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Abstract: The greenhouse gas (GHG) emission mandate on jet fuel requires a gradual reduction in the
fuel’s GHG emissions, up to 50%, by 2050. For this reason, the demand for bio-jet fuel blended with
conventional petroleum-derived jet fuel will increase. In order to meet the quality requirement of
blended fuels (ASTM D7566), modeling that can predict the correlation between properties is required.
Our aim was to predict the low-temperature properties using the distillation profile results obtained
from Simulated Distillation (SIMDIS) according to the carbon number and chemical compositions of
bio-jet fuel through correlation and regression analysis. We used hydroprocessed ester and fatty acid
(HEFA) bio-jet fuel and hydrocarbon reagents that included Cg, C1g, and Cy; carbons and five main
families of hydrocarbons for blended jet fuel. This study shows an overall trend for each component,
indicating that the distilled volume fraction is more affected than the carbon number. In the case of
the freezing point, by composition, n-paraffin and naphthene have regression coefficients of more
than 0.85 for the 50% and 60% recovery temperatures, respectively. In terms of carbon number, the
Cg sample has a significant regression coefficient for the 40% recovery temperature, and Cyg has a
significant regression coefficient for the initial boiling point (IBP) and 10% recovery temperature. In
the case of kinematic viscosity, by composition, the regression coefficient is significant for the 20% to
40% recovery temperatures. For naphthene, the kinematic viscosity exhibited no relationship with
carbon number. This information can be utilized to determine the blended ratio of bio-jet fuel and
conventional jet fuel in newly certified or commercial applications.

Keywords: bio-jet fuel; freezing point; hydroprocessed ester and fatty acids (HEFA); kinematic
viscosity; Simulated Distillation (SIMDIS)

1. Introduction

Globally, major countries are promoting carbon neutrality declarations and related
policies. In doing so, the main goal is to establish sustainable achievement plans in various
fields, such as infrastructure, automobiles, architecture, electric power, and clean energy,
and to minimize carbon emissions by 2030 through carbon reduction technology develop-
ment [1,2]. Prior to the coronavirus pandemic in 2019 (COVID-19), the air-transportation
industry was growing at an annual 5.4% market share; since COVID-19, in terms of com-
modity value, more than 35% of world trade has been transported by air [3]. Furthermore,
fuel consumption in the aviation sector increased from 341 billion liters to 368 billion liters
in one year [4]. Consequently, carbon dioxide (CO,) emissions by the aviation industry
have increased by 3%. In the case of civil aircraft, as of 2019, CO, emissions have increased
by ~600 million tons, which is estimated to be 88 g/km*person [5]. The aviation industry
is also aware of CO, emission reduction for sustainable growth, and accordingly, mea-
sures to reduce carbon footprint, including reducing CO, emissions by 50% compared to
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2005 emissions by 2050, were implemented by the International Air Transport Association
(IATA) [6]. In March 2020, the test-operation phase of the International Civil Aviation
Organization (ICAO) Carbon Offsetting and Reduction Scheme for International Aviation
(CORISA) system for carbon reduction in the aviation sector was launched and is now in
its second phase [7]. In particular, various methodologies have been proposed in the field
of sustainable fuels, such as regulating the reduction of lifecycle emission standards toward
fuels produced from biomass that do not become carbon stock by at least 10% through the
selection of CORSIA eligible fuel. At the national level, it is necessary to actively participate
in the preparation, implementation, and settlement for this purpose [8].

To reduce carbon in the aviation industry, four pillar strategies (aircraft structural
technology, new route development, GHG trading system, and used alternative fuel) are
being promoted. Using alternative fuels is an important part of competitive and usable
carbon reduction in fuel costs, which account for 24.2% of the aviation industry’s operating
costs [9]. Since aviation turbine fuel must be supplied on a drop-in basis, owing to the
properties of aviation turbine fuel, redesigning the structure and engine of an existing
aircraft is not easy. Efforts to develop a sustainable aviation fuel (SAF), with having a similar
chemical composition and physicochemical properties as that of conventional aviation
turbine fuel, are currently being made [1]. In 2020, 40 million liters of SAF, equivalent
to 0.015% of total aviation turbine fuel production, were produced worldwide. As CO,
emissions from aviation comprise 13% of the total transport, production is expected to
continue to increase in accordance with the GHG reduction policy [10].

The basic concept of SAF is to produce crude oil using various feedstocks through
appropriate treatment and conversion in order to maintain the composition of the existing
hydrocarbon aviation turbine fuel [6]. Feedstocks include coal, natural gas, and biomass,
but coal and natural gas refer to unsustainable raw materials. In addition, the SAF compo-
sition can be adjusted by meeting the quality standards. For example, to keep the specific
energy density at a minimum of 42.80 MJ/kg, the oxygen content of aviation turbine fuel
should be limited, or the freezing point should be adjusted to —47 °C to minimize the
long-chain linear alkanes and limit the short-chain alkanes, and the flash point must be at
least 38 °C [11]. The feedstock used to produce bio-jet fuel is largely divided into sugars,
starches, triglycerides, and lignocelluloses. Different feedstocks have different pretreat-
ment processes to produce crude oil. First, sugars and starches are converted into bio-jet
fuel by using biochemical processes such as alcohol-to-jet, hydroprocesses, and synthetic
iso-paraffin raw processes through microbial conversion using sugar cane, sweet potato,
etc., which contain sugar and glucose. Second, triglycerides are mainly produced from
palm oil, vegetable oil extracted from microalgae, black-soldier-fly larvae, and animal oil
extracted from free fatty acids (FFAs) to produce bio-jet fuel through hydrodeoxygenation,
hydroisomerization, and hydrocracking processes. Lastly, lignocellulose is used to produce
bio-jet fuel through thermochemical treatments, such as pyrolysis and the Fisher-Tropsch
process [7,12]. These bio-jet fuels can be used only after certification of each raw mate-
rial and process [13]. As of 2021, a total of seven processes were registered in ASTM
D7566 [14], including Fischer-Tropsch hydroprocessed synthesized paraffinic kerosene
(FT-SPK) [15,16], hydroprocessed esters and fatty acids (HEFA) [17-19], synthesized iso-
paraffins (SIP) [20,21], FT Synthesized Paraffinic Kerosine plus Aromatics (FI-SPK/A) [22],
alcohol-to-jet synthetic paraffinic (AT]) [19,23], catalytic hydrothermolysis jet kerosene
(CHYJ), and hydroprocessed hydrocarbons, esters, and fatty acids (HC-HEFA) [24].

Among these processes, the most commercialized is the HEFA-processed bio-jet fuel,
which is described in annex A2 of ASTM D7566. Bio-jet fuel produced through the HEFA
process exhibits similar characteristics to general petroleum products but is known to
have advantages such as high cetane number, low aromatic/sulfur content, and low GHG
emissions. The HEFA process converts vegetable oils, such as triglycerides, from biomass
into bio-jet fuel through a catalytic chemical process. The detailed characteristics are as
follows: first, the triglyceride structure contains three fatty acids attached to a glycerol unit;
triglycerides are currently being converted to biodiesel (fatty acid methyl esters) through
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Families of Hydrocarbons
Carbon number Cg~1z

Blended 10%~30%

transesterification. However, since triglyceride, a molecule containing oxygen, has low
thermal stability, problems may arise when they are used directly as aviation turbine fuel
for internal combustion engines at a high concentration. In the HEFA process for bio-jet fuel
manufacturing, to overcome these shortcomings of vegetable oil, a hydrotreating process in
which triglycerides are converted to paraffin by hydrodeoxygenation, removing the double
bonds and oxygen components, is first required [25].

For aviation turbine fuel, a group of characteristics (e.g., composition, volatility, fluid-
ity, combustion, corrosion, thermal stability, contaminants, and additives) must be consid-
ered [26]. In particular, the fluidity properties, viscosity, and freezing point are considered
preferentially owing to the extreme environment (low temperature, high altitude) of avia-
tion turbine fuel. Lowering the temperature of the aviation turbine fuel has the impact of
atomizing and crystallizing the fuel spray, changing the fluidity characteristics; the carbon
distribution number of most aviation turbine fuel, including SAF, is C5~Cj¢ and this carbon
number affects the fluidity characteristics [27].

In general, studies have found that each property of aviation fuel has a relationship
and is affected by carbon number and chemical compositions, and the typical freezing
point is shown to have a 98% correlation through multiple linear regression (MLR) [28].

In this study, the relationship between the distillation profile obtained from SIMDIS
(Simulated Distillation) data and the chemical components (families of hydrocarbons
and carbon numbers) on the fluidity characteristics of bio-jet fuel was investigated. Con-
sequently, the correlation between the freezing point and the kinematic viscosity was
confirmed in a part of the distillation range of HEFA bio-jet fuel. When the result value and
the predicted value were verified, it was judged that the freezing point could be predicted
by the distillation profile, as shown in this study scheme in Figure 1. This approach allows
a set of reference data to be established, suggesting an appropriate blended ratio when
replenishing bio-jet fuel in actual flight.

Low-Temperature
Fluidity Properties

+ Freezing point
+  Kinefic viscosity at-20°C

Person Ui —
Blended Correlation Regression | * Regression coefficient

-

>

* Equation

bio-jet fuel + Predicted Data

Distillation Profile
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Figure 1. Experimental procedure for the correlation and regression analysis of the distillation profile
and fluidity properties for blended bio-jet fuel.

2. Materials and Methods
2.1. Materials and Reagents

In this study, we used HEFA bio-jet fuel (hereafter simply referred to as bio-jet fuel)
produced from palm oil, as a raw material in Korea, using elemental processes such as
hydrotreatment and upgrading at a laboratory scale (Institute for Advanced Engineering,
IAE) [17]. The bio-jet fuel was composed of more than 45% Cj¢,9 and Cyg.9. The bio-jet fuel
production process consisted of hydrotreating, upgrading, and distillation, and 1 w/w%
Pt/Al,O3 and 0.5 w/w% Pt/z-Yt were used as catalysts. The hydrotreating conditions
were as follows: temperature, 385400 °C; pressure, 40 bar; weight-hour space velocity,
2.0 h™!; and H, /feed ratio, 32 mol/mol. The upgrading conditions were as follows: temper-
ature, 240-245 °C; pressure, 40 bar; weight-hour space velocity, 2.0 h™; and H, /feed ratio,
16.8 mol/mol. The hydrotreatment process generates n-paraffin, the upgrading process
produces iso-paraffin from palm oil, and the distillation and separation processes selectively
obtain bio-jet fuel from the pretreatment oil [29]. The process configuration used in the
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hydrotreatment and upgrading process consisted of a raw material supply high-pressure
pump, a hydrogen supply system, and a trickle-bed vertical reactor. The H; supply line
includes a preheater to allow these raw materials and Hj to reach a sufficient reaction
temperature [18,19].

For the blended bio-jet fuel, 45 samples were prepared by blending 10%, 20%, and
30% n-paraffin, iso-paraffin, naphthene, aromatics, and olefins with carbon numbers of 8
(Cg), 10 (C1p), and 12 (Cy;) with the bio-jet fuel. In order to guarantee that each reagent pos-
sessed the desired carbon numbers, reagent grades of the following chemicals were used:
n-octane (CgHjg, Sigma-Aldrich, Saint Louis, MO, USA), n-decane (C1oHj,, Merck Milli-
pore, Burlington, MA, USA), n-dodecane (C1,Hyg, Sigma-Aldrich), 2,2,4-trimethylpentane
(CgHjg, Sigma-Aldrich), 2-methylnonane (CjoHpp, TCI Co., Ltd., Tokyo, Japan), 2,2,4,6,6-
pentamethylheptane (CioHyg, TCI), cyclooctane (CgHyg, Sigma-Aldrich), decahydron-
aphthalene (Cy9Hyg, Sigma-Aldrich), cyclododecane (C12Hj4, TCI), ethylbenzene (CgHjs,
Sigma-Aldrich), butylbenzene (C19Hi4, Sigma-Aldrich), hexylbenzene (Ci,Hjg, TCI), 1-
octene (CgHyg, TCI), 1-decene (C19Hyg, TCI), and 1-dodecene (C1oHpg, TCI).

2.2. Method of Simulated Distillation

In this study, the relationship of the blended bio-jet fuel properties and composition
was analyzed using SIMDIS. The test method was ASTM D2887, which is applicable
to petroleum products and fractions having a final boiling point of 538 °C or lower at
atmospheric pressure, as measured using this test method as shown Table 1 [30]. SIMDIS
was measured by gas chromatography (GC-2010 plus, Shimadzu Co., Ltd., Kyoto, Japan),
in which a BPX1-SIMD column (10 m x 0.53 mm inner diameter x 0.9 um film thickness,
max temperature of 400 °C) and flame ionization detector (FID) were employed. SIMDIS
was programmed to set a helium carrier gas flow of 30 mL/min and oven temperature
of 60-360 °C with a ramp rate of 35 °C/min. The injector was a programmed temperature
vaporizer (PTV), which can be heated during analysis to a temperature of 200 °C to 360 °C
at a ramp rate of 35 °C/min. The SIMDIS data were programmed into the LabSolutions
Workstation software version 5.84 (Shimadzu Co., Ltd., Kyoto, Japan), and Microsoft
Excel [31].

Table 1. Chromatographic conditions for SIMDIS.

Parameters Description
Column BPX1-SIMD (10 m x 0.53 mm x 0.9 um)
Carrier gas Helium, 30 mL/min
Oven program 60 °C to 360 °C, 35 °C/min (1.43 min hold)
Injector program PTV, direct, sampling time for 1 min
Detector FID, 380 °C; hydrogen, 40 mL/min; air, 400 mL/min
Run time 10 min

2.3. Method of Bio-Jet Fuel Base Properties and Low-Temperature Properties

The main properties of the bio-jet fuel and blended bio-jet fuel were analyzed according
to ASTM D7566. For the analysis of the bio-jet fuel, twelve methods, including low-
temperature properties, were performed to confirm the quality requirement of the bio-jet
fuel for blended jet fuel. The freezing point and kinematic viscosity at —20 °C were also
selected for the SIMDIS analysis. The freezing point was measured using a FZP 5G2S
(Herzog Co., Ltd., Houston, TX, USA) via ASTM D 7153 [32], and the kinematic viscosity at
—20 °C was measured using a manual kinematic viscosity tube via ASTM D 445 [33].

2.4. Method of HEFA Bio-Jet Fuel Components Analysis

In this study, bio-jet fuel chemical compounds were analyzed using GCxGC TOF/MS
(Pegasus-1V system, LECO Co., Ltd., Saint Joseph, MI, USA). This was used with an HP-5
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column (60 m x 0.25 mm inner diameter x 0.25 pm film thickness, max temperature of
320 °C) and programmed to set the purge flow at 3 mL/min, split ratio 100:1, split flow
200 mL/min, oven temperature 40 °C to 280 °C, ion source temperature 230 °C, mass range
35-600, and acquisition rate (spectra/second) 200. The classification and identification
of compounds follows the National Institute of Standards and Technology and Wiley
library [34].

2.5. Method of Correlation and Regression Analysis

In this study, Pearson correlation and linear regression were used to analyze the
relationship between the low-temperature properties and SIMDIS distillation profile (IBP,
10~95% recovered and final boiling point (FBP)) of the blended bio-jet fuel. Pearson
correlation (r) was used to explore the linear inter-correlations between the low-temperature
properties and each recovered temperature of the SIMDIS distillation profile [35-37].

A positive value indicates a linear correlation between the two variables, while a
negative value indicates that the two variables have an inversely proportional linear
correlation [38,39]. A value closer to 0 signifies that there is no correlation between the two
variables. The value of r lies between —1 and 1; a value closer to 1 has a stronger positive
correlation, while a value closer to —1 has a stronger negative correlation, as shown in
Figure 2. Between X and Y, r can be calculated using Equation (1).

n _ —

o (Xi—X) (%;-Y)

n—1
Ty = 5 5 (1)
n Y n
L (Xi—X) L (Yi—XY)
n—1 m—1
Positive Negative
correlation correlation
0 T Negligible correlation il o

0.1 T + 0.1
02 T Weak Correlation T 02
03 T T -03
04 T T -04
05 T T =05
0.6 T T 06
0.7 T Strong Correlation T 07
08 T + 08
09 T Very Strong Correlation T -09

1+ - -1

Figure 2. Correlation coefficient description for interpretation.

Linear regression analysis includes simple linear regression analysis (SLR) and MLR
analysis. For the characteristics with a clear correlation, the low-temperature properties
can be calculated through simple linear regression, which is a measure of how well the
estimated linear model fits the given data, as indicated by a regression coefficient (R?) close
to 1. Therefore, it is possible to judge how much the prediction error will be reduced, and
thus, infer the relationship between the SIMDIS result and low-temperature properties
from Shimadzu LabSolutions and Microsoft Excel [40,41].

_ Y-y

R2
Y (Y —Y)

@
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3. Results and Discussion
3.1. Base Properties and Components of Bio-Jet Fuel

In this study, bio-jet fuel produced by palm oil was evaluated according to the quality
standards of ASTM D7566. Among these requirements are low acidity and low flash point.
The quality standards for each process of bio-jet fuel differ, but those for blended fuels
must follow ASTM D1655 [42]; therefore, so it is important to use fuels of suitable quality.
Table 2 shows the details of the experimental results for the properties of bio-jet fuel [14].

Table 2. Experimental results for the properties of bio-jet fuel.

Property Unit Requirement Result
Acidity mg KOH/g Max 0.10 0.002
10% Recovered °C Max 185 140
50% Recovered °C report 187
90% Recovered °C report 253
Distillation Final boiling point °C Max 340 279
T90-T10 °C Min 22 73
Residue Y% Max 1.5 1.2
Loss Y% Max 1.5 0.1
Flash Point °C Min 38 38
Density @15 °C kg/m?3 730 to 772 750
Freezing point °C Min —40 —44.0
Existent gum mg/100 mL Max 7 0.2
Kinematic Viscosity at —20 °C mm? /s Max 8 3.535
Thermal Stability Fﬂterdfgi’ssure mntig Max25 00
Annex A1 VIR code Less than 3 1A
Sulfur content m/m% - 0.004
Net heat of combustion M]/kg - 439
Smoke point mm - 36
Electrical conductivity pS/m - 405

The bio-jet fuel chemical compounds were analyzed using GC x GC TOF/MS. Fol-
lowing identification and classification, 100 peaks were matched, constituting five major
families of hydrocarbons: 28% n-paraffin, 68% iso-paraffin, and 2% naphthene (i.e., the
content of paraffinic is >98%). Almost no aromatics or olefins are present, thus the bio-jet
fuel has a composition distribution very different from that of conventional jet fuel, which
consists of ~30% n-paraffin, ~40% iso-paraffin, ~25% naphthene, 25% aromatics, and
~5% olefins. A more detailed analysis of the compounds revealed 8.74% tetradecane, 6.28%
hexadecane, 5.04% 3-methyl-nonane, 4.74% 5-methyl-decane, and 3.88% dodecane. The
chromatogram is shown in Figure 3, which color of the peaks shown from blue to red
depending on the value of the compound area, and the main chemical compounds are
listed in Table 3.
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Figure 3. GC x GC TOF MS chromatogram of bio jet fuel: (a) 2D and (b) 3D.

(b)

Table 3. Main chemical compounds in bio-jet fuel.

No. Compounds Chemical Composition Area Contents (%)
1 Tetradecane n-paraffin 8.74
2 Hexadecane n-paraffin 6.28
3 3-methyl-nonane iso-paraffin 5.04
4 5-methyl-decane iso-paraffin 4.74
5 Dodecane n-paraffin 3.88
6 2,3 ,4-trimethyl-hexane iso-paraffin 3.29
7 2,3,5-trimethyl-hexane, - iso-paraffin 3.16
8 2-methyl-undecane iso-paraffin 2.92
9 2,5-dimethyl-decane iso-paraffin 2.85
10 4-ethyl-octane iso-paraffin 2.67
11 2-methyl-nonane iso-paraffin 2.61
12 4-methyl-decane iso-paraffin 2.54
13 3-ethyl-2,5-dimethyl-hexane iso-paraffin 2.38
14 6-methyl-octadecane iso-paraffin 2.16
15 Decane n-paraffin 2.12
16 Nonane n-paraffin 2.10
17 Undecane n-paraffin 1.78
18 2,5-dimethyl-heptane iso-paraffin 1.59
19 4-ethyl-2-methyl-hexane iso-paraffin 1.55
20 2-methyl-octane iso-paraffin 1.54

The GC x GC TOF/MS analysis indicates that 95% of the bio-jet fuel contains com-
pounds with carbon numbers distributed in the range of Cg—C19. Therefore, after the carbon
number was analyzed, it could be determined that bio-jet fuel has similar characteristics
to the carbon number distribution (Cg—Cy4) of kerosene-type jet fuel, and C15-C19 were
suitably cracked during the upgrading process when made into bio-jet fuel. In addition,
it was possible to select the reagent to be used [16]. In this study, Cg, C19, and Cj, were
selected as the carbon numbers of the blended reagent. Figure 4 shows the carbon number
distribution of the bio-jet fuel.
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Figure 4. Carbon number distribution of bio-jet fuel.

Five families of hydrocarbon compositions of the bio-jet fuel with suitable low-
temperature properties were blended according to volume content, measured freezing
point, and kinematic viscosity at —20 °C.

3.2. Result of Low-Temperature Properties in Blended Bio-Jet Fuel

The freezing point and kinematic viscosity of the bio-jet fuel of the blended samples for
this study were —44.0 °C and 3.535 mm? /s, respectively, which satisfied the ASTM D7566
requirements. A sample was prepared by blending 10%, 20%, and 30% volume contents of
the Cg reagents for each of the major families of hydrocarbons in the bio-jet fuel; the Cy
and Cj, components were prepared in a similar manner. The freezing point and kinematic
viscosity of 45 samples at —20 °C were measured and are shown in Figures 5 and 6, where
the changes can be seen graphically for each carbon number and blended volume content.
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Figure 6. Comparison of kinematic viscosity at —20 °C of blended bio-jet fuel: (a) Cg, (b) Cy9, and
() Ciz.

The freezing point is dependent on the chemical composition; in previous study results,
it was found that the freezing point was lowered as the iso-paraffin was increased. [28,40].
However, it was found that the freezing point decreased as the chemical composition
volume contents increased, except in the C;, samples. In the Cg samples, the freezing point
of the chemical compositions decreased from —2.5 °C to a maximum of —5.1 °C as the
blended volume content ratios increased; in the C1y samples, the freezing point decreased
from —4.1 °C to —5.0 °C as the blending ratio increased, as it did for the Cg samples.
However, in the C1, samples, the n-paraffin content was 10% at —46.4 °C, 20% at —34.5 °C,
and 30% at —27.2 °C; the naphthene content was 10% at —42.2 °C and increased to 20%
at 1.8 °C and 30% at 7.6 °C. The other chemical compositions decreased as the blended
volume contents increased. In particular, the olefin content decreased to 30% by —10.9 °C
compared with that at the initial freezing point. In addition, the Cg and Cjg contents were
close to the jet-fuel A-1 quality requirement (at —47 °C), except for Cg iso-paraffin. Even for
Cj, the aromatic and olefin contents could reach the A-1 quality requirement.

The kinematic viscosity at —20 °C indicates the relationship between the chemical
composition of bio-jet fuel and its physical properties; in previous study results, it was
found that the kinematic viscosity was higher as the iso-paraffin was increased [43]. In
this work, all the blended bio-jet fuels had kinematic viscosities lower than the maximum
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limit, i.e., 8.0 mm?2/s. In the Cg samples, the kinematic viscosity of the naphthene-blended
volume content increased from 3.639 mm?/s to a maximum of 4.112 mm?/s; decreased to a
maximum of 2.675 mm?/s, 2.628 mm? /s, and 2.343 mm? /s for n-paraffin, iso-paraffin, and
olefins, respectively; decreased significantly to a maximum of 1.621 mm? /s for aromatics.
In the Cy9 samples, the kinematic viscosity increased from 3.71 mm? /s to a maximum of
4.225 mm?/s for naphthene; and decreased to a maximum of 3.161 mm? /s for n-paraffin;
decreased to a maximum of 3.088 mm? /s for iso-paraffin; decreased to a maximum of
2.997 mm?/s for olefins; decreased the most, to a maximum of 2.897 mm?/s, for aro-
matics. Finally, for the C;j, samples, the kinematic viscosity at —20 °C increased in the
following order: naphthene > n-paraffin > olefin > aromatic (except for iso-paraffin). Specif-
ically, the kinematic viscosity increased significantly from 4.068 mm?/s to a maximum of
6.303 mm?/s for naphthene; increased to a maximum of 3.938, 3.848, and 3.723 mm? /s for
n-paraffin, olefins, and aromatics, respectively; and decreased slightly, to 2.897 mm?/s,
for iso-paraffin.

In addition, iso-paraffin exhibited the weakest relationship between the freezing point
and kinematic viscosity at —20 °C. However, this is judged to have a negligible effect
because the bio-jet fuel is mainly composed of naphthene, especially in the C;, samples.

Since the relationship between the freezing point and kinematic viscosity of the
blended volume contents at —20 °C cannot be known by simple comparison, through
statistical analysis with each effluent temperature of the distillation profile, which can know
the hydrocarbon characteristics, must be conducted.

3.3. Distillation Profile of Blended Bio-Jet Fuel

The distillation profile of bio-jet fuel that forms the basis of the blended sample
exhibited the following properties: 100.1 °C IBP, 140.0 °C at 10% recovery temperature,
186.7 °C at 50% recovery temperature, 253.2 °C at 90% recovery temperature, and 297.2 °C
FBP. Furthermore, it is known from the previous studies that the distillation curves change
according to the hydrocarbon classification components. Therefore, the distillation curve
of 45 blended samples is an important variable for relationship analysis between low-
temperature properties [44,45].

First, for the Cg samples, the recovery temperatures of all blended samples decreased
from 20% to 80% compared to the bio-jet fuel. Additionally, the IBP decreased to a maximum
of 14.5 °C for the iso-paraffin content and increased to a maximum of 16.5 °C for olefins.
Second, in the C;p samples, compared to other carbon numbers, the recovery-temperature
decrease interval and range were narrower, and the aromatic and naphthene contents
increased before the 30% and 50% recovery temperatures for bio-jet fuel. In the case of the
blended samples, the IBP was similar, and the recovery temperature increased in the range
of 20-30%; after the 50-90% recovery temperature decreased. Lastly, for the C;; samples,
the iso-paraffin content decreased before reaching the 30-90% recovery temperature. The
contents of the other blended samples increased before the 90% recovery temperature.
Figure 7 shows each carbon number distillation curve.

The distillation profile changed in different ranges as the blended ratio of the contents
was changed. Relationships were confirmed to exist between the 11 total distillation profiles
and the IBP, recovery temperatures of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 95%, and
FBP; freezing point; and kinematic viscosity.
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Figure 7. Comparison of distillation curve of blended bio-jet fuel: (a) Cg, (b) C19, and (c) C15.



Sustainability 2023, 15, 799

13 0f 18

Recovery temperature

IBP
10%
20%
30%
40%
50%
60%
70%
80%
90%
95%
FBP

3.4. Correlation Analysis of Properties and SIMDIS of Bio-Jet Fuel

The distillation profiles and chemical components were measured using Pearson
correlation, which is a simple linear regression method. A correlation coefficient greater
than 0.7 indicates a strong positive correlation, while a coefficient less than —0.7 indicates a
strong negative correlation [36].

The correlation analysis between the compositions and distillation profiles revealed
that, for the n-paraffin content, the freezing point had a strong positive correlation with
the 40% to 70% recovery temperatures and a strong negative correlation with the FBP;
the correlation between the freezing point and 40% to 80% recovery temperature was
strongly positive for the naphthene content. For the n-paraffin content, the kinematic
viscosity at —20 °C showed a strong positive correlation with the 10% to 70% recovery
temperature; a strong positive strong correlation existed between the IBP, and the 10%
to 30% recovery temperature for the iso-paraffin content. A strong positive correlation
was apparent between the 10%, and 40% to 60% recovery temperature for the naphthene
content. For the aromatic content, a strong positive correlation existed between 10% to
60% recovery temperature, while a strong negative correlation existed between the FBP.
Finally, for the olefin content, a strong positive correlation existed between the 10% to 50%
recovery temperature, and a strong negative correlation was observed between the IBP and
95% recovery temperature.

The results of the correlation analysis of the carbon numbers and distillation profiles
show that the freezing point had a much stronger positive strong correlation with the
30% to 80% recovery temperature for the for Cg fraction. For Cjg, there was a strong
positive correlation between the 60% to 95% recovery temperature, and FBP, and a strong
negative correlation between the IBP and the 10% and 20% recovery temperature. The
kinematic viscosity at —20 °C was strongly and positively correlated with the 70% recovery
temperature for the Cq; fraction. Figure 8. shows diagrams displaying the correlation
coefficients for the relationships between the recovery temperature, freezing point, and
kinematic viscosity at —20 °C, depending on the composition and carbon number. A
larger red circle indicates a strong positive correlation closer to 1, while a larger blue circle
indicates a strong negative correlation closer to —1.

) ) ® t IBP [ !
M EEEX]) B 10% [ | "
[ ) . o090 0s 20% o O 06
o o ( N 0 g30% @ o4
. . . g ‘ . . ' 0.2 g40% . A 02
@00 0 0060 | 2| @ o o[
[ o o ® 0 o Le0%| @ () ® PS
o : o' o o O “ g 7o% () () PY ® 02
-0.4 3 80% . . . . 04
(5]
() o o e o o 06 % 90% [ ) ) 06
O ([ o o [ J 08 95% o o o8
[ ) @ o o 00O 4 FBP () o) o
R s ’
& \090 & «© & \eog(b & © S ® & S ® v
Freezing point Kinematic viscosity at -20°C Freezing point Kinematic viscosity at -20°C
(a) (b)

Figure 8. Correlation coefficients of blended bio-jet fuel according to (a) composition and (b) carbon
numbers.

Through Pearson correlation, the regression coefficients for the relationship between
the kinematic viscosity and each recovery temperature, and those for the relationship be-
tween the freezing point and each recovery temperature, were determined. The regression
coefficients for the bio-jet fuel and all the blended samples were low; however, when the
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regression coefficient was obtained by classifying the fuel in terms of composition and
carbon number, valid results were obtained for a certain interval.

3.5. Regression Analysis and Validation of Properties Using SIMDIS for Bio-Jet Fuel

Before calculating the SLR, MLR was performed for the kinematic viscosity and
11 distillation profiles, as well as for the freezing point and 11 distillation profiles of
46 blended samples. The coefficients of determination were calculated to be 0.81414 and
0.7230, respectively, and the corresponding standard deviations were 0.388 mm? /s and
6.92 °C with significance values (F) of 7.27 x 10~ and 3.23 x 1073, respectively. Although
these values are statistically significant, the analysis was deemed to be unreliable because it
was out of the reproducibility range.

Through Pearson correlation analysis, correlation coefficients with a strong correlation
were selected from each composition (variable 1) and the distillation profile (variable 2),
or each carbon number (variable 1) and the distillation profile (variable 2), to calculate the
coefficients of determination. Each equation was obtained through an SLR analysis.

For the regression analysis of the relationship between the composition and distillation
profile, the coefficients of determination greater than 0.8 for the freezing point corresponded
to 50% recovery temperature for n-paraffin and 60% recovery temperature for naphthene.
The coefficients of determination greater than 0.8 for the kinematic viscosity at —20 °C were
calculated at 30% to 40% recovery temperature for n-paraffin, 40% recovery temperature
for iso-paraffin, 30% to 40% recovery temperature for aromatics, and 20% to 30% recovery
temperature for olefins.

For the regression analysis of the relationship between the carbon number and distilla-
tion profile, the coefficients of determination greater than 0.8 for the freezing point were
calculated at a 40% recovery temperature for Cg, IBP, and a 10% recovery temperature for
Cyo- The coefficient of determination for the kinematic viscosity at —20 °C is not shown
because it did not exceed 0.8. Table 4 shows the five equations of the freezing point and
seven equations of kinematic viscosity at —20 °C.

Based on the equations given in Table 4, each recovery temperature measured from the
46 samples of the bio-jet fuel was used to calculate the predicted data for the five freezing
point equations and seven equations for the kinematic viscosity at —20 °C. The results were
validated by comparison with the measured data. Figure 9 compares the measured data
with the predicted data, and blue circles is the 46 samples of the bio-jet fuel [46].
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Figure 9. Measured and predicted low-temperature fluidity properties: (a) freezing point and
(b) kinematic viscosity at —20 °C.
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Table 4. Simple linear regression analysis determined for model evaluation.

Variable 2
Property Variable 1 (Recovery Equations r R?
Temperature)
Freezing point n-paraffin 50% y = 0.5041x — 138.4 0.924 0.854
Freezing point Naphthene 60% y = 1.0018x —237.18 0.927 0.859
Kinematic viscosity at —20 °C n-paraffin 30% y = 0.0272x — 1.2717 0.913 0.834
Kinematic viscosity at —20 °C n-paraffin 40% y = 0.0325x — 2.4919 0.968 0.938
Kinematic viscosity at —20 °C iso-paraffin 20% y = 0.0164c + 0.6629 0.919 0.845
Kinematic viscosity at —20 °C Aromatic 30% y = 0.0365x — 3.2076 0.923 0.853
Kinematic viscosity at —20 °C Aromatic 40% y = 0.037x — 3.6392 0.951 0.904
Kinematic viscosity at —20 °C Olefin 20% y = 0.0362x — 2.6155 0.908 0.825
Kinematic viscosity at —20 °C Olefin 30% y = 0.037x — 3.1346 0.923 0.851
Freezing point C8 40% y = 0.1274x — 68.353 0.906 0.812
Freezing point C10 IBP y = —0.7223x 4-27.913 —0.903 0.816
Freezing point C10 10% y = —0.2893x — 3.8937 —0.941 0.885

The kinematic viscosity results at —20 °C show that the measured data and predicted
data were not in good agreement. The standard deviation is 0.369 mm? /s, which is higher
than the reproducibility of +-0.0154 mm? /s [34]. Valid results for the reproducibility were
obtained using 11 samples, in which the bio-jet fuel showed a standard deviation of
0.1382 mm?/s.

As for the freezing point results, 38 out of 46 samples in which the measured data
and the predicted data were similar had 0.9 °C reproducibility, with freezing points from
—34 °C to —50 °C [33]. The majority of the results were out of range for Cjy naphthene
10%, 20%, and 30% blended samples and olefin 20% and 30% blended samples. Bio-jet fuel
showed a standard deviation of 0.28 °C.

4. Conclusions

In this study, the relationship between the chemical components and low-temperature
fluidity characteristics were evaluated using the distillation profiles generated by the
SIMDIS gas chromatography experiments to elucidate the low-temperature properties of
blended bio-jet fuel. As is known, The HEFA bio-jet fuel is highest in iso-paraffin content
(~68%) compared with the other chemical compositions; therefore, it is judged that the
change in low-temperature properties owing to changes in iso-paraffin content is negligible.
The kinematic viscosity and freezing point increase as the Cj, n-paraffin content increases,
unlike Cg and Cyg. In addition, Cq; naphthene was affected by an increased freezing point,
as and the other compositions contents increased, the freezing point decreased, and the
kinematic viscosity also decreased, except for Ci».

Subsequently, by classifying the sample components in terms of chemical compo-
nents, content and carbon number, each equation for the low-temperature properties was
calculated using SLR based on each distillation profile from the obtained SIMDIS data.
Then, the measured data and predicted data were compared with the results calculated
from each equation. In the first place, the reproducibility of the freezing point was more
valid than the standard value, but it was difficult to calculate the freezing point outside
the range of —34 to —50 °C. In particular, if the bio-jet fuel is not high in naphthenes or
olefins with high carbon numbers, the freezing point can be predicted. In the second place,
the predicted value of the kinematic viscosity was higher than the measured value by
about 80%. As a result, the freezing point could determine the predicted values using five
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equations with IBP and 10%, 40%, 50%, and 60% recovery temperatures as variables; the
kinematic viscosity could not determine predicted values within reproducibility.

To conclude, when blending bio-jet fuel with jet fuel, it is possible to determine a
reasonable blend ratio that produces the low-temperature properties of conventional jet fuel.
Hence, it will be necessary to acquire basic data for supplementary studies on the blend
ratio of new bio-jet fuels before commercialization, including bio-jet fuels stipulated in
ASTM D 7566, such as HEFA, ATJ, and FT-IPK. Finally, we encourage future research to find
correlations between volatility, combustion, and compatibility, as well as low-temperature
characteristics of bio-jet fuel.
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AT] Alcohol-to-jet synthetic paraffinic

CHJ Catalytic hydrothemolysis jet kerosene

CORISA Carbon offsetting and reduction scheme for international aviation
FBP Final boiling point

FFAs Free fatty acids

FT-SPK Fischer-tropsch hydrocessed synthesized paraffinic kerosene
FT-SPK/A  FT hydrocessed synthesized paraffinic kerosene plus aromatics
GHG Greenhouse gas

HC-HEFA  Hydroprocessed hydrocarbons, esters and fatty acids

HEFA Hydroprocessed esters and fatty acids

IATA International air transport association

IBP Initial boiling point

ICAO International civil aviation organization

MLR Multiple linear regression

SAF Sustainable aviation fuel

SIMDIS Simulated distillation

SIP Synthesized iso-paraffins

SLR Single linear regression
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