility is used
later as uncertainty quantification.

2.5. Maximum blend fraction determination by experimentation

A stepwise method is used to determine the maximum blend limit of
each distillation cut with the conventional jet fuel, A-2. An initial (trial)
blend fraction is selected based on guidance from the simulation. Each
property, listed in Table 2, of the trial fuel was determined. If one or
more properties were outside of spec limits, a new blend fraction con-
taining 2 %v less SAF was tested, and this step was repeated until an
acceptable blend fraction was found. If all the properties of the initial
trial fuel were determined to be within spec, then a new blend fraction
containing 2 %v more SAF was tested, and this step was repeated until
an unacceptable blend fraction was found. The 2 %v step size was
motivated by the repeatability of each property determination and the
time required to characterize each trial fuel.

3. Computational methods
3.1. Overview

The optimization in this study is based on two objectives: 1) the
fraction of renewable carbon to be used as SAF; mass collected as SAF
after distillation divided by mass of the renewable product stream sup-
plied to the still (Dg) and 2) the fraction of SAF blended into conven-
tional jet fuel; mass of SAF divided by mass of the conventional fuel plus
mass of SAF (Bg). In a perfect scenario here, the SAF fraction would have
a 100 % yield and be 100% drop-in (max Df and Bg), i.e., no blending
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with Jet A required. Here all the circular carbon would be used and that
carbon would not need any conventional or fossil carbon to complement
it to be fungible. In reality, there are no pathways with this capability.
Instead, as documented herein there is a compromise between renew-
able carbon and the associated blend limits.

3.2. Approximations and assumptions

The mixture used here to represent a renewable carbon product
stream contains six compounds, all of which are known. For a real fuel,
composition is determined through GCxGC hydrocarbon type analysis,
where species are characterized by number of carbons atoms and prin-
ciple skeletal features such as chains, rings, aromaticity, etc. The precise
isomer corresponding to each peak on a chromatogram would have to be
represented as a distribution of possible isomers as described by Yang
et al. [27]. Secondly, the virtual distillation done for each trial in the
optimization routine assumes complete separation by normal boiling
point (i.e., infinite theoretical plates). In reality the number of theoret-
ical plates is a function of the temperature gradient within the still be-
tween the mixture and the distillate, the effective area of nucleation sites
throughout the fractionating column and the transport rate of liquid
away from the fractionating column. While the still used in this work has
estimated 6-8 theoretical plates, the components of the surrogate have
disparate boiling points, rendering it easy to separate cleanly back into
its components via distillation. Finally, only continuous range distilla-
tion cuts were considered in this work. In reality, it is possible that some
renewable carbon product streams could be very high in certain aro-
matic compounds or certain normal alkanes, with challenging proper-
ties. These property challenges could, for example, cause a trial fuel to
fail on smoke point or freeze point if left alone. In those cases, discon-
tinuous range or fractional distillation cuts could be considered as an
extension to this fundamental idea.

3.3. Objectives and constraints / blending rules

Nine constraints on fuel properties were imposed on every trial fuel
in the simulation, where one of them is an equality constraint and rest of
them are inequality constraints (indicated in Table 3). The specification
limit constraints are listed in Table 3 and were motivated by their impact
on combustor operability. The determination of trial fuel properties was
made by application of blending rules as described in a variety of pub-
lications [20-23,28]. Additionally, the mass factions must always sum to
one and it is only possible to remove mass from either end of distillation
range. Mass can never be added, and no mass can be removed until it is
found at the end of the distillation range. Where m,,; is the mass of

Table 3
Optimization parameters used in JudO.

Objectives  Physical or logical Spec limit constraints
constraints
max(Dr) 0 < Mgpii < Macri Density(15 °C): Derived cetane
775 — 840 Kg/m3 number:
35-60
max (Br) *yi=1 Viscosity(-20 °C): <8  Surface tension,

cStViscosity report
(-40 °C): <12 cSt
Freezing point <
-40 °C

Flash point: > 38 °C

Smoke point: >
18 mm

Lower heating
value (LHV):

> 42.8 MJ/kg

* This constraint is an equality constraint.
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Fig. 2. Pareto front from the muti-dimensional optimization of the surrogate product stream described in Table 2. The blue, yellow, and green shaded region
represents blends limited by flash point, density, both density and freeze point, respectively. Two types of experimental validation of the Pareto front are shown in
black and red markers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

optimized ith component in the renewable product stream and myg; is
the mass of actual ith component in the renewable product stream. The
sum of all m,y; equals Dr; mass collected as SAF after distillation divided
by mass of the renewable product stream supplied to the still.

3.4. Convergence criteria

Optimization convergence was declared when 3,000 consecutive it-
erations failed to find a solution with (>Br AND > Dg) relative to at least
one other point on the evolving Pareto front or (>Br OR > D) relative to
all other points on the evolving Pareto front. More detail on this
convergence criteria was reported by Schlueter [29].

3.5. Software tools

The optimization tool developed here is built on the framework of Jet
Fuel Blend Optimizer (JudO) from previous works [18,30]. A commer-
cially available mixed integer distributed ant colony optimization
(MIDACO) [31] is utilized in JudO as the numerical solver due to its
robustness and computational time. MIDACO is based on a derivative-
free, evolutionary hybrid algorithm employing n-dimensional random
walk. This algorithm treats the objective and constraint functions as
black-box which may contain critical function properties like non-
linearity, non-convexity, discontinuities or even stochastic noise. This
solver has been used in several fuel-related optimization applications
[18,30,32].

3.6. Uncertainty quantification

For simulated points, the 95th percentile confidence intervals arise
from the composite of limiting properties prediction uncertainty where
the prediction uncertainty includes 3 (or 4) terms: unidentified isomer
(e.g. compounds originating from the conventional fuel), uncertain mass
fraction which is relatively small, uncertain component property input,
and uncertain blending rule accuracy is applied to the property pre-
dictions. Monte Carlo sampling is used for uncertainty quantification
because it is effective for tracing isomeric uncertainty and for conve-
nience it was used across the board; 10,000 points in all. For more detail
regarding related Monte Carlo sampling on uncertainty, see Heyne et. al.

and Yang et. al. [25,27].

For experimental points, the 95th percentile confidence intervals
arise from the property measurement uncertainty and mass measure-
ment (SAF yield) uncertainties corresponding to the retained distillation
fraction and the original mass of the surrogate product stream.

4. Results & discussion

The optimization of the initial blend described in Table 1 was per-
formed on a 32-core processor with a base clock speed of 3.7 GHz.
Convergence was achieved after 24 h. Fig. 2 reports these results.
154,410 trial solutions are reported (light open circles), of which
approximately ten percent (15,736) are found on the Pareto front (solid
blue line). The uncertainty of the property and thus Pareto front pre-
dictions are also reported (vertical blue dashed lines). The predictions
ranged from 8 %v and 100% SAF yield to a 100 %v blend limit and 18%
SAF yield. Three types of properties limits occurred during the optimi-
zation, which were flash point constraint (blue shaded region), density
constraint (yellow shaded region), and both density and freeze point
constraints (green shaded region). Four apparent inflection points on the
Pareto front were observed, with the inflection points being the result of
discrete changes to the limiting constraint(s) or to the species being cut
from the SAF fraction.

Inspecting from right to left of Fig. 2, at 100% SAF yield or the uncut
mixture, the blend limit with A-2 (POSF 10325) is 8 %v. In other words,
8% is the maximum amount of renewable carbon that can be blended
into A-2 before some specification limit is violated. Even though the
mixture described in Table 2 fails the spec limit on multiple grounds (i.
e., flash point, density, etc.), all of these violations are eliminated by
mixing with 92 %v or more nominal petroleum jet fuel, A-2. As less
desirable species were removed from the mixture by distillation, the
distilled mixture property was closer to the spec range and the SAF blend
limit with A-2 naturally increased as well. At 18 %v SAF distillation
yield, most undesired molecules were removed by distillation of the
original mixture. The distilled mixture meets the spec requirements and
thus no petroleum fuel is required.

Experimental validations of these predictions are reported for the
blended (red star) and distilled (black circles) cases. The uncertainty
associated with property measurement (solid black vertical lines) and
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Fig. 3. Composition and property of the calculated Pareto Front in Fig. 2. a &
b) mass and mass fraction of each surrogate component described in Table 2. c,
d, & e) limiting properties of the SAF fraction and blended product.

SAF yield determination (solid black horizontal lines) are also reported.
Validation consists of two parts: the Pareto front determination and the
impact of infinite plate assumption. Six mixtures, mimicking perfectly
separated distillation cuts, are prepared by blending Table 1 individual
components in the lab. Additionally, three separate real distillations
were carried out on the surrogate product stream described in Table 1,
resulting in three separate distillation cuts as well as the uncut surrogate
product stream. The total volume supplied and collected were recorded
during each run, which forms the basis for the distillation yield. In some
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cases, the collected volume is the distillate, and in other cases it is the
bottom fraction. In each case, a characterization via GCxGC/FID was
completed for both the collected (prospective fuel blend component)
and discarded fraction to determine the mass fraction of each compo-
nent (documented in SI). As for the mixtures prepared by blending
Table 1 components, the volumes used were recorded for the uncer-
tainty analysis later.

The six mixtures made by blending were utilized for validation of the
Pareto front determination. The maximum blend ratio of these mixtures
with A-2 (POSF 10325) was determined by trial and error, as described
in the methods section. The difference between the predicted blend limit
(solid blue line) and the measured blend limit (red stars) represents
modeling error. This is compared against known modeling uncertainty
and measurement uncertainty by the 95th percentile confidence in-
tervals. The modeling error across six points were 2.3 %v on average,
and the biggest error occurred at 100 %v blend limit, which is 5 %v.

The three mixtures made by fractional distillation (black circles)
were used to assess the impact of the infinite plate assumption. The
differences between the black circles to the closest solid blue line and red
stars to the closest solid blue line represent the error introduced by the
infinite plates assumption. The larger error is due to the unnecessary
species being removed from the mixture during the physical distillation.
Naturally, the distilled test results are below the calculated Pareto front
because the Pareto front represents the theoretical maximum. The
considerable uncertainty in SAF distillation yield indicated by two of the
three points is a consequence of our indirect determination of the
retained fraction of renewable carbon. This method required estimation
of the dynamic hold-up (dead volume) in two cases since the mass of the
bottom fraction was not measured directly. The dead volume was later
determined empirically for this setup. No attempt to minimize dead
volume relative to feed volume was made for this study, although
certainly, it could be reduced substantially for a production-quality still
or refinery.

Fig. 3 reports the composition and properties variation along the
Pareto front. In all sub-plots, the x-axis is the SAF fraction distillation
yield. In descending order vertically, Fig. 3a and 3b represent the mass
and mass fraction (colored circles), respectively, of each SAF mixture
component along the Pareto front. On Fig. 3¢, 3d and 3e, the property of
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<.f 80 — A-3 (POSF 10289)
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£ 601
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Fig. 4. Pareto fronts of reference conventional jet fuels to illustrate the jet fuel
variance effect on SAF blend limit.
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the distilled SAF fraction (solid black lines) and final product, after
blending with A-2 (solid blue lines) are reported. The three types of
property limits (colored shaded region and lines) reported in Fig. 2 are
also plotted in Fig. 3 for reference. Finally, the properties of the six
blends used for model validation (red stars) are also reported here.

At a SAF yield of 66.5% and higher the limiting property is flash
point. This is evident in Fig. 3c which shows the SAF fraction has a flash
point lower than the specified minimum while the SAF-conventional
blend has a flash point right on the spec limit of 38 °C. From Fig. 3a
and 3b it is clear that iso-octane and n-octane are the two components
that contribute most to the violation of flash point. As more of these
components are removed, the flash point of the prospective SAF in-
creases, enabling more of it to be blended into A-2. The change in cur-
vature of black line on Fig. 3c corresponds to the change in the identity
of the component being removed (iso-octane vs n-octane). Flash point is
driven by the sum of the components’ vapor pressures which all scale
exponentially with the inverse of the normal boiling point. Therefore,
the component with the lowest boiling point disproportionately affects
the flash point of the mixture. Moreover, flash point decreases more
sharply with declining n-octane concentration than some other prop-
erties, such as density. These trends are responsible for the emergence of
density as a limiting property for SAF yield fractions below 66.5%
(Fig. 3a and 3e). In the narrow band between the dashed yellow and blue
lines, density is the only limiting property as incrementally more n-oc-
tane is removed from the SAF fraction. At 66% SAF yield fraction and
below, freeze point is also limiting, driven by the concentration of n-
tridecane in the final product, as shown Fig. 3a and 3d. Even more
dramatically than flash point, the freeze point is driven by the concen-
tration of one (or few) species; usually those having the highest normal
melting point [23]. In this case, n-tridecane also has the highest boiling
point of the components in this mixture, enabling the optimizer to
remove it, together with n-octane, the current lowest boiling point
component. This is important to manage density which is driven lower
by the removal of n-tridecane and higher by the removal of n-octane. At
still lower SAF yield fraction, n-octane is depleted, and density lost by
removing n-tridecane must be managed by removing other light com-
ponents such as n-nonane and n-decane. The only component of the
surrogate SAF product stream that is not removed by the optimizer is
1,4-dimethylcyclooctane (DMCO). This is because all of its key opera-
bility properties lie within the jet fuel spec range. Other properties, not
considered for this work, such 8% aromatics minimum, T90-T10 and
T50-T10 would ultimately limit the maximum allowable concentration
of any single molecule, including DMCO for a commercially viable SAF

product.

Thus far, only the variance of the distillation cut points of the SAF
fraction have been discussed in comparison to nominal jet fuel, A-2
(POSF 10325). Here we illustrate the importance of the conventional or
fossil component in these calculations with two additional conventional
fuels (A-1 [POSF 10264] and A-3 [POSF 10289]) in Fig. 4. Similar to
Fig. 2, A-1 and A-3 generated two additional Pareto fronts. Those fuels
were selected by the National Jet Fuel Combustion Program to represent
the ’best’” and ’worst’ conventional jet fuels, considering then-
anticipated fuel property impacts on combustor operability [12]. The
greatest difference in blend limit between A-1(solid green line) and A-3
(solid red line) occurs at 63% SAF yield, where there was a 44 %v dif-
ference in blend limit with different conventional fuels. To achieve a
50% blend limit with each fuel, the difference of SAF yield can range
from 22% (A-1) to 67% (A-3). The limiting properties to achieve a higher
blend ratio with A-1 were flash point, flash point with density, density,
and density with freeze point from descending order of 100% SAF yield.
For blends with A-3 the limiting properties were flash point, flash point
with freeze point, and freeze point with density. All three reference fuels
have relatively the same freeze point (i.e., —50 to —51 °C). The distance
between each line on the Pareto front is mostly caused by the density
and flash point difference of A-1 (i.e., 780 kg/m3, 42 °C) and A-3 (i.e.,
827 kg/m?, 60 °C).

The curvature and order of the Pareto fronts would also change if the
product streams were different, which further suggests value in doing an
optimization like this for each grouping of available blend stocks; SAF
product stream(s) and petroleum fuel(s).

In our experience as a lab dedicated to assisting SAF development
and evaluations, four competing properties usually determine the Pareto
front: flash point, viscosity, density, and freeze point. Where flash point
violation is predominately caused by the light end and freeze point
violation is predominately caused by one or more of the higher melting
point molecules (typically C13 + n-alkanes) [33]. Density and viscosity
are functions of both the light end and heavy end combined. Removing
light end to fix flash point drives up all of the other properties, pushing
freeze point or viscosity or both above targets and removing heavy end
to fix freeze point drives down all of the other properties, pushing flash
point or density or both below targets. All issues need to be fixed in
concert.

To illustrate how each property is influenced by selecting the SAF
composition a sensitivity analysis was performed on the uncut mixture
using Tier alpha [27] models, and its results are summarized in Fig. 5. A
set of 13 calculations was made for each property. One of those
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corresponds with the surrogate product stream composition. Starting
from 100 g of that composition in each case 5 g of, sequentially, each
component was added or subtracted to form the virtual mixtures cor-
responding with the other 12 calculations. Density (a) is symmetric
about zero since it is very nearly linear with mass fraction. A change in
DMCO concentration has the largest impact on mixture density because
its density (824 kg/mg) is furthest from that of the original mixture (726
kg/m3). The freeze point (b) is determined by the mole fraction and
properties of tridecane; non-linearly with negative curvature over the
full range of possible mole fractions [23]. Removing 5 g of n-tridecane
impacts the freeze point significantly more than adding 5 g. Adding or
removing any other component from the mixture impacts freeze point
because the tridecane mole fraction varies as the total mass of the other
components vary. Flash point (c) is a little more complex than freeze
point as two components contribute significantly to the vapor pressure,
iso-octane and n-octane. Coincidentally, the vapor pressure of iso-octane
is nearly 5 times higher than the vapor pressure of n-octane so adding or
subtracting 5 g of n-octane has approximately the opposite effect on the
total mixture vapor pressure as increasing or decreasing the concen-
tration of iso-octane by 1%. When any of the other components are
removed from the mixture, its total vapor pressure increases because the

concentration of both isomers of octane increase. Removing iso-octane
has a larger influence on flash point than adding it because the second
derivative of vapor pressure with temperature is positive. Viscosity (d)
also has a non-linear blending rule so some asymmetry about zero is
expected and seen. Like density, changing the concentration of species
who’s neat, log viscosity value are further from that of the baseline
mixture have more impact on the final result than changing the con-
centration of species who’s neat, log property value are closer to that of
the baseline mixture.

5. Practical application and discussion

A renewable carbon product stream from a novel process was
recently delivered to two labs, including ours for processing into SAF. As
per the procedure described above, we determined the optimal distil-
lation cut should be 155-270 °C to maximize the SAF yield. The other
lab took a narrower cut (est. 176-255 °C based on ASTM D2887 result),
presumably to be conservative relative to property limits. Naturally, our
cut resulted in a higher conversion yield and it also, unintuitively,
resulted in a product with a greater margin to property limits. Fig. 6a is
the detailed carbon distribution from GCxGC hydrocarbon type analysis
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of the renewable carbon product stream. It included compounds with
5-21 carbon atoms. Several key properties (flash point, viscosity, freeze
point) of the renewable carbon product stream fell outside of spec.
Fig. 6b is the carbon distribution of the two SAF cuts from the two
different labs but with the same hydrocarbon type analysis method and
experimental set up. Note that the other lab achieved crisper separation
between the components, as our still was set to match ASTM D86, which
achieves essentially one theoretical plate, the minimum. Also note that
we retained compounds with 7-19 carbon atoms while other lab
retained compounds with 9-16 carbon atoms. Both distillation cuts and
the product stream had similar average carbon numbers, 11.5 versus
11.6. However, the kinematic viscosity at —40 °C of the SAF fraction
from the other lab was measured to be 11.8 cSt, compared to a spec limit
maximum of 12.0 cSt. By comparison, the viscosity of the SAF fraction
from this lab was 9.8 cSt. The reason for this difference is that viscosity is
reduced more by the addition of 18.3 % of light compounds than it is
decreased by the reduction of a similar fraction of heavy compounds,
analogous to the sensitivity results summarized in Fig. 5. Additional
property comparisons between the two samples are provided in Fig. 7.
Of the properties measured, our SAF sample is closer to the spec limit
only with respect to flash point.

Last, we investigate the SAF yield for both distillation cuts. In this
step, we match the IBP and FBP of the other lab’s distillation curve
temperatures to interpolated values from our lab’s distillation temper-
atures. Then, our lab’s result is rescaled, broadening the percent distilled
beyond the values of 0 to 100 % recovered. Fig. 8 illustrates the result of
this process. Where the narrower distillation curve (i.e., other lab) is not
changed, the broader cut (i.e., this lab) is scaled to match the same exact
temperature on the narrow curve, which results in an estimated volume
difference. The missing 26.8% volume in the light end is from cutting
out the C7, C8, and some portion of C9 as shown in Fig. 6b. The 9.8%
volume in the heavy end is mostly contributed from C16, C17, and C18.
Combined, this lab utilized 36.6 %v more renewable carbon in the SAF
fraction than the other lab and the properties that are most important for
combustor operability are objectively better. It should be noted that this
exercise here did not consider other fuel properties that are also
important for approval process (i.e., thermal stability). In practice, the
final neat product and potential blends would be experimentally tested.

Fuel 353 (2023) 129136

It is worth noting that the overlapping portion of distillation curve
match well, as expected, since they both started with the same renew-
able carbon product stream, which validates our scaling methodology.

6. Conclusion

A novel methodology was discussed here for maximizing the sus-
tainable aviation fuel yield from a pathway and the respective blend
ratio with conventional jet fuel by varying distillation cut points. This
optimization considers eight bulk properties simultaneously to predict
the competition of SAF yield and blend limit with conventional jet fuel.
This methodology was then applied to both a surrogate and an applied
practical case. In the surrogate case, ten points along the optimization
generated Pareto front were experimentally validated, from which good
agreement was observed. As for the practical application of this meth-
odology, this approach achieved 37% more renewable carbon into SAF
fraction and affording greater margin to spec limit compared to a third
party. Conventional jet fuel variance effect on the blend limit was also
investigated, which also has great influence on the blend limit. This
paper functions as proof of concept that a renewable carbon product
stream can be optimized based on the maximum SAF fraction yield and
maximum blend ratio with Jet A. Eventually this tool should extend the
capability to both renewable gasoline and diesel fractions and be able to
incorporate TEA LCA, and contemporary policies for a well to wake
analysis of different fraction of full range product stream (gasoline, SAF,
diesel).
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