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Abstract Addressing the burgeoning issue of polymer waste manage-
ment and disposal, chemical recycling, specifically the production of high-
quality oil, presents an enticing solution. This research paper delves into the
process of plastic waste pyrolysis, focusing on polypropylene, and thoroughly
examines the physico-chemical properties of the resulting pyrolytic oil. The
oils, obtained from waste plastic pyrolysis (referred to as WPPO), are then
blended with kerosene and utilized as fuel for a gas turbine engine. The
primary objective of this investigation is to ascertain how the blend compo-
sition influences the performance and emission parameters of the micro gas
turbine. In our findings, it was observed that all tested waste plastic pyrol-
ysis blends displayed a trend towards escalating regulated emissions such as
nitrogen oxides (NOx) with an average increase of 26% for polypropylene
pyrolysis oil (PPO). The emission index (EI) for carbon monoxide (CO) was
found to be relatively consistent across all fuel blends tested in this study.
Interestingly, when considering the thrust specific fuel consumption (TSFC)
within the EI calculation, blends of aviation kerosene and plastic oil showed
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lower values in comparison to the pure Jet A-1 fuel. Furthermore, an aug-
mentation in the proportion of WPPO in the blends consequently led to an
elevation in the exhaust gas temperature (an average increase of 8.7% for
PPO). Interestingly, the fuel efficiency of the Jet engine, expressed as TSFC,
demonstrated a decrease, with an average reduction of 13.8% observed for
PPO.

Keywords: Waste plastic pyrolysis oil; Gas turbine engine; Polypropylene; Emissions;
Performance

Nomenclature
EGT – exhaust gas temperature, ◦C
EIi – gas species (i) emission index
EIi,τ – gas species (i) thrust specific emission index
HHV – higher heating value, MJ/kg
LHV – lower heating value, MJ/kg
ṁf – fuel mass flow rate, kg/s
ṁi – gas species (i) mass flow rate, kg/s
MWf – fuel molecular weight, kg/mol
MWi – gas species (i) molecular weight, kg/mol
TSFC – thrust specific fuel consumption, kg/sN
x – number of carbon atoms in the fuel molecule

Greek symbols
χCO – carbon monoxide mole fraction
χCO2 – carbon dioxide mole fraction
χi – gas species (i) mole fraction
τ – static thrust, N

Abbreviations
CHP – combined heat and power
CO – carbon monoxide
CO2 – carbon diooxide
NOx – nitrogen oxides
HDPE – high-density polyethylene
HEFA – hydro-processed esters and fatty acids
LPDE – low-density polyethylene
PE – polyethylene
PET – polyethylene terephthalate
PP – polypropylene
PS – polystyrene
PPO – polypropylene pyrolysis oil
PP25, PP50, PP75, – blend of PPO with Jet A with 25%, 50%, 75%, 100% of PPO,
PP100 respectively
PVC – polyvinyl chloride
TPO – tyre pyrolysis oil
UHC – unburned hydrocarbons
WPPO – waste plastic pyrolysis oil
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1 Introduction

Alternative fuels derived from plastic waste have emerged as a potent solu-
tion for waste management, while concurrently serving as a viable substi-
tute for fossil fuels. This burgeoning market of alternative fuels bolsters en-
ergy independence, given the local availability, ease of storage, predictable
quantities, and versatility of waste in meeting a diverse array of energy
needs through various energy conversion technologies [1, 2]. The transi-
tion from fossil fuels to biofuels or fuels generated from plastic waste is
particularly pertinent for small-scale cogeneration heat and power (CHP)
plants [3, 4].

A prevailing trend in waste management is the utilization of waste poly-
mers as alternative fuels [5,6]. Polymers, notably plastics, constitute a sig-
nificant group of materials employed across various sectors, including elec-
tronics, logistics, automotive, and healthcare. In 2019, global plastic pro-
duction was approximately 368 million tons, with Europe contributing 57.9
million tons [7]. It is estimated that 38% of this was landfilled, 26% recycled,
and 36% processed for energy production [8]. The substantial proportion
of waste not recycled presents an economically unfavourable scenario due
to its prolonged natural decomposition and a high potential for reuse.

Discarded plastics, rich in hydrocarbons, serve as excellent sources of
alternative fuels due to their abundant availability and the environmen-
tal implications of their disposal [9]. The conversion of plastic waste into
fuel, a promising solution, can be achieved through thermal degradation
processes such as pyrolysis, gasification, combustion, hydrocracking, or cat-
alytic cracking [10,11]. Pyrolysis, a thermal degradation process that occurs
in an oxygen-free environment, yields oil, gas, and a solid residue – char [12].
The quality of the products derived from the pyrolysis process is contin-
gent on the raw materials, the pyrolysis reactor, and process parameters
(temperature, residence time, and catalyst) [13, 14]. The liquid fraction –
pyrolytic oil can be utilized in various applications such as furnaces, boilers,
turbines, and diesel engines without necessitating upgrading or treatment.

The use of the rapid heating process has a positive effect on the increase
in volatile fraction. The long residence time during the process allows for
the degradation of long chains, which results in an increase in the content
of short-chain hydrocarbons [15]. The process temperature above 800◦C af-
fects the degradation of polymer hydrocarbon chains, secondary conversion
as well as obtaining an increased amount of carbon (approx. 30%) and gas
composed of light hydrocarbons such as methane, ethane and propane [15].
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The temperature of about 400–500◦C allows us to obtain the oil fraction
rich in long-chain hydrocarbons, over 80% [16]. The aim of this work is
to obtain a large amount of oil, to use as a potential fuel. The performed
works are an attempt to perform experiments on a quarter technical scale.

Various studies have been conducted during recent years on pyrolysis
oils used as fuels, specifically for diesel engines. Waste plastic pyrolysis
oils (WPPO) offered good performance and high efficiency in compression-
ignition engines across a wide range of engine loads. Several useful data
available in the literature on the performance of diesel engines supplied by
blends of waste plastic pyrolysis oil and diesel, with the emissions of harmful
exhaust components are gathered in Table 1. The presented results report
a generally increasing tendency in CO, NOx, and unburned hydrocarbons
(UHC) emissions with a growing content of plastic oil in diesel fuel [12,17–
20]. However, in some cases, emissions of CO and NOx were also found to
decrease [21].

The use of pyrolysis oils in various power generation units, including
gas turbines was conceptualized in [24]. Compact dimensions and reduced
weight of turbine engines compared to diesel engines encourage was use in
stationary power plants. The advantages of gas turbines over piston com-
bustion engines are: fewer moving parts, the absence of friction components,
lower maintenance costs, lower vibration and noise levels, low consumption
of lubricating oil as well as low maintenance costs [25]. In spite of encour-
aging research results on the use of pyrolysis oils from used plastics in
diesel engines, there are only a few papers published in recent years report-
ing experimental tests with gas turbines supplied by waste- and biomass-
based fuels. Suchocki et al. [26] described the process of pyrolysis of waste
tyres and the application of the obtained liquid fraction – tyre pyrolysis
oil (TPO) for the supply of gas turbines in mixtures with aviation fuel –
kerosene (Jet A). TPO was found to have parameters like density, viscosity
and higher heating value (HHV) similar to those of Jet A. The authors
observed that all tested blends of TPO/Jet A involved somewhat more
blended fuel than pure Jet A so as to obtain similar values of static thrust,
resulting in a slightly increased thrust specific fuel consumption (TSFC).
The emissions of NOx and CO were found higher for all tested TPO/Jet A
blends in comparison to those of Jet A.

Fast pyrolysis bio-oil (FPBO) was studied as fuel in a small scale non-
regenerated micro gas turbine by Buffi et al. [27]. The presence of pyrolysis
oil in fuel blends has a significant influence on CO and NOx emissions, as
compared to pure ethanol or diesel oil. The gas turbine had a higher overall



Pyrolysis-derived waste polypropylene oils in gas turbine engines. . . 161

Table 1: Literature survey on the performance and emissions of diesel engines supplied
by blends of WPPO and diesel.

Reference Fuel Engine type
Impact on

Combustion/Performance Emissions

Januszewicz
et al. [22]
(2023)

Polypropylene oil
(PPO) and poly-
styrene oil (PSO)

AVL 5402
four-stroke,
single-cylinder,
DI Diesel
engine

Higher WPPO fraction led
to: heat release rate ↑↓ in-
cylinder pressure ↓

CO ↑
NOx ↑↓

HC ↑

Singh et al.
[21] (2021)

LDPE (low den-
sity polyethylene)
WPPO20 / D80

Single cylinder,
4 S, diesel en-
gine Kirlosker,
model: TV1 5.2

Cylinder pressure ↑
Brake thermal efficiency ↑

NOx ↓
smoke ↓

Das et al.
[20] (2020)

Shredded medical
plastic wastes
10/20/30% with
diesel fuel

Kirloskar, TV1
4 stroke single
cylinder water
cooled, CI en-
gine

Higher WPPO fraction
led to: brake thermal ef-
ficiency ↓↑ break specific
fuel consumption ↓ break
power ↓

CO ↑
NOx ↑
UHC ↑
CO2 ↑

Singh et al.
[19] (2020)

58.6% PE (HDPE
and LDPE), 26.9%
PP, 8.8% PS,
5.6% PET; 10-50%
WPPO in diesel
blends

Single cylinder,
4 S, Diesel en-
gine Kirlosker,
model: TV1 5.2

Higher WPPO fraction led
to: brake thermal efficiency ↓
EGT ↑ specific fuel consump-
tion – volumetric efficiency ↓
in-cylinder pressure ↑↓ heat
release rate ↑↓

CO ↑
NOx ↑
UHC ↑
CO2 ↑

Mani
et al. [18]
(2011)

Assorted WPPO
10/30/50/70%
with diesel fuel

Kirloskar
TAF1 Four
stroke, CI, air
cooled, single
cylinder, DI
engine

Higher WPPO fraction
led to: brake thermal effi-
ciency ↓↑ EGT ↑ in-cylinder
pressure ↑ ignition delay ↑
heat release rate ↑↓ cylinder
pressure ↑

CO ↓
NOx ↑
HC ↑

smoke ↑

Kumar
et al. [12]
(2013)

HDPE
10/20/30/40%
with diesel fuel

CometVCT-10
four-stroke, CI,
water cooled
twin cylinder,
constant speed
engine

Higher WPPO fraction led
to: brake thermal efficiency ↓
EGT ↑ break specific en-
ergy consumption ↑ mechan-
ical efficiency ↑

CO ↑
NOx ↑
UHC ↑
CO2 ↓

Kalargaris
et al. [17]
(2017)

Feedstock: styrene
butadiene 47%
polyester 26% clay
26% ethylene-vinyl
acetate 12% rosin
6% polyethylene
1% polypropy-
lene 1% PPO
25/50/75/90%
with Diesel fuel.

AKSA
A4CRX46TI
four-stroke, CI,
DI engine

Higher WPPO fraction led
to: cylinder peak pressure ↑↓
cylinder pressure ↓ heat re-
lease rate ↑↓ break specific
fuel consumption ↑ brake
thermal efficiency ↑ EGT ↑

CO ↑
NOx ↑
UHC ↑
CO2 ↑

Devaraj
et al. [23]
(2015)

WPO 100%
Kirlosker AV1
four-stroke, CI,
DI engine

Brake Thermal Efficiency ↓
Break Specific fuel
Consumption ↑

CO ↑↓
NOx ↑↓

HC ↑
smoke ↑↓
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electric efficiency than that recorded for commercial diesel due to the higher
HHV of FPBO blends.

The paper [28] studied the combustion and performance characteristics
of a small gas turbine fed with commercial Jet A and a 48%/52% mix-
ture of aviation kerosene with synthetic paraffinic kerosene derived from
hydro-processed esters and fatty acids (SPK-HEFA). Emission indexes for
CO, CO2, and NOx in exhaust gases for HEFA/Jet A blends decreased in
comparison to those of the pure Jet A. Lower fuel consumption was ac-
complished for the same thrust value, with the discrepancy decreasing with
the increasing rotating speed. Two synthetic components of blends were
tested, derived from two different materials: HEFA from camelina oil and
HEFA from used cooking oil, with the addition of hydro-processed fatty
acid sand esters, showing a tendency to mass flow rate and CO emissions
decreases [29]. An opposite tendency was observed for NOx emissions.

Chmielewski et al. [30] presented results of application of a fuel-water
emulsion (FWE) as an alternative fuel for a micro gas turbine. The addition
of water emulsion to the fuel blend was found to decrease the Jet A con-
sumption, specific fuel consumption and turbine outlet temperature (TOT)
for the wide range of engine thrust. Up to 35% reduction of NOX emission
was reported at the maximum thrust. Manigandan et al. [31] conducted the
combustion, emission and exergy analysis of a miniature gas turbine sup-
plied by blends of Jet A with various additives, including biofuels such as
rapeseed and canola-sunflower oil blended with ethanol or pentanol. The
following blends were considered: R20E (70% Jet A fuel, 20% Rapeseed
and 10% ethanol), CS20E (70% Jet A fuel, 20% canola-sunflower and 10%
ethanol), R20P (70% Jet A, 20% Rapeseed and 10% pentanol), and CS20P
(70% Jet A, 20% canola-sunflower and 10% pentanol). The fuel blends
R20E, CS20E, R20P, and CS20P showed a 35%, 15%, 18%, and 10% in-
crease in thermal efficiency of the micro-gas turbine engine, respectively. All
examined fuel blends showed lower rates of emission due to the higher level
of oxygen present in the samples. The blends R20E, CS20E, R20P and
CS20P were recorded with a 16%, 9%, 17% and 1% decrease in average
emission of NOx due to the impact of additives. Badami et al. [32] tested
a small gas turbine supplied by three various fuels – Jet A kerosene, syn-
thetic gas-to-liquid (GTL) fuel as well as a blend of 30% Jatropha methyl
ester (JME) with 70% Jet A. The emissions index for CO was compara-
ble for three combustibles, while the emission of unburned hydrocarbons
(UHC) showed decreased trends for all biofuels. Aviation fuel combustion is
characterized by lower NOx emission index values for lower rotating speeds
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and higher emissions for higher speeds. Bhele et al. [33] studied the per-
formance and emission characteristics of a small gas turbine fed by blends
of Jatropha methyl ester (JME) with diesel. With increasing proportions
of JME in blends with commercial fuel, emissions of primary air pollu-
tants such as CO, CO2 and UHC would decrease. Gürbüz et al. [34] showed
the effect of dual-fuel diesel-hydrogen combustion on the performance as
well as environmental and economic indicators of a small unmanned aerial
vehicle (UAV) turbojet engine. In general, with an increase of hydrogen
energy fractions (HEFs) in the entire range of engine speed, the emissions
of CO and CO2 were found to decrease, whereas HC and NOx emissions
increased. Performance and emissions characteristics of a 30 kW gas tur-
bine engine burning Jet A, canola methyl ester (CME), soy methyl ester
(SME), recycled rapeseed methyl ester (RRME), hog-fat biofuel, and their
50% (volume) blends in Jet A were studied by Habib et al. [35]. With the
increasing concentration of biofuel in fuel blends, the emission indexes of
NOx and CO were decreased.

While reviewing the literature, it was found that there are no research
papers on the combustion of fuels containing (WPPO) in a gas turbine.
In this study, the performance and emission characteristics of a GTM-140
miniature gas turbine engine fueled with blends of kerosene Jet A and
WPPO derived from polypropylene are investigated. From 25% to 100%
of WPPO is used in WPPO/Jet A blends. Turbine exhaust temperatures,
static thrust, fuel consumption and thrust specific fuel consumption, as well
as thrust specific emissions of NOx and CO are measured over a broad range
of turbine load and compared within the assumed range of fuel composition.
The significance of this paper is to provide a better understanding of the
effects of Jet A/WPPO mixtures on engine performance characteristics and
exhaust emissions, as well as to assess the potential for these fuels for gas
turbine applications.

2 Pyrolysis of waste plastics

The pyrolytic oil used as fuel in the experimental work was obtained in
a semi-technical scale installation for the pyrolysis process. Taking into ac-
count the previous experience [36,37], the pyrolytic installation was modi-
fied especially for the pyrolysis of waste plastics. The installation includes
the fixed bed reactor with electric heating, a panel control with a thermo-
couple and a system for the collection of the liquid fraction. The cylindrical
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reactor has a diameter D = 350 mm, height H = 500 mm and is made of
3 mm thickness stainless steel. The reactor was closed using the flange con-
nection, screwed and sealed so that the process takes place in an oxygen-free
atmosphere. Before the experiment, the stainless steel reactor was placed
axially in a cylindrical ceramic heating element of diameter D = 380 mm
with khantal heaters deployed in the reactor walls. The heat was supplied
to the reactor evenly over the entire wall surface. The vermiculite insulation
was placed underneath the reactor, over the entire exterior of the heating
element, the reactor cover and the pipe for discharging the volatile fraction
into the condenser. A scheme of the pyrolytic installation that was used in
the present study is illustrated in Fig. 1.

Figure 1: Scheme of the pyrolysis installation.

During the pyrolysis process, the volatile fraction was delivered from the
bottom of the spiral, and after condensation, the liquid products were col-
lected in the upper part of the spiral. The two-phase condensate mixture
was directed to the tee separator and the liquid products were collected
in the tank, while the gaseous fraction was burned and escaped into the
atmosphere.

The plastic material was purchased from a company dealing with the
recycling of plastic waste. The material was selectively separated and re-
granulated. In the experiment, polypropylene (PP) was subject to pyrolysis.
One cycle of the pyrolysis process was conducted for 20 kg of raw material
with a heating rate of 10◦C/min and final temperature of 500◦C. The final
temperature of the process was selected on the basis of thermogravimetric
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analysis, analysis of literature data and experimental work in a laboratory
scale. Thermogravimetric analysis proved that below 400◦C the conversion
was not complete, which was also confirmed by preliminary experimen-
tal tests. The literature says that the highest liquid fraction yield can be
obtained during fast pyrolysis in temperatures up to 500◦C [15, 38]. The
choice of the final temperature of the process is also dictated by economic
considerations taking into account high energy consumption as the tests
require long-term heating of the reactor. The catalyst was not used in the
experiments due to extra costs involved and insignificant expected increase
of the process efficiency. The reactor was thermostated at the final tem-
perature to let the volatile fraction escape from the separator, which took
approximately 6 hours. After that time, the reactor was left to cool down
and the pyrolysis solid residue was removed. The liquid fraction was col-
lected in an oil condenser with the air and water cooler. The obtained oil
was clarified during a two-step process. The first stage was filtration from
the suspended solid residue, like char using a peristaltic pump and a filter
system containing a mesh dedicated to motor fuels. In the second stage, the
oil was clarified by means of vacuum filtration using a Buchner funnel with
a filter of pore size 0.13 mm. Solid particles, char and dye residue were re-
moved from the pyrolytic oil during the filtration. The liquid fraction yield
was 92% wt. for polypropylene.

3 Waste plastic pyrolysis oil properties
The crude PPO were investigated using gas chromatography-mass spec-
trometry (GC-MS) so as to identify organic compounds of the fuels. The
hydrocarbons were divided according to the chain length number vary-
ing between C6–C9, C10–C24 and C25–C41 carbon atoms (Table 2). In the
chromatographic analysis of PPO the majority of the fuel – 62.87% wt. are
polycyclic and aromatic hydrocarbons (PAH) with atomic numbers C10–
C24. Distillation curves of three fuels – PPO and the reference fuel Jet A,

Table 2: Carbon number division for PPO via GC-MS.

Carbon number division Mass Percentage (wt. %)

C6–C9 27.7

C10–C24 62.9

C25–C41 9.4
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and diesel are illustrated in Fig. 2. The GC-MS analysis of the liquid fuel
sample obtained by pyrolysis of polypropylene was carried out to know the
compounds present in the fuel (Fig. 3) and is summarized in Table 3. While
comparing three fuel samples, different shapes of distillation curves can be
observed. The Jet A fuel distillates evenly with an increasing temperature,
which is related to the diversified composition of the sample containing
various chain-length hydrocarbons. A quite different broken line can be
observed in the distillation curve for the PPO sample, with PAH and long-
chain hydrocarbons responsible for a steep rise of the distillation curve at
higher temperatures above 220◦C.

Figure 2: Distillation curves for the considered fuels.

Figure 3 presents the composition of pyrolytic oil derived from polypropy-
lene, encompassing a variety of organic compounds such as alkanes, alco-

Figure 3: GC-MS spectrum of oil sample obtained at 300◦C by pyrolysis of waste
polypropylene.
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Table 3: Compounds of PPO identified via GC-MS analysis at 300◦C.

Compounds Chemical
formula

Mass percentage
(%)

Molecular
weight (g/mol)

2,4-Dimethyl-1-heptene C9H18 20.5 126.24

Dodecane, 4,6-dimethyl- C14H30 1.29 198.39

Heptane, 2,5,5-trimethyl- C10H22 1.39 142.29

1-Heptanol, 2,4-diethyl- C11H24O 3.6 172.31

2-Isopropyl-5-methyl-1-heptanol C11H24O 3.1 172.31

(2,4,6- Trimethylcyclohexyl) methanol C10H20O 1.8 156.27

Oxalic acid, cyclohexyl tetradecyl ester C22H42O4 1.7 370.57

Cyclohexane, tetradecyl- C20H40 1.3 280.53

1-Heptanol, 2,4-diethyl- C11H24 4.9 172.30

2-Isopropyl-5-methyl-1- heptanol C11H24O 3.6 172.31

1-Decanol, 2-octyl- C18H38O 4.9 270.49

Cyclododecanemethanol C13H26O 1.0 198.34

1-Dodecanol, 2-hexyl- C18H38O 2.3 270.49

1-Dodecanol, 2-octyl- C20H42O 1.8 298.55

1-Hexadecanesulfonyl chloride C16H33ClO2S 1.9 322.95

(2,4,6-Trimethylcyclohexyl)methanol C10H20O 0.15 156.26

Dotriacontyl pentafluoropropionate C35H65F5O2 2.7 612.90

Nonadecyl pentafluoropropionate C22H39F5O2 1.1 430.50

1-Decanol, 2-hexyl- C16H34O 3.1 242.44

Oxalic acid, butyl 1-menthyl ester C16H28O4 2.4 284.39

Tetratriacontyl heptafluorobutyrate C38H69F7O2 1.5 690.90

Cyclooctane, 1-methyl- 3-propyl C11H22 1.6 154.29

Octatriacontyl pentafluoropropionate C41H77F5O2 1.1 697.00

Octatriacontyl trifluoroacetate C40H77F3O2 0.9 647.00

Hexatriacontyl trifluoroacetate C38H73F3O2 0.8 619.00

hols, esters, and fluoroorganic compounds. Alkanes, such as 2,4-dimethyl-1-
heptene, 4,6-dimethyldodecane, and 2,5,5-trimethylheptane are main con-
stituents of many fossil fuels, offering high calorific value and chemical sta-
bility. Alcohols, including 1-heptanol, 2,4-diethyl-, 1-heptanol, 2-isopropyl-
5-methyl-, and (2,4,6-trimethylcyclohexyl)methanol can enhance the oc-
tane rating and anti-knock properties of the fuel, but may also increase
its hygroscopicity. Esters, such as oxalic acid, cyclohexyl tetradecyl ester,
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dotriacontyl pentafluoropropionate, and nonadecyl pentafluoropropionate,
can improve the fuel’s octane rating and lubricity, but may also increase
its hygroscopicity. Fluoroorganic compounds, such as tetratriacontyl hep-
tafluorobutyrate, octatriacontyl pentafluoropropionate, octatriacontyl tri-
fluoroacetate, and hexatriacontyl trifluoroacetate can enhance the fuel’s
resistance to oxidation and improve its thermal stability. This composition
suggests that the pyrolytic oil has potential for fuel application, due to the
presence of many compounds typical for fossil fuels. However, the physic-
ochemical properties of such a fuel, such as calorific value, octane rating,
hygroscopicity, lubricity, and thermal stability, will depend on the specific
proportions of these compounds.

The basic physico-chemical properties of the considered oil were inves-
tigated using the standards and methods as defined in Table 4. Specific
fuel properties as compared with those of Jet A and diesel are collected in
Table 5.

Table 4: ASTM standards and methods of determination of fuel properties.

ASTM standard Unit Property Method

D1298 kg/m3 density density meters with U-tube oscillators
(U-tube)

D445 m2/s kinematic viscosity rheometer

D4809-95 MJ/kg calorific value calorimeter

D92 ◦C flash point Persky-Martens flash point test

The obtained PPO is characterized by a lower density in comparison to
the reference oils – Jet A1 and commercial diesel. The difference is equal to
6.5% with respect to kerosene. The higher heating value (HHV) increases
with the increasing hydrogen-to-carbon ratio in oil samples as the heat of
combustion of pure substances amounts to 120 MJ/kg for elemental hydro-
gen and 40 MJ/kg for elemental carbon. HHV of PPO equal to 44.7 MJ/kg
is by approximately 3% higher than that of Jet A. The above properties
have the effect of higher heat release rate and NOx emissions [17]. The
WPPO flash points are below that of aviation fuel and neat diesel, and are
34◦C for PPO.

Three uniform and stable blends of each considered pyrolytic oil with
kerosene (Jet A) were prepared with 25%, 50%, and 75% wt. of PPO in
the blends. The samples were named describing the volume of waste plastic
pyrolysis oil in the Jet A blend, eg. PP25, PP50, PP75, and also PP100 as
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Table 5: Physical characterization of PP oil comparison with aviation fuel and pure diesel
fuel.

Property Jet A PPO Diesel [17]

Molecular weight (kg/kmol) 142 236.8 –

Chemical formula C10H22 C10,17H39,55

Density (kg/m3) 821 (at 15◦C) 767.7 840

Viscosity (cP) 1.5–2.6 (at 20◦C) 1.702 2.62 (at 40◦C)

HHV (MJ/kg) 43.28 44.7 42.9

Flash point (◦C) 42 34 59.5

Sulfur (wt. %) 0.3 – 0.00135

C (wt. %) 86.15 89.3 86.57

H2 (wt.%) 13.85 7.4 13.38

O2 (wt.%) 0.10 5.5 0.05

Aromatic content (wt.%) 26 0 29.6

pure PPO. The blends were chemically stable when stored in a refrigerator
and also at a room temperature. The oil samples were homogeneous and
transparent, their colour did not undergo visible changes even after several
weeks of room-temperature exposure.

4 Experimental facility of the miniature gas
turbine and research methodology

Given the high costs associated with experimental studies of gas turbines,
several research groups have opted to explore miniature gas turbine en-
gines [39, 40]. Research on small aircraft engines compared to stationary
gas turbines is characterized by limitations such as differences in scale, op-
erating regimes, and construction, which can affect the direct applicability
of results to larger systems. However, they also offer significant advantages,
including greater flexibility in testing various configurations and fuels, easier
accessibility for scientific and educational research, and faster adaptation
to new technologies. These aspects make research on small aircraft engines
a valuable tool in the development of engine technologies, despite their
limited direct comparability to large, stationary gas turbines [41,42].

The research presented in this paper was conducted using a JETPOL
GTM-140 gas turbine engine at the Institute of Fluid-Flow Machinery –
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Turbine Department, Polish Academy of Sciences in Gdansk. Figure 4 il-
lustrates a schematic diagram of the gas turbine, complete with designated
measurement points.

Figure 4: Gas turbine schematic diagram with measurement points [43]; T – temperature,
P – pressure, 1 – before compressor, 2 – before combustion chamber, 3 – before
turbine, 4 – after turbine; ma – air mass flow, mf – fuel mass flow.

The technical performance data for the GTM-140 miniature gas turbine en-
gine under consideration can be found in [26]. The GTM-140 is composed of
a single-stage centrifugal compressor, a single-stage axial turbine, and a re-
verse flow annular combustion chamber with six fuel injectors, all located
on the same shaft. The experimental setup was outfitted with measurement
instruments designed to capture flow and performance parameters of the
gas turbine, as well as emission levels. Table 6 compiles the details of these
measurements, providing the range of variation for the main parameters
and emission indices, inclusive of the measurement process.

The errors associated with recalculations of certain gas turbine param-
eters and emission indexes from the measured values were estimated with
the help of a method suggested by Moffat [44]. Errors were estimated on the
basis of minimum input values and accuracy of the measuring instruments.
For S – a function of independent variables (x1, x2, x3, . . . , xn), the error
of determination of the S function values can be found from equation

∂S

S
=
[(

∂x1
x1

)2
+
(

∂x2
x2

)2
+ · · · +

(
∂xn

xn

)2]0.5

. (1)

For example, in the case of thrust specific fuel consumption (TSFC), being
a ratio of the mass flow rate of fuel and thrust:

TSFC = ṁf

τ
, (2)
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Table 6: Gas turbine performance and emission measurements.

Measured parameter Range Unit Device/Sensor type Resolution Uncertainty

Temperatures of inlet/
exit compressor/turbine
sector (T1–T4)

0–1100 ◦C Thermocouple
K-Type 1◦C ±1◦C

Pressure of inlet/exit
compressor and turbine
sector (P1-P4)

P1 0–0.98
P2–P4 0–9.8 bar Digital pressure

transducers 0.01 bar ±1.0%

Static Thrust 0–200 N Strain gauges 1 N 1 mV/V

Fuel volumetric flow 0.5–100 LPH Oval-gear flowmeter 0.01 LPH ±0.5%

Rotational speed 0–200 000 rpm
Rotational speed
sensor – magnetic

pick-up
1 rpm ±0.5%

Gas emissions Range Unit Device/Sensor type Resolution Uncertainty

Oxygen 0–20.95 % Electrochemical 0.01% ±0.2% abs.
or 5% rel.

Carbon monoxide 0–5000 ppm Electrochemical 1 ppm ±5 ppm abs.
or 5% rel.

Nitric oxide 0–500 ppm Electrochemical 0.1 ppm ±5 ppm abs.
or 5% rel.

Sulphur dioxide 0–2000 ppm Electrochemical 0.1 ppm ±5 ppm abs.
or 5% rel.

the maximum uncertainty can be found from the formula taking into ac-
count percentage uncertainties of measurement devices as presented in Ta-
ble 6:

∂TSFC
TSFC =

(∂ṁf

ṁf

)2

+
(

∂τ

τ

)2
0.5

. (3)

From Eq. (2), the maximum error in the calculation of TSFC is equal to
0.35%. The errors connected with measured emission indexes for NOx and
CO were found to be 1.08% and 0.28%, thrust specific emission indexes for
NOx and CO – 1.43% and 0.64%, respectively.

Experimental data were recorded in stationary conditions, within the
range of 50 000 rpm to 100 000 rpm for pure aviation kerosene. Process
values for each rotational speed were registered upon the balancing of tem-
perature and flow in the engine. Initially, the engine was supplied with
base fuel, i.e. Jet A, then switched to alternative fuel without changing the
throttle settings. The experimental results are presented as line diagrams in
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a wide range of microturbine rotational speed, and also as stacked column
charts for selected rotational speeds. Within the applied rpm range, the
following operational data and indexes were analyzed: static thrust, fuel
consumption, TSFC and emission index values for CO, CO2, and NOx.

5 Gas turbine performance characteristics
Figure 5 presents the static thrust and fuel mass flow rate in the gas turbine
for all evaluated fuel compositions. These tests were conducted under the
same throttle settings as those used for Jet A-1. Given the lower density
and higher calorific value of pyrolysis plastic oil (PPO), the mass flow rate
of PPO blends exhibits a decrease when compared to aviation kerosene.

Figure 5: Static thrust and mass flow rate of fuel vs. turbine rotational speed
for the investigated PPO/JET A blends.

The static thrust for PPO/Jet A-1 blends exhibits a slight increase with
the volume share of PPO in the mixture across most of the turbine load.
However, conducting tests across the full speed range proved challenging
for PPO/Jet A-1 mixtures with a volume concentration of pyrolytic oil
exceeding 75%. As the concentration of PPO increased, engine instability
and shutdowns became more frequent. This instability accounts for the
absence of characteristic data for PP75 and PP100 at rotational speeds
exceeding approximately 80 000 rpm. Similar trends were noted in [28].
The thrust obtained in the test is similar, and the amount of fuel depends
mainly on the calorific value of the fuel used.
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Figure 6 illustrates the variation in thrust specific fuel consumption as
a function of the GTM-140 engine speed. The TSFC characteristic curves
for PPO/Jet A-1 blends fall below those determined for Jet A-1 across most
of the turbine performance characteristics. The most significant difference
between pure PPO and aviation kerosene (a TSFC reduction for pure PPO)
is observed at approximately 60 000 rpm, reaching 19%. The average TSFC
value for PP100 is 13.8% lower than the base fuel, a direct consequence of
the higher heating value of PPO fuel. A higher LHV of WPPO results in
a high heat release rate and improved combustion conditions, which has
a positive effect on TSFC of the engine. Similar findings were reported
in [26].

Figure 6: Thrust specific fuel consumption vs. turbine rotational speed
for the investigated PPO/Jet A blends.

Figure 7 presents a graph depicting the exhaust gas temperature (EGT) as
a function of speed. Across the entire speed range considered, EGT fluctu-
ates between 525◦C and 630◦C. For all tested mixtures, this temperature
decreases almost linearly with engine load, typically by 10–15◦C for every
approximately 10 000 rpm. This identified trend is characteristic of this type
of gas turbines [28,29]. The engine outlet temperatures for the PPO/Jet A-
1 blends are only marginally higher. From an operational perspective, these
differences are negligible, but they could potentially influence NOx emis-
sions.
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Figure 7: EGT vs. turbine rotational speed for the investigated PPO/Jet A blends.

6 Emission indexes
Upon obtaining emission concentrations in the gas exhaust, emission in-
dexes were determined for every harmful compound of exhaust gas. The
emission index for component (i) is the mass of that component related to
the mass of combusted fuel [45]:

EIi = mi, emitted

mf, burned
. (4)

The emission index is regarded to assess the combustion process effi-
ciency. For the process of hydrocarbon fuel combustion with air, the emis-
sion index can be determined for the concentrations of specific emission
components (molar fraction) together with all the components containing
an atom of carbon (C). Assuming that all carbon derived from the fuel was
transformed into compounds of CO2 and CO contained in exhaust fumes
(soot was disregarded), the emission index can be defined as [45]

EIi =
(

χi

χCO + χCO2

)(
xMWi

MWf

)
. (5)

The first part of the equation is represented by moles of component (i)
and carbon from the fuel, whereas the part in the second bracket serves
the purpose of the necessary conversion of C moles and fuel moles into
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mass units. The presented emission indexes are independent of possible
dilution of exhaust samples because the measured concentrations of exhaust
components appear as a ratio, so the measuring error is eliminated [45].
Another way of illustrating emissions is by means of thrust specific emission
indexes. The thrust specific emission indexes for NOx and CO represent the
amount of respective pollutants produced per unit turbine engine thrust [35,
46].

The emission index representing the volume of pollutants per unit of
static thrust generated by the engine is expressed as

EIi,τ =
(

χi

χCO + χCO2

)(
xMWi

MWf

)
ṁf

τ
. (6)

The emission index for nitrogen oxides in the function of turbine rotational
speed for the investigated PPO/Jet A blends, calculated based on molar
concentration in Eq. (5) is illustrated in Figure 8. The primary mecha-
nism for the formation of nitrogen oxides in this context is the Zeldovich
mechanism, also known as the thermal oxidation mechanism of neutral
atmospheric nitrogen in high-temperature gas regions. This process, pre-
dominantly endothermic, escalates in efficiency at temperatures exceeding
1577◦C, leading to a significant formation of NOx.

Figure 8: NOx emission index vs. turbine rotational speed for the investigated PPO/Jet A
blends.
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In the case of PPO/Jet A fuel blends, an observed increase in NOx emis-
sions is notable. This increase is attributed to the elevated temperatures
facilitating the Zeldovich mechanism, where nitrogen and oxygen atoms
react more readily to form nitrogen oxides. On average, across the entire
range of tested speeds, there is an increase in NOx emissions ranging from
24% for the PP25 blend to 30% for the PP100 blend. This data under-
scores the impact of fuel composition on NOx emission levels, influenced by
the intricate interplay of temperature, fuel composition, and combustion
dynamics. Other mechanisms of formation of nitrogen oxides are fuel (ni-
trogen in fuel), and prompt (in fuel-rich conditions), but thermal formation
is the main source of NOx emission in gas turbines.

The thrust specific NOx,τ emission index for the investigated micro gas
turbine fuelled by WPPO and Jet A blends found from Eq. (5) is depicted
in Figure 9. Comparable values of the TSFC for polypropylene pyrolysis
oil do not strongly affect the thrust specific NOx,τ emission of investigated
blends for almost the whole range of the tested turbine load. Averaging the
determined curves, the specific emission index for PP100 is greater than
that for Jet A only by 5.2%.

Figure 9: NOx,τ emission index vs. turbine rotational speed for the investigated
PPO/Jet A blends.

The CO emission index of the micro gas turbine in the function of tur-
bine rotational speed for the investigated PPO/Jett A blends is depicted
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in Figure 10. For the PPO/Jet A blends, the characteristics decrease with
the increasing rotational speed. The trend is not exactly clear with respect
to the share of PPO in the blend. It can be assumed that the CO emis-
sion index does not considerably vary with the share of PPO. Considering
definitely higher values of the molecular weight, density and viscosity for
PPO with respect to Jet A, similar emission values from those fuels can be
considered a satisfying result in the environmental context.

Figure 10: CO emission index vs. turbine rotational speed for the investigated PPO/Jet A
blends.

The COτ emission index taking into account the fuel efficiency for the in-
vestigated PPO/Jet A blends is illustrated in Fig. 11. The thrust specific
COτ emission index characteristics for PPO/Jet A blends seem to be lo-
cated slightly below those for Jet A kerosene by up to 5–10%, although
a few exceptions can also be noted. The research conducted suggests that
the emission rates of nitrogen oxides and carbon oxides are usually higher
(with an exception of COτ emissions for PPO) when using plastic pyrolysis
oils. The increase in emissions can be accepted as a method of utilization of
waste plastics and turning them into energy, since a large part of plastics
is not viable for recycling.
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Figure 11: COτ emission index vs. turbine rotational speed for the investigated
PPO/Jet A blends.

7 Conclusions

This study explores the potential of managing plastic waste through its
thermal conversion via pyrolysis, leading to the production of waste plas-
tic pyrolysis oil (WPPO). This approach focuses on utilizing the resultant
liquid fuel in powering gas turbine engines, in conjunction with aviation
kerosene. WPPO represents a readily available fuel source, its abundance
underpinned by the prevalence of non-recyclable waste.

Building on this, the research extends to examining pyrolytic oil derived
specifically from polypropylene. Despite the general challenge of higher
emissions associated with this type of pyrolytic oil, its use in micro gas
turbines is considered acceptable, primarily due to its origin as a recycling
by-product of polypropylene waste, which is otherwise difficult to process.
This aspect of the study highlights the environmental benefits of converting
challenging waste materials into valuable energy resources.

The combined approach of this research provides valuable insights into
sustainable energy solutions, particularly in the management of non-recyc-
lable plastic waste. The properties of WPPO, along with its viability as an
alternative fuel, offer a promising avenue for reducing harmful emissions
and pollutants. To further align with the future fuel requirements of com-
mercial combined heat and power (CHP) systems, additional testing with
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modern recuperative gas turbines can be envisioned. This holistic approach
to waste management and energy utilization underscores the importance of
innovative and sustainable practices in addressing environmental concerns.

The molecular weight of the derived polypropylene oil (PPO) was deter-
mined to be 236.8 g/mol, in contrast to the molecular weight of kerosene
at 142 g/mol. The heating value of PPO surpasses that of Jet A by 3.3%,
while its flash point is lower at 34◦C. The density of the tested fuels was
measured at 767.7 kg/m3 for polypropylene oil.

Several fuel blends of polypropylene oil with aviation kerosene Jet A were
prepared, incorporating 25%, 50%, 75%, and 100% PPO. The impact of the
proportion of pyrolytic oil in PPO/Jet A fuel blends on the performance
and emission characteristics of a miniature gas turbine GTM-140 was ex-
amined experimentally. The findings are presented as graphs of exhaust
turbine temperature, fuel flow, static thrust, thrust specific fuel consump-
tion (TSFC), and thrust specific emissions of NOx,τ , COτ , measured across
a broad range of micro gas turbine loads.

Drawing from the experimental results obtained from the micro gas tur-
bine engine facility, the following conclusions can be made:

• Overall, the micro gas turbine engine when powered by polypropy-
lene oil demonstrated superior thermal efficiency (expressed via thrust
specific fuel consumption), attributable to its higher calorific value.
TSFC for PPO/Jet A blends generally decreased relative to pure
Jet A across most characteristics, with the greatest difference be-
tween pure PPO and aviation kerosene (a decrease in TSFC for pure
PPO) observed at 60 000 rpm, reaching 19%. The average increase
in thermal efficiency for pure PPO relative to Jet A was determined
to be 13.8%.

• The gas turbine engine outlet temperatures for PPO/Jet A blends
were marginally higher compared to pure Jet A.

• The incorporation of propylene oil (PPO) led to an increase in NOx

emissions, although the largest average increase of the thrust specific
NOx index observed for pure PPO relative to pure Jet A did not
exceed a modest 5%.

• For PPO/Jet A blends, the thrust specific COτ emission index was
typically slightly lower by up to 5–10% in comparison to Jet A kerosene,
although a few deviations from this trend were also noted.
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• Polypropylene oil emerges as an attractive option, considering its su-
perior thermal efficiency (by 13.8%), marginally lower thrust specific
COτ emission, and a mere 5% increase in thrust specific NOx,τ emis-
sion relative to those of Jet A.

A critical element connecting all research on turbine and combustion en-
gines utilizing these types of fuels is the intricate and essential fuel prepa-
ration process. This process typically necessitates sophisticated techniques,
such as advanced filtration, distillation, or refining systems, to ensure the
fuel meets the necessary quality standards for efficient and clean combus-
tion. The complexity and efficacy of these preparation methods play a piv-
otal role in determining the overall performance and environmental impact
of using these fuels in gas turbines. As such, ongoing and future research
should also focus on optimizing these preparation techniques to enhance the
viability and sustainability of plastic-derived and other alternative fuels in
energy production.
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