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ABSTRACT

The physicochemical properties of fuels and engine performance parameters have a significant impact on emis-
sions. This study focused on modeling the influence of fuel properties and engine parameters on CO., CO, NO,
and PM emissions, with particular attention to particulate matter emission indices and particle size distribution
parameters, such as geometric mean diameter and geometric standard deviation. The models were developed based
on the experiments conducted on a miniature jet engine (GTM 400) fueled with HEFA-SPK blends in various pro-
portions. Multi-linear regression with data standardization was used for model development. The models identified
which parameters have the greatest impact on specific emission indices and how variations in input parameters
affect emission outcomes. Eighteen fuel properties and engine performance parameters were included in the model
development, and all eleven resulting models showed good agreement with the measured data and were validated
using separate test points. This research bridges a gap in the literature by modeling the impact of HEFA-SPK fuel
properties on pollutant emissions in miniature jet engines, with an added focus on particle size distribution param-
eters. By evaluating alternative fuels, such as HEFA-SPK and their effect on emission characteristics, this study
contributes to advancing sustainability in aviation propulsion systems.
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INTRODUCTION

The aviation sector is responsible for 2.8%
of CO, emission of the total anthropogenic emis-
sions [1]. As electrification of the aviation sector
1s one of the most difficult from other sectors, the
sustainable aviation fuels (SAFs) are one of the
easiest ways to reduce greenhouse gas emissions.
According to ReFuelEU Aviation, in 2050 SAFs
should be used in at least 63% of aviation fuel
[2]. As SAFs are a drop-in fuel and do not need
any infrastructure or engine changes, the physico-
chemical parameters are similar to conventional
aviation fuel. Requirements and production path-
ways which are certified are described in ASTM
D7566. Currently there are 8 certified production
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pathways to produce alternative aviation fuel:
Fischer-Tropsch synthetic paraffinic kerosene
(FT-SPK) certified in 2009, hydroprocessed es-
ter and fatty acids (HEFA-SPK) certified in 2011,
hydroprocessed fermented sugars to synthetic
isoparaffins (HFS-SIP), certified in 2014, Fisch-
er-Tropsch synthetic paraffinic kerosene with
aromatics (FT-SPK/A) certified in 2015, alcohol-
to-jet synthetic paraffinic kerosene (ATJ-SPK)
certified in 2016, catalytic-hydrothermolysis syn-
thesized kerosene (CH-SK or CHJ) certified in
2020, hydroprocessed hydrocarbons, esters and
fatty acids synthetic paraffinic kerosene (HHC-
SPK or HC-HEFA-SPK) also certified in 2020
and the last one certified pathway Alcohol to Jet
Synthetic Kerosene with Aromatics (ATJ-SKA)
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certified in 2023 [3]. Most of the certified path-
ways allow blending pure SAF with Jet A-1 in
proportion of 50:50 [3].

SAF fuels can significantly reduce GHG
(greenhouse gases, GHG) emissions from avia-
tion sector and also other harmful exhaust gases,
like hydrocarbons, carbon monoxide or particu-
late matter (PM). According to many studies, the
use of SAF in aircraft engines can reduce PM
emission by even 95% comparing to Jet A-1 (re-
sult for pure FT-SPK) [4]. Many studies show
that PM number and mass can be reduced by
50-70% compared to Jet A-1 depending on the
used SAF, tested engine and blending limit [4,
5]. Durdina et al. [6] showed that the addition of
HEFA-SPK can reduce the geometric mean di-
ameter of particles and geometric standard devi-
ation of particles. For exhaust gases, researches
carried out by Timko et al. [7] showed that fuel-
ing engine with neat FT-SPK can reduce emis-
sion of CO by 20% and NOx by 10% compared
to conventional fuel.

The most used sustainable aviation fuel is
HEFA-SPK, which in 2023 was supplied at 96
airports [8]. HEFA-SPK fuel primary was pro-
duced from oily biomass, like camelina, jatropha
or algae, but currently also from wastes and resi-
dues, such as used cooking oil, food processing
wastes, municipal solid wastes, agricultural and
foresty residues like wheat straw, corn stover,
palm kenel. Also, more energy crops are used
nowadays, like castor bean, poplar, willow and
miscanthus [9-11].

This research focused on emission modeling
of exhaust emissions including carbon monox-
ide, carbon dioxide and nitrogen oxides as well
as parameters of PM emission and distribution,
depending on the engine performance and fuel
properties. Models were developed based on own
engine tests on a miniature jet engine GTM 400,
supplied by blends of HEFA-SPK fuel and Jet
A-1. This allowed modeling emission from this
specific engine depending on fuel blend proper-
ties and selected engine performance parameters.

MATERIALS AND METHODS

Test engine and fuels

The fuels examined in the study were mix-
tures containing HEFA-SPK fuel and Jet A-1 in
different proportions: 10%HEFA, 20%HEFA,

30%HEFA, 40%HEFA, 50%HEFA and pure Jet
A-1. For each of the fuel blends, physicochemi-
cal parameters were measured, such as: density,
hydrogen and carbon content, surface tension,
conductivity, kinematic viscosity, flash point and
distillation temperature of 50% fuel.

The tests were carried out on GTM 400, a
miniature turbine engine with maximum thrust
of 400N. The engine consists of one stage radial
compressor, annular combustion chamber and
one stage axial turbine. Specific parameters of
GTM 400 are presented in Table 1.

Apparatus and procedures

During the tests, an EEPS 3090 (Engine Ex-
haust Particulate Sizer™ spectrometer) analyzer
was used for PM concentration measurement.
EEPS 3090 measures the discrete range of par-
ticle diameter from 5.6 nm to 560 nm [12]. The
technical parameters of an EEPS 3090 analyzer
are presented in Table 2. The measuring probe
was made of stainless steel and placed perpen-
dicular to the engine outlet. EEPS 3090 measures
particles number concentration and particle size
distribution. To present particles mass concentra-
tion or volume-based particle size distribution,
appropriate calculations assuming particle densi-
ty have been conducted. The particles are treated
as spheres with a uniform distribution of density
based on a specific model. The density change
curve, which was established through empirical
findings for particles from a jet engine, was taken
into account [13].

Also, the gaseous exhaust emissions were
measured during the tests. For this purpose, a
Semtech DS analyzer was used, which can mea-
sure the concentration of nitrogen oxides, carbon
dioxide, carbon monoxide and hydrocarbons.
The exhaust emissions from engine were directed
to the analyzer through a cable with a tempera-
ture of 191 °C, which is essential for the accu-
rate measurement of hydrocarbons in the flame
ionization analyzer. After the measurement of
hydrocarbons, the exhaust gases are cooled to the
temperature of 4 °C which is required to properly
measure the concentration of nitrogen oxides,
carbon monoxide and carbon dioxide. The Sem-
tech DS analyzer includes the following measure-
ment modules: a flame ionization detector (FID),
a non-dispersive ultraviolet (NDUV) analyzer, a
non-dispersive infrared (NDIR) analyzer and an
electrochemical analyzer [12, 14].
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Table 1. Specific parameters of GTM 400

Parameter Unit Value
Thrust max. N 400
Thrust min. N 15
RPM max rem 85 000
RPM min rem 27 000
Compression ratio - 3,3:1
Mass air flow rate gls 770
Exhaust gas temperature °C 750
Fuel consumption g/min 1200

Table 2. Technical parameters of EEPS 3090 [12]

Parameter Value
Diameter range 5.6-560 nm
Number of measurement channels per
decade 16
Resolution 10 Hz
Exhaust sample volume flow rate 0.6 m%h
Compressed air volume flow rate 2.4 m%h
Input sample temperature 10-52 °C

The tests were carried out for every selected
fuel from 10% of maximum thrust to 100% of
maximum thrust with step of every 10%. On ev-
ery measurement point the engine worked for 20
seconds and the results are the average value of
the 20 seconds measurements.

Modeling

The chosen modeling approach is multi-linear
regression. The impact of the fuel properties and
engine performance parameters can be described
as followed:

Y = f(x1, %0, 0, X)) + € (1)

where: Y — dependent variable explained by the
model, x , x,, ... x, —explanatory variables,
& —random component.

The multi-linear regression can be described
as followed [16]:

Y= Bo+ Brixy + Boxp + - F

2
+,3kxk+€ ()

where: f — constant term, £, f8, ... B, — structural
parameters of the model.
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The modeling criteria for multi-linear regres-
sion are directed towards maximizing the R Square
value while ensuring that each included parameter
maintains a significance level below 5%, which
is p-value < 0.05. The chosen multi-linear regres-
sion is backward stepwise regression, which is
achieved by incorporating statistical significance
testing, in which dependent values are removed
after each iteration. The modeling begins with all
possible variables in the model and subsequently,
variables with p-value higher than established are
removed from the model. After removing non-
significant variables the statistical significance
is tested again, after every rejected variable. The
process is continued after all selected variables are
statistically significant [1, 15, 16].

All explanatory variables and dependent
variables were standardized, to better compare
the structural parameters and the influence of the
input parameters on the dependent variable. Af-
ter the predicted value calculation based on de-
veloped model, the final value of the dependent
value should be re-standardized to find out the
predicted value. The re-standardization can be
calculated as follows:

X=Zo+u 3)

where: X — original value, Z — standardized value,
o — standard deviation of the original val-
ue, u — mean value of the original data.

In this research, the physicochemical param-
eters of fuels blends and parameters measured
during the engine tests on GTM-400 with all de-
scribed HEFA-SPK blends were taken into model
construction. During the study, 80% of the data
was used to build the model and a randomly se-
lected 20% was used to validate the model. Each
model was considered in terms of the presented 18
parameters as explanatory variables presented in
Table 3. For these parameters, VIF (Variance In-
flation Factor) was calculated, which allows deter-
mining whether there is collinearity between the
introduced explanatory variables. Final parameters
with VIF below 5, were: total mass flow TMF, tem-
perature at combustion chamber exit T3, fuel den-
sity p, fuel surface tension y and flash point FP. Af-
ter modeling process, when all of the coefficients
had p-value < 0.05 and p-value for F-Snedecor
test for the model was also below 0.05, the analy-
sis of the normality of the distribution of residuals
was performed using the Shapiro-Wilk test. If the
Shapiro-Wilk test showed that there is no basis for
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Table 3. All analyzed explanatory variables

Parameter Symbol Parameter Symbol
Temperature at compressor diffuser [°C] Fuel flow [ml/min] FF
Temperature at combustion chamber exit [°C] Kinematic viscosity [mm?/s] \%
Pressure at compressor diffuser [hPa] Density [g/L] p
Ambient temperature [°C] Flash point [°C] FP
Turbine inlet temperature [°C] Surface tension [mN/m] \%
Temperature at the exhaust nozzle [°C] Conductivity [pS/m] o
Total mass flow [kg/s] TMF Distillation temperature 50% [°C] T50
Thrust [%] Hydrogen [%] H
Rotation speed [1/min] RPM Carbon [%] C

rejecting the hypothesis of normality of the distri-
bution of the data studied, the validation process
were conducted [17, 18]. For validation there were
used measurements points which were not taken
in model development. That was 20% of all mea-
sured data which was randomly selected.

The final models were created for emission
of CO,, CO and NOx and PM parameters. For
particulate matter, the models were made for
particles intensity (E, ) [1/s], particulate matter
emission rate (E,,,.) [g/h], the W, [1/kg] which
is a coefficient determining the number of par-
ticles produced from one kilogram of fuel used,
W.,.» [mg/kg] which is a coefficient defining the
mass of PM produced from one kilogram of fuel
and also the models were made for parameters of
particle distribution, such as diameter geometric
mean and standard deviation. Particle distribution
was similar in every measured point, and to mod-
el the distribution parameter, the Geometric mean
diameter (GMD) and geometric standard devia-
tion (GSD) has been calculated based on follow-
ing formulas [19]:

InD
GMD = exp I%l (4)

1
S n[inD, — mGMD]'|* 5,

N

GSD = exp[

where: n — concentration number of particu-
lar diameter, N — total concentration,
D, - particle diameter.

These formulas are accurate for particles num-
ber, and for geometric mean and geometric stan-
dard deviation of particulate matter mass, the n and
Nis changed by m and M, which are its equivalents.

RESULTS ANS DISCUSSION

Models of exhaust gases

Parameters of the NOx emission (E., )
model are shown in Table 4. The R-squared
is equal to 0.983 and the standard error for
model is 0.131. The F-statistic is 633.9 and the
F significance is <0.05. Mean value for E is
0.00773 g/s and standard deviation is 0.00273.
For Shapiro-Wilk test (0.977) the p-value was
0.463 so there is no basis for rejecting the hypoth-
esis of normality of the residues distribution.

TMF has the greatest impact on NOx emis-
sion in this specific jet engine, in which increase
of 1 standard deviation increases the E | of 0.74
standard deviation. The second important param-
eter is flash point, in which increase of 1 stan-
dard deviation increases the E, ; of 0.37 standard
deviation, and also T3, in which increase of 1
standard deviation increases the NOx emission
of 0.22 of standard deviation. The lowest coeffi-
cient has density, in which increase of 1 standard
deviation decreases the NOx emission of 0.098
standard deviation.

The final model of standardized NOx emission is:

Enox [%] = 0.73598 - TMF +

+0.36618- FP — 0.09846-p+  (©
+0.22386 - T + 0.131

For CO, emission (E_,,), the regression
model parameters are shown in Table 5. For
this model the R-squared is equal to 0.995
and the standard error for model is 0.074. The
F-statistic is 4342.07 and the F significance is <
0.05. Mean value forE |, 18 6.159 g/s and standard

deviation is 2.374. For Shapiro-Wilk test (0.845)
the p-value is < 0.05, so the null hypothesis that

215



Advances in Science and Technology Research Journal 2025, 19(10), 212-222

Table 4. Modeling results for NOx emission

Variable Coefficient Standard error t Stat p-value VIF
TMF 0.73598 0.027 27.450 0.000 1.978
FP 0.36618 0.021 17.450 0.000 1.107
p -0.09846 0.019 -5.144 0.000 1.102
T, 0.22386 0.028 8.119 0.000 2.097
Table 5. Modeling results for CO, emission
Variable Coefficient Standard error t Stat p-value VIF
TMF 0.89041 0.015 60.997 0.000 1.857
T, 0.14965 0.015 10.264 0.000 1.857

the distribution of residuals is normal is rejected

F significance is < 0.05. Mean value for E

and there is evidence that the data tested are not
normally distributed. This model can be used for
CO, emission prediction, but it cannot be ana-
lyzed in terms of the impact of individual param-
eters on CO, emission.

The final model of standardized CO, emission is:

Ecos [%] = 0.89041-TMF +

()
+0.14965 - T3 + 0.074

For CO emission (E.)), the regression
model parameters are shown in Table 6. For
this model the R-squared is equal to 0.981
and the standard error for model is 0.143. The
F-statistic is 777.42 and the F significance is <
0.05. Mean value for E_ is 0.312 g/s and stan-
dard deviation is 0.112. For Shapiro-Wilk test
(0.845) the p-value is < 0.05 so null the hypoth-
esis that the distribution of residuals is normal is
rejected and there is evidence that the data tested
are not normally distributed. This model also can
be used for CO emission prediction, but it cannot
be analyzed in terms of the impact of individual
parameters on CO emission.

The final model of standardized CO emission is:

Eco [%] = 0.68035- TMF +
+0.40757 - T; +0.07315 -y +0.143

®)

Models of PM emissions indices

For particle intensity E, . [1/s] the model
results are shown in Table 7. The R-squared is
equal to 0.924 and the standard error for mod-
el is 0.265. The F-statistic is 133.76 and the
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is 8.1-10" particles/s and standard deviation is
2.7-10", For Shapiro-Wilk test (0.981) the p-value
is 0.624 so there is no basis for rejecting the hy-
pothesis of normality of the residues distribution.

T, has the greatest impact on E, ., an which
increase of 1 standard deviation decreases the
particle intensity of 1.23 standard deviation. The
second parameter with the greatest absolute coef-
ficient value is TMF, in which increase of 1 stan-
dard deviation increases E, . of 0.56 standard de-
viation. For flash point, the increase of 1 standard
deviation cause an E,  decrease of 0.27 standard
deviation and for density the increase of 1 stan-
dard deviation increases the particles intensity of
0.093 standard deviation.

The final model of standardized particles in-

tensity [1/s] is:

1

—1.22645-T; — 027369 -FP + )
+0.09266 - p + 0.265

For W, . [particles’kg of fuel] the mod-
el results are presented in Table 8. The
R-squared for this model is 0.76, the standard er-
ror is 0.158, the F-statistic is 619.59 and the F
significance is < 0.05. Mean value for W, is
1.4-10' 1/kg and standard deviation is 6.2-10'.
For Shapiro-Wilk test (0.980) the p-value is 0.582
so there is no basis for rejecting the hypothesis of
normality of the residues distribution.

T, has the greatest impact on W, an increase
of I standard deviation de-creases the W, . 0f 0.65
standard deviation. Also increase of 1 standard de-
viation of TMF and FP decreases the W, . of ap-

propriately 0.44 and 0.21 standard deviation.
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Table 6. Modeling results for CO emission

Variable Coefficient Standard error t Stat p-value VIF
TMF 0.68035 0.029 23.637 0.000 1.979
T, 0.40757 0.029 13.981 0.000 1.925
% 0.07315 0.022 3.259 0.002 1.066
Table 7. Modeling results for E,_.
Variable Coefficient Standard error t Stat p-value VIF
TMF 0.56090 0.054 10.332 0.000 1.978
T, -1.22645 0.056 -21.968 0.000 2.097
FP -0.27369 0.042 -6.442 0.000 1.107
p 0.09266 0.039 2.391 0.021 1.023
The final model of standardized W . [1/kg] is: F significance is < 0.05. Mean value for W, is
1 64.30 mg/kg and standard deviation is 43.56. For
Wpenr [@] = —0.43692-TMF — (10) Shapiro-Wilk test (0.978) the p-value is 0.483 so

—0.64699 - T; — 0.20541-FP £+ 0.158

For particle intensity E, _[g/h] the model re-
sults are shown in Table 9. The R-squared is equal
to 0.64, the standard error is 0.594, the F-statistic
is 41.04 and the F significance is < 0.05. Mean
value for E, . is 1.179 g/h and standard deviation
is 0.774. For Shapiro-Wilk test (0.956) the p-val-
ue is 0.07 so there is no basis for rejecting the hy-
pothesis of normality of the residues distribution.

T, also has the greatest impact on E, an in-
crease of 1 standard deviation decreases the E, .
of 0.79 standard deviation. An increase of 1 stan-
dard deviation of surface tension decreases the
E,\; 0f 0.198 standard deviation.

The final model of standardized particulate

matter emission rate [g/h] is:

g e — ] —
E pur [E] = —0.79027 - T )
—0.19804 -y + 0.594

For particle intensity W, . [mg/kg] the
model results are shown in Table 10. The
R-squared is equal to 0.842 and the standard error
for model is 0.411. The F-statistic is 79.14 and the

Table 8. Modeling results for W, .

there is no basis for rejecting the hypothesis of
normality of the residues distribution.
T3 has the greatest impact on W, ., an increase
of 1 standard deviation decreases the W of 0.71
standard deviation. Also, an increase of 1 standard
deviation of FP and TMF decreases the W, . of
appropriately 0.25 and 0.28 standard deviation.
The final model of standardized W, [mg/kg] is:
myg
WpmF [—] = —0.28223-TMF —
kg (12)

—0.71454 - T3 — 0.24587 - FP 4+ 0.411

Models of particle size distribution
parameters

To describe particle size distribution for num-
ber and mass concentration, the diameter geomet-
ric mean and diameter standard deviation were
calculated. The final model results for geometric
mean diameter for number concentration (GMDn)
are shown in Table 11. The R-squared is equal to
0.941 and the standard error for model is 0.251. The
F-statistic is 238.11 and the F significance is <0.05.
Mean value for GMDn is 14.33 nm and standard
deviation is 3.01. For Shapiro-Wilk test (0.986) the

Variable Coefficient Standard error t Stat p-value VIF
TMF -0.43692 0.032 -13.566 0.000 1.962
T, -0.64699 0.033 -19.654 0.000 2.054
FP -0.20541 0.025 -8.115 0.000 1.107
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Table 9. Modeling results for E

Variable Coefficient Standard error t Stat p-value VIF
T, -0.79027 0.087 -9.036 0.000 1.029
% -0.19804 0.092 -2.159 0.036 1.029
Table 10. Modeling results for W
Variable Coefficient Standard error t Stat p-value VIF
TMF -0.28223 0.084 -3.377 0.002 1.962
T, -0.71454 0.085 -8.364 0.000 2.054
FP -0.24587 0.066 -3.743 0.001 1.106

p-value is 0.838 so there is no basis for rejecting the
hypothesis of normality of the residue distribution.
Again T, has the greatest impact on GMDn,
an increase of 1 standard deviation decreases the
GMDn of 0.796 standard deviation. An increase
of TMF and FP decreases the GMDn of appropri-
ately 0.26 and 0.16 standard deviation.
The final model of standardized GMDn is:

GMDn [nm] = —0.25631 - TMF — 03
—0.79589 - T, — 0.15736 - FP + 0.251

As far as the geometric standard deviation for
GSDn is concerned, the model results are present-
ed in Table 12. The parameters of this model are:
R-squared equal to 0.951, the standard error is
0.238, the F statistic value is equal to 291.45 and
F significance < 0.05. Mean value for GSDn is
1.411 and standard deviation is 0.065. For Shap-
iro-Wilk test (0.965) the p-value is 0.168 so there
is no basis for rejecting the hypothesis of normal-
ity of the residues distribution.

T, has the greatest impact on GSDm, an in-
crease of 1 standard deviation decreases the GSDn
of 0.72 standard deviation, and an increase of 1
standard deviation of TMF and FP also decreases
the GSDn of 0.39 and 0.14 standard deviation.
The final model of standardized GSDn is:

GSDn = —0.39232 - TMF —

(14)
—0.72348- T3 — 0.13504 - FP +0.238

Table 11. Modeling results for GMDn

For geometric mean diameter for particles
mass concentration (GMDm), the model results
are presented in Table 13. The parameters of this
model are: R-squared equal to 0.635, standard er-
ror equal to 0.479, F statistic value is 26.12 and
F significance <0.05. Mean value for GMDm is
23.542 and standard deviation is 2.765. For Shap-
iro-Wilk test (0.962) the p-value is 0.122 so there
is no basis for rejecting the hypothesis of normal-
ity of the residues distribution. As for primary se-
lected explanatory variables with low VIF value,
for GMDm parameter none of the selected vari-
ables had p-value <0.05. Thus, for model devel-
opment, other explanatory variables were taken
into consideration, depending on the p-value of
coefficients. As R squared and other statistic tests
are at satisfactory level, the VIF for new selected
variables is high, what suggest that the multicol-
linearity can be high and it is difficult to properly
interpret the obtained results. Although the model
works well just for GMDm prediction.

The final model of standardized GMDm is:

GMDm [nm] = —6.6787 - T, +
(15)
+7.0266 - FF — 0.7052 - T; + 0.479

For geometric standard deviation for GSDm
the model results are presented in Table 14. The
parameters of this model are: R-squared equal to
0.884, standard error equal to 0.356, the F statistic
value equal to 114.03 and F significance is <0.05.

Variable Coefficient Standard error t Stat p-value VIF
TMF -0.25631 0.051 -5.015 0.000 2.054
T, -0.79589 0.052 -15.235 0.000 1.962
FP -0.15736 0.040 -3.917 0.000 1.107
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Table 12. Modeling results for GSDn

Variable Coefficient Standard error t Stat p-value VIF
TMF -0.39232 0.048 -8.108 0.000 2.054
T, -0.72348 0.049 -14.629 0.000 1.962
FP -0.13504 0.038 -3.551 0.001 1.107
Table 13. Modeling results for GMDm
Variable Coefficient Standard error t Stat p-value VIF
T, -6.6787 0.840 -7.952 0.000 3.47
FF 7.0266 0.905 7.761 0.000 >10
T, -0.7052 0.130 -5.444 0.000 >10

Mean value for GSDm is 1.868 and standard de-
viation is 0.57. For Shapiro-Wilk test (0.954) the
p-value is 0.059 so there is no basis for rejecting the
hypothesis of normality of the residues distribution.
T, has the greatest impact on GSDm, an in-
crease of 1 standard deviation in-creases the GSDm
of 0.76 standard deviation. An increase of 1 stan-
dard deviation of TMF and surface tension increas-
es the GSDn of 0.27 and 0.12 standard deviation.
The final model of standardized GSDm is:

GSDm = 0.27038 - TMF +
(16)
+0.75891 - T3 + 0.12455 -y +0.356

Model validation

Developed models based on measured point
of GTM 400 for 6 fuel blends allow indicating
important fuel and engine parameters that impact
the emission parameters. Statistical parameters
for developed models are presented in Table 15.
As presented models were made for 80% of mea-
surement points, 20% randomly selected mea-
surement points were used for models validation.
In order to compare the actual and predicted data,
the graphs shown in Figures 1 and 2 are present-
ed. Also specific validation parameters are shown
in Table 15. Root mean square error (RMSE) is
an average expected difference between predicted

Table 14. Modeling results for GSDm

and actual value. Mean absolute error (MAE)
shows the mean absolute error between the pre-
dicted and actual values and R? represents the
proportion of the variance for a dependent vari-
able that’s explained by an independent variable.

For most presented models, the R? for vali-
dation is high and close to 1 and for E, ., W, .,
GSDn and GMDm the fit is smaller. That can sug-
gests that linear model used in this research is not
suitable for this specific parameters, especially
for emission indices of particulate matter mass.
Modeling parameters suggesting a non-linear re-
lationship between variables are, for example, the
distribution of residuals, which in these specific
cases is not randomly scattered around zero, but
is arranged in specific patterns, which may sug-
gest the non-linearity of the model [15]. All other
parameters are well described by the models with
very well fit between actual and predicted values.

CONCLUSIONS

To reduce the environmental impact of the
aviation sector, it is crucial to develop new eco-
logical technologies and improve existing ones.
Sustainable aviation fuels (SAFs) represent a
promising solution for reducing the emissions
from aviation and remain an active area of re-
search. New production pathways for alternative

Variable Coefficient Standard error t Stat p-value VIF
TMF 0.27038 0.072 3.769 0.000 1.979
T, 0.75891 0.073 10.444 0.000 1.925
Y 0.12455 0.056 2.226 0.031 1.066
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Table 15. Parameters of developed emission models

Parameter |

E

NOx

| E

c02 |

E

CcO

| E

PNF

W

PNF

| E

PMF |

W,,. | GMDn | GSDn | GMDm | GSDm

Models based on 80% of data

R?

0.983

0.995

0.981

0.924

0.976

0.641

0.842

0.941

0.951

0.635

0.884

F significancy

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

X variables no.

4

2

3

4

3

2

3

3

3

3

3

Validation for 20% of data

R?

0.94

0.97

0.90

0.93

0.91

0.63

0.56

0.84

0.30

0.47

0.81

RMSE

0.00

0.40

0.03

9.59e+12

1.73e+15

0.50

25.83

1.10

0.03

3.91

0.22
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aviation fuels are continuously being tested and
approved under ASTM D7566. The tests involv-
ing the use of pure SAF in aircraft engines are
ongoing, and research shows that 100% SAF can
significantly reduce greenhouse gas and particu-
late matter emissions. Moreover, even blending
SAF with conventional jet fuel yields impressive
results in emission reduction compared to Jet A-1.
The continued development and implementation
of SAFs is essential for achieving long-term sus-
tainability goals in the aviation industry.
Composition of SAF can change depend-
ing on used raw materials and production path-
way and there is still a possibility to adjust the
chemical composition of the fuel and its physico-
chemical properties so that emissions during its
combustion in an aircraft engine are even low-
er. Emission modeling can find a parameters of
fuel or engine performance, which influence the
emission results the most and point a parameters
which could be improved to reduce emission of
particular pollutant. In this research an attempt
was made to model the emissions of exhaust gas-
es such as carbon dioxide, carbon monoxide and
nitrogen oxides, but also parameters of PM emis-
sions, including parameters of particle size distri-
bution for number and mass concentration. This
research was carried out for specific miniature jet
engine and blends of HEFA-SPK fuel with Jet A-1
and developed models are accurate only for this
specific engine. Results showed which fuel prop-
erties and engine performance parameters impact
the most emission parameters and how change of
1 standard deviation of specific input parameter
will change the emission of CO, CO,, NOx and
PM. The developed models were validated us-
ing 20% randomly selected measurement points
which were not used in models development and
the validation showed very well fit of the modeled
and measured values. In few models, R-squared
is small, what may suggest that the relationships
between input variables and output variable are
non-linear and other kind of regression can fit bet-
ter, for example polynomial regression. For CO,,
CO and geometric mean diameter for particulate
mass distribution, the VIF values were too high
to accept that model is without multicollinearity
so used coefficients cannot be analyzed as pa-
rameters which influence the modeled emission
indices, although these models are sufficient to
predict emission of CO,, CO and GMDm. Also
R-squared of validation was very high for these
parameters. The remaining modeled emission

parameters meet all requirements and are suitable
for emission prediction and analyze of input pa-
rameters which impact the final emission index.

This study bridges a gap in the literature by
focusing on modeling the impact of HEFA-SPK
blend fuel properties on pollutant emissions in
miniature jet engines. Future research should
explore a broader range of fuel blends produced
through different pathways to expand the applica-
bility of the models to other types of sustainable
aviation fuels. Such efforts would support the de-
velopment of more universal models for this type
of miniature engine. Additionally, incorporating
data from other engine types powered by vari-
ous SAFs could enable the creation of a gener-
alized model for emission indices as a function
of fuel properties and engine performance. These
advancements would contribute to improving the
environmental assessment of alternative fuels and
support the transition towards greater sustainabil-
ity in aviation.
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