Jurnal Polimesin

Department of Mechanical Engineering

State Polytechnic of Lhokseumawe
http://e-jurnal.pnl.ac.id/polimesin

e-ISSN
p-ISSN

: 2549-1999 No. 11
: 1693-5462 Volume :24

Month : February
Year :2026

Processing dates: received on 2026-01-03, reviewed on 2026-2-20,
accepted on 2026-02-22 and online availability on 2026-02-28

Evaluation of diesel engine performance and emissions
fueled with waste cooking oil biodiesel-plastic pyrolysis
oil blends.

Amanu Aulia'”, Ilmi Abdullah', Abdi Hanra Sebayang?
"University of North Sumatra, Medan 20154, Indonesia
’Department of Mechanical Engineering, Medan
Polytechnic, Medan 20155, Indonesia

*Corresponding author: auliaamanu202@gmail.com

State

Abstract

The depletion of petroleum reserves, rising fossil fuel demand, and
increasing plastic waste pollution highlight the need for alternative
fuels. This study investigated the performance and exhaust
emissions of a direct-injection diesel engine fueled with waste
cooking oil biodiesel blended with plastic pyrolysis oil at
concentrations of 5%, 10%, 15%, and 20% (B+AS to B+A20).
Biodiesel was produced through degumming, esterification, and
transesterification, while plastic pyrolysis oil was obtained via
thermal cracking. Engine tests under a constant load across a range
of engine speeds evaluated brake power, brake-specific fuel
consumption (BSFC), brake thermal efficiency (BTE), and exhaust
emissions. The results indicate that increasing the proportion of
plastic pyrolysis oil improved engine performance compared to
pure biodiesel. The B+A20 blend provided the best overall
performance, with 44.4% higher power output, 39.6% higher BTE,
and 30% lower BSFC than biodiesel, although performance
remained below conventional diesel. Regarding emissions, B+A20
reduced CO by 16.3% relative to biodiesel and slightly reduced
CO:2 (<1%), while NOx increased by 59.7%, highlighting a trade-
off between improved performance and NOx control. Overall,
blending waste cooking oil biodiesel with plastic pyrolysis oil
enhances renewable fuel performance and valorizes plastic waste,
but further measures are needed to mitigate NOx emissions.
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1 Introduction

The challenges in meeting global energy needs are projected to
become increasingly complex due to population growth and rising
energy demand in the transportation and industrial sectors.
Currently, more than 80% of the world's primary energy supply still
depends on fossil fuels such as oil, natural gas, and coal [1]. This
dependence persists because fossil fuel-based technologies are
considered more efficient and well-established than alternative
energy systems [2]. However, the limited availability of fossil fuel
reserves and the environmental impacts of their combustion pose
serious socioeconomic and environmental challenges. As a result,
extensive research efforts have focused on biodiesel as a sustainable
alternative to conventional diesel fuel [3—5]. In addition, the demand
for petroleum as a refinery input is projected to increase
significantly, while limited domestic supply continues to drive
dependence on imported fuels, including diesel [6].

In parallel with energy-related challenges, the rapid growth in
plastic consumption since its invention in 1907 has created a major
environmental problem [7]. The favorable properties of plastic,
including durability, flexibility, and low cost, have led to its

widespread use across industrial and household applications.
Consequently, global plastic consumption has reached hundreds of
millions of tons annually and is expected to continue increasing [8].
In Indonesia, plastic waste accounts for approximately 14% of total
waste generation [9].
contributes to severe environmental pollution in soil, water, and
marine ecosystems, as well as increased carbon emissions from
landfilling and open burning.

Improper management of this waste

From the perspective of hydrocarbon composition, plastic waste

offers strong potential as an alternative energy source. Pyrolysis can
thermally decompose plastic materials into liquid fuel under oxygen-

free conditions at around 400 °C [10,11]. Previous studies have

reported that plastic pyrolysis oil can be utilized in compression-

ignition engines, either as a primary fuel or blended with
conventional diesel [12,13]. However, the direct use of plastic

pyrolysis oil is often associated with relatively high emissions of
nitrogen oxides (NOx) and carbon monoxide (CO), raising concerns
regarding its environmental performance [14].

On the other hand, biodiesel derived from waste cooking oil has
been extensively investigated as a renewable and environmentally
friendly fuel. Despite its advantages, waste cooking oil biodiesel
generally exhibits lower engine performance and higher fuel
consumption compared to fossil diesel. Therefore, integrating plastic
pyrolysis oil as a biodiesel additive offers a promising synergistic
solution to mitigate the limitations of both fuels. Nevertheless, most
existing studies have focused either on biodiesel alone or on plastic
pyrolysis oil blended with fossil diesel. Research that systematically
examines the integration of waste cooking oil biodiesel with plastic
pyrolysis oil as an additive, particularly with respect to engine
performance and exhaust emissions across different blend ratios,
remains very limited. Accordingly, the present study aims to address
this research gap by evaluating the performance and emission
characteristics of a direct-injection diesel engine fueled with blends
of waste cooking oil biodiesel and plastic pyrolysis oil. This
approach integrates two major waste streams into a single fuel
system and provides new insights into the development of
sustainable alternative fuels while highlighting the associated
performance improvements and emission trade-offs.

2 Research methodology

2.1 Material preparation and characterization of biodiesel fuel
The biodiesel used in this study was produced from waste

cooking oil biodiesel (WCOB) collected from local food vendors.
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Fig. 1. Flowchart of diesel engine performance and emission
analysis using biodiesel—plastic pyrolysis oil blends.

Prior to conversion, the waste cooking oil was filtered and
characterized for free fatty acid (FFA) content, water content, and
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density, as these parameters critically influence the esterification and
transesterification processes. Analytical-grade chemicals, including
sulfuric acid (H2SO.), methanol (CHsOH, >99.5% purity), and
sodium hydroxide (NaOH, >98% purity, pellets), were used during
biodiesel production, while waste cooking oil served as the primary
feedstock.

The characterization results were used to determine suitable
reaction conditions and to ensure that the produced biodiesel met the
requirements for subsequent fuel blending, engine performance, and
exhaust emission testing. The overall experimental workflow of the
study, including feedstock preparation, biodiesel and plastic
pyrolysis oil production, fuel blending, and engine testing, is
summarized in the flowchart shown in Fig. 1.

2.1.1 Biodiesel production process

Waste cooking oil biodiesel (WCOB) was produced from used
cooking oil collected from local food vendors. The oil was filtered
and heated at approximately 105 °C to remove moisture, and its free
fatty acid (FFA) content was analyzed prior to processing. Due to the
relatively high FFA level, a two-step process comprising
esterification followed by transesterification was used.

During esterification, the oil was reacted with methanol at a 6:1
(methanol: oil) molar ratio, using 1% (v/v) sulfuric acid (H2SO4) as
the catalyst at around 60 °C for 60 minutes under continuous stirring.
The transesterification step was then conducted using 1% (wW/w)
sodium hydroxide (NaOH) as the catalyst with a 6:1 methanol-to-oil
ratio, at approximately 60 °C for 60 minutes. After the reaction, the
mixture was allowed to settle for phase separation, and glycerol was
removed. The crude biodiesel was washed with warm distilled water
until neutral, then dried by gentle heating at about 105 °C to remove
residual moisture.

2.1.2 Fuel characterization

The produced biodiesel (WCOB), conventional diesel fuel, and
biodiesel-waste plastic pyrolysis oil blends (B+AS5, B+A10, B+A15,
and B+A20) were characterized prior to engine testing. Key fuel
properties, including calorific value, density, and viscosity, were
determined using standard laboratory methods to ensure fuel quality
and consistency. The measured fuel properties were used to support
the analysis of engine performance and exhaust emission
characteristics.

2.2 Preparation of plastic waste oil

The collected plastic waste was first cleaned to remove adhering
particles such as dust and sand, then dried to eliminate moisture, and
subsequently shredded to reduce particle size. The plastic feedstock
consisted of a mixed composition of low-density polyethylene
(LDPE), polyethylene (PE), and polystyrene (PS). The shredded
plastics were subjected to fast pyrolysis in a 2 L-capacity reactor
heated by the conventional combustion of unused wood branches.
The process temperature was maintained between 450 °C and 550
°C, with the heating rate controlled to ensure complete thermal
decomposition. Upon reaching the target temperature, the plastic
material began to decompose, and the generated volatile compounds
were condensed into liquid form through a condensation system. The
resulting liquid fuel, hereafter referred to as waste plastic pyrolysis
oil (WPPO), was collected in a 1 L glass container. The yields of
WPPO, solid residues, and their physical characteristics are
summarized in Table 1.

Table 1. Results of the plastic waste pyrolysis process
Mass

Plastic Pyrolysis

Waste Type _ Oil (%) Solid (%) 1y  Color

LDPE 56 10 2 Black

PE 62 12.2 2 Yellow

PS 70 3 2 Dark brown
Mixture 47 25 2 Clear yellow

As shown in Table 1, polystyrene produced the highest oil yield
at 70%, whereas the mixed plastic feedstock yielded the lowest oil

fraction at 47% and generated the largest proportion of solid
residues. Variations in oil color indicate differences in hydrocarbon
composition and impurity content among the feedstocks. To improve
WPPO quality prior to blending, the liquid collected from the
condenser outlet was filtered using filter paper to remove residual
impurities. The appearance of the filtered WPPO obtained from
different plastic feedstocks is shown in Fig. 2.

polystyrene (PS, orange brown), (B) polyethylene (PE, dark brown),
(C) mixed plastic (clear yellow), and (D) low-density polyethylene
(LDPE, black).

The waste plastic pyrolysis oil (WPPO) was subsequently
blended with waste cooking oil biodiesel (WCOB) at volumetric
ratios of 95:5, 90:10, 85:15, and 80:20, designated B+AS5, B+A10,
B+A15, and B+A20, respectively. In these designations, B
represents WCOB, and A represents WPPO, with the numerical
value indicating the volumetric percentage of WPPO in the blend.
Fuel blending was carried out using an electric stirrer for
approximately 10-15 minutes, followed by storage for 24 hours to
ensure homogeneity. Prior to engine testing, each fuel blend was
characterized for its calorific value.

2.3 Diesel engine performance and emission testing

Diesel engine performance and emission testing requires a
controlled experimental setup to ensure data accuracy and
reproducibility. In this study, engine power, brake-specific fuel
consumption (BSFC), brake thermal efficiency (BTE), and exhaust
emissions, including carbon monoxide (CO), carbon dioxide (COz),
and nitrogen oxides (NOx), were evaluated through the integrated
operation of the fuel supply system, cooling system, dynamometer,
and exhaust gas measurement instruments. A  schematic
representation of the experimental configuration, showing fuel flow
and data-acquisition points, is shown in Fig. 3.

-

Test Engine

Tachometer |

Wi

Dynamometer |

Fig 3. Schematic diagram of the engine testing setup

All fuel blend tests were conducted using a fully preheated
engine to achieve stable operating conditions. A reference fuel
volume of 8 mL was used for each test cycle, and the elapsed time
was measured with a stopwatch. Engine performance measurements
were performed using a dynamometer under a constant load of 2 kg,
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with cooling water supplied through the engine testing unit to
maintain consistent operating temperatures.

Experiments were conducted at engine speeds of 1500, 1800,
2100, 2400, and 2700 rpm for all fuel samples. The results were
compared with those obtained using neat biodiesel (B100) and
conventional diesel fuel. All measurements were conducted in
duplicate to ensure data reliability. Performance parameters,
including brake power, brake thermal efficiency (BTE), brake-
specific fuel consumption (BSFC), and exhaust emissions (CO, COx,
and NOx), were recorded using calibrated instrumentation and gas
analyzers integrated with the engine testing setup. The specifications
of the diesel engine used in this study are summarized in Table 2.

Table 2. Specifications of the diesel engine

Parameter Specification

Engine Type ROBIN - FUJI DY23D
Number of Cylinders 1

Bore x Stroke 70 mm x 60 mm
Displacement 230 cm?

Fuel Injection Timing 239 BTDC

Maximum Power 3.5 kW/3600 rpm
Maximum Engine Speed 3600 rpm

Compression Ratio 21:1

Dry Weight 45 kg

3 Result and discussion

3.1 Characterization of waste cooking oil biodiesel and plastic
waste oil

3.1.1 Basic physicochemical properties

Fuel characterization is essential to ensure compliance with
quality standards, as properties such as density, kinematic viscosity,
calorific value, cetane number, and sulfur content directly affect
combustion and emission behavior. In this study, biodiesel produced
from waste cooking oil and oil derived from plastic pyrolysis was
analyzed and compared with the Indonesian National Standard (SNI
7182:2015). The comparative results of these fuel properties with the
national standard are summarized in Table 3.

Table 3. Fuel characteristics based on Indonesian National Standard
(SNI 7182:2015)

No Test WCOB WPPO SNI  Unit E,f;fggce
T P& - 100 ccMin Pt
2. Viscosity 4.4775 1.58 2.3-6.0 mm?/s gg;}\:
3. Density 85815 8119  850-890 kg/m? gg;}\:
4 \C/leﬁrelﬁc 39965 45274 46200  J/g g;}é\ﬂ

The characterization of the test samples in this study revealed that
the flash point, kinematic viscosity, and density of biodiesel derived
from waste cooking oil (WCQO) complied with the requirements of
SNI 7182:2015, while the calorific value was close to the standard.
Biodiesel from waste plastic oil exhibited overall properties
approaching the standard, but its lower viscosity and density could
potentially impact the Brake Specific Fuel Consumption (BSFC)
[15]. Furthermore, the physicochemical properties of biodiesel
produced from WCO, and sunflower oil indicated only minor
differences. Specifically, the density of WCO-based biodiesel was
870 kg/m?, compared to 873 kg/m*® for biodiesel from fresh
sunflower oil, a difference that can likely be attributed to their similar
molecular structures [16].

3.1.2 Calorific value of biodiesel and blended fuels

The calorific value is a crucial indicator of a fuel's energy
potential. In this study, the higher heating value (HHV) and lower
heating value (LHV) were determined for pure waste cooking oil
(WCO) biodiesel and for biodiesel blended with plastic pyrolysis oil
(WPPO) at varying proportions. As shown in Table 4, the addition
of WPPO increased both HHV and LHYV, indicating improved
energy density of the blended fuels.

Table 4. Calorific values of waste cooking oil (WCO) biodiesel and
WPPO blends.

No Fuel Sample HHV (J/g) LHV (J/g)

1. WCO Biodiesel 100% (B100) 39.965 36.725
WCO Biodiesel 95% + WPPO 5%

2. (B+A5%) 40.062 36.822
WCO Biodiesel 90% + WPPO

3. 10% (B+A10%) 40.695 37.455
WCO Biodiesel 85% + WPPO

4, 15% (B+A15%) 40.744 37.504

o o
5 WCO Biodiesel 80% + WPPO 40.806 37566

20% (B+A20%)

As shown in Table 4, pure WCO biodiesel exhibited the lowest
calorific value at 39,965 J/g. The addition of WPPO progressively
increased the calorific value, reaching its highest level at a blend of
WCO 80% + WPPO 20%, with a value of 40,806 J/g. This trend
indicates that WPPO acts as an effective additive in enhancing the
energy content of biodiesel. The results also confirm that higher
proportions of WPPO lead to greater energy yield per unit mass of
fuel, suggesting that WCO-WPPO blends have the potential to
deliver improved combustion performance compared with pure
biodiesel.

3.1.3 Characterization of plastic pyrolysis oil compared with
fossil fuels

Plastic pyrolysis oils obtained from LDPE, PE, PS, and mixed
plastic feedstocks were characterized and compared with
conventional fossil fuels (gasoline and diesel). As presented in Table
4, the calorific values of pyrolysis oils were generally higher than
those of gasoline and close to those of diesel, while viscosity and
density values ranged between those of gasoline and diesel. This
indicates their potential as blending components for alternative fuels.

Table 5. Properties of plastic pyrolysis oils compared with fossil
fuels

Properties Mixed LDPE PE PS Gasoline  Diesel
Calorific

value 45274 44053 45925 42795 47300  46.500
(kl/kg)

X}f)comy 0.7292  0.9584 1.0199 12916 0.652 2.000
Density 276 8379 8185 8119 7750 807.0
(kg/m?)

The highest calorific value of plastic pyrolysis oil was obtained
from PE (45.925 kJ/kg), while the lowest was from PS (42.795
kJ/kg), with an average of 44.047 kJ/kg. The calorific values of PE
and Mixed oils were close to that of diesel (46.5 kJ/kg), whereas
LDPE and PS showed lower values. The oils still contained fine
particles that required further filtration, and PE oil tended to solidify
upon standing, unlike Mixed oil, which remained liquid.
Consequently, the Mixed plastic pyrolysis oil was selected as the
most suitable additive for WCO biodiesel.
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3.2 Performance characteristics of the engine
3.2.1 Brake Power (Shaft Power Output)

Brake power is the effective power at the engine shaft, often
called shaft power, and corresponds to the usable power available to
overcome the applied load. This parameter is a crucial indicator of
engine performance because it reflects the actual power delivered by
the engine after accounting for mechanical losses. Brake power can
be expressed mathematically as:

2nnT
60X1000

Pp = 6]
where

P : brake power (kW),

n : engine speed (rpm),

T: torque (Nm).

The wvariation in brake power for different fuel blends,
specifically biodiesel-waste plastic oil (WPO) blends and
conventional diesel fuel, was evaluated using a single-cylinder,
direct-injection diesel engine. The comparative brake power results
under various engine operating conditions are presented in Fig. 4.

Power (kW)
—_——
—p | 1%
=).( B+A10
JA — e [ A S

1800 2100 400 TN

Engine Speed (rpm)
Fig 4. Brake power versus engine speed

The maximum brake power was obtained with diesel fuel at
0.9891 kW. In comparison, B100, B+WPOS5, B+WPOIO0,
B+WPO15, and B+WPO20 exhibited reductions of 48.57%,
48.57%, 48.57%, 31.42%, and 25.71%, respectively. The
incorporation of waste plastic oil into biodiesel was observed to
improve brake power relative to neat biodiesel, although the
enhancement remained moderate.

In general, brake power increased with engine speed, reaching a
maximum at 2700 rpm, then declined at higher biodiesel proportions.
This reduction in power output can be attributed to increased fuel
viscosity, higher flow resistance, and less effective air—fuel mixing,
which adversely affect fuel atomization and combustion efficiency
[17-19]. Conversely, higher fuel viscosity may reduce internal
leakage in the fuel injection pump [20]. Additionally, the increased
fuel mass flow rate partially compensates for the lower calorific
value of biodiesel-WPO blends [21,22]. Overall, although
biodiesel-WPO blends exhibit lower brake power than diesel fuel,
the addition of waste plastic oil helps maintain more stable engine
performance compared to neat biodiesel.

3.2.2 Brake thermal efficiency (BTE)

The useful work produced by an engine is always lower than the
total energy generated by the piston due to unavoidable mechanical
losses. From an economic perspective, it is therefore essential to
maximize the useful work that can be obtained from the combustion
of a given amount of fuel. When the brake power (PB) is expressed
in kW and the fuel mass flow rate (mmf) in kg/h, the brake thermal
efficiency can be determined using the following equation:

PB
mg.CV

nb = x 3600 2)

where:

nb : brake thermal efficiency (dimensionless, often expressed in %)
Pp : brake power (W),

m'f : fuel mass flow rate (kg/h),

CV : calorific value of the fuel (kl/kg).

Brake thermal efficiency is the engine's ability to convert the
thermal energy released during fuel combustion into useful
mechanical output. The variation of BTE with engine speed for
biodiesel-waste plastic oil (WPO) blends and diesel fuel is
illustrated in Fig. 5

Brake Thermal Efficiency (BTE)

40 —0—B+A20

2 —8—B+Al5

s20 = —0 B+A10
0 —0—DB+AS5

1500 1800 2100 2400 2700
Engine Speed (rpm)

B100

Fig 5. Brake thermal efficiency versus engine speed

The experimental results show that BTE increased with engine
speed and reached its maximum at 2700 rpm. The highest BTE was
achieved with diesel fuel (29.03%), which was approximately 13%
higher than that of B+WPO15 (16.52%). The maximum BTE values
for B+WPO20, B+WPO10, B+WPO5, and B100 were 15.97%,
12.60%, 11.88%, and 11.44%, respectively, all of which were lower
than that of diesel fuel. The improvement in BTE observed in
biodiesel-WPO blends relative to neat biodiesel is primarily due to
WPO's higher calorific value. Previous studies on diesel engines
fueled with waste frying oil methyl ester (WFOME) have reported a
decrease in BTE with increasing biodiesel content, with B50
exhibiting a 6.5% reduction compared to diesel [23]. Similarly,
increasing the proportion of waste plastic oil in diesel-based blends
has been reported to reduce BTE due to higher density and viscosity
relative to diesel fuel, which are linked to the dominance of heavier
hydrocarbon chains (C15—-C30) and the greater energy required to
break aromatic bonds [24,25]. Furthermore, blending waste cooking
oil biodiesel with diesel significantly influences spray atomization,
flame stability, and temperature distribution in diffusion combustion,
thereby affecting overall combustion efficiency and BTE [26]. The
combined effects of lower calorific value, higher exhaust gas
temperature, and higher heat release rates accelerate heat losses,
ultimately leading to reduced BTE in WPO-containing fuel blends
[27].

3.2.3 Brake specific fuel consumption (BSFC)

Brake Specific Fuel Consumption (BSFC) is a crucial parameter
for assessing the impact of fuel blend variations on diesel engine
performance [28]. BSFC values tend to increase when two fuels with
differing calorific values and densities are blended. The relationship
between BSFC and engine speed for each fuel condition is shown in
Fig. 6.

BSF(

w1~ A 21
1601
- el B+ A 15
-
220 BeALD
o —p— 1 A &

—s 13 | ()

Solar

‘‘‘‘‘

Engine Speed (rpm)

Fig 6. Relationship between brake specific fuel consumption and
engine speed
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The results indicated that BSFC for B+A20, B+A15, B+A10,
B+AS, and B100 increased by 48.14%, 43.45%, 88.39%, 103.2%,
and 111.6%, respectively, compared to conventional diesel fuel (405
g/kWh). A decrease in BSFC was observed for all tested fuels as
engine speed increased from 1500 to 1800 rpm, then rose slightly to
2100 rpm, and subsequently declined. Diesel fuel consistently
exhibited the lowest BSFC across all engine speeds compared to
biodiesel blended with pyrolysis plastic oil additives. Overall, an
increase in average engine speed led to a reduction in BSFC,
attributed to shorter combustion duration and faster fuel
consumption. Additionally, increasing the proportion of plastic
waste oil additives in biodiesel reduced BSFC. This effect is
associated with higher calorific values, increased biodiesel viscosity,
and slower air—fuel mixing rates.

Brake-specific fuel consumption (BSFC) increased with a higher
WFOME content in the fuel blend, consistent with previous studies
that reported a higher proportion of waste frying oil methyl ester
(WFOME) in the mixture leads to greater BSFC increases, with BS0
reaching up to 12.98% under certain operating conditions [29].
Similarly, BSFC for waste cooking oil biodiesel (WCOB) blends
also increased with increasing biodiesel content, resulting in higher
BSFC for B10, B20, and B30 than for ULSD, as the lower calorific
value of biodiesel required the engine to consume more fuel to
produce the same power [30]. Among the tested fuels, BSFC
increased with higher WCOB blend ratios. On average, BSFC rose
by approximately 0.4-4% for WCOB5, WCOB10, WCOB20, and
WCOB30 blends. The higher BSFC for biodiesel blends is primarily
due to biodiesel's lower calorific value. However, this increase is
partially offset by the higher biodiesel density in the volumetric
injection system, which reduces the difference in volumetric fuel
consumption between diesel and biodiesel. Furthermore, the increase
in BSFC with higher WCOB content is related to the greater density
of the biodiesel blends, as well as the kinematic viscosity, which
affects atomization and slows the fuel—-air mixing rate [31].

3.3 Exhaust gas emissions
3.3.1 Carbon monoxide (CO) concentration analysis

Carbon monoxide (CO) is formed from the reaction between
carbon and oxygen as a product of incomplete combustion. CO is
colorless, odorless, and tasteless, yet highly toxic. This gas is
generated when the engine operates with a fuel—air mixture that is
rich in fuel [32]. CO is produced when the carbon content of the fuel
(approximately 85% by weight, with the remainder hydrogen)
undergoes incomplete combustion due to insufficient oxygen. This
condition typically occurs when the fuel-air mixture is richer than
the stoichiometric ratio, such as during idling at low load or at
maximum output. Carbon monoxide cannot be eliminated under rich
mixture conditions, whereas CO formation does not occur in lean
mixtures. The CO emissions observed in this study are presented in
the graph shown in Fig 7.

CO

Engine Speed (rpm)

Fig 7. CO Emission versus engine speed

As shown in Fig 7, the minimum CO emissions were observed at
an engine speed of 2700 rpm. For the test fuels B100, B+AS, B+A10,

B+A15, and B+A20, CO emissions decreased by 32.49%, 29.7%,
17.93%, 8.29%, and 35.87%, respectively, compared to diesel fuel
(747 ppm), which exhibited the highest CO concentration. Although
CO emissions fluctuated with different additives, increasing engine
speed generally reduced CO levels across all fuels. [33] Found that
B30, the use of a fuel preheater, reduced fuel consumption by 20%
and CO emissions by 7.6%, indicating that both fuel blending and
technical engine modifications are effective strategies for reducing
CO emissions. The higher CO concentrations in some blends were
attributed to elevated fuel consumption and the presence of non-
oxygenated compounds in plastic waste oil, which hindered
complete combustion. Moreover, CO emissions were influenced by
combustion temperature, air—fuel ratio, fuel physicochemical
properties, oxygen deficiency at higher engine speeds, and limited
time for complete oxidation [34]. CO emissions are also highly
dependent on the air—fuel ratio relative to the stoichiometric
proportion and the combustion performance in gasoline engine
cylinders. When the air—fuel ratio shifted from rich to lean (A
increasing from 0.85 to 1.2), CO emissions drastically decreased to
about one-tenth of the initial values, and under lean conditions (A >
1), CO remained low due to the abundance of oxygen for complete
oxidation [35].

3.3.2 Carbon dioxide (CO:) concentration

CO: is naturally present in the environment and is a key product
of hydrocarbon combustion. They are considered an important
parameter for evaluating the effects of different fuel blends on diesel
engine performance [36]. The CO: emission results obtained in this
study are presented in Fig 8.

CO,

1500 S0 100 400 *JOU

Engine Speed (rpm)
Fig 8. CO: Concentration versus engine speed

Based on the data, the peak CO: emissions occurred at an engine
speed of 2700 rpm. For the test fuels B+AS, B+A10, B+A15, and
B+A20, CO: levels were lower by 0.21%, 0.33%, 0.13%, and 0.69%,
respectively, compared to diesel fuel (2.23%), which exhibited CO:
concentrations close to those of biodiesel (2.26%). The results
indicate that adding additives to biodiesel can significantly reduce
CO: emissions, likely due to the enhanced calorific value, which
improves combustion efficiency. In contrast, [37] reported a slight
increase in NO and CO- emissions when biodiesel was blended with
a fuel-borne catalyst (FBC) compared to biodiesel under optimized
operating conditions. Consistently, lower CO: emissions were
observed for biodiesel without FBC across various operating
conditions, attributed to its lower carbon content [38]. Moreover, a
smaller reduction in CO: emissions was noted when antioxidants
such as BHA and BHT were incorporated into the B20 blend [39].

3.3.3Nitrogen oxides (NOx) emissions

NOx emissions represent a critical performance indicator for
oxygenated fuels, as the fuel's oxygen content strongly influences
them. The formation of NOx is governed by the complex interactions
between air and fuel in the combustion chamber, as well as the local
oxygen concentration and in-cylinder temperature [40]. The
observed fluctuations in NOx concentrations under different test
conditions are illustrated in Fig 9.
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Fig 9. NOx Emissions versus Engine Speed

As shown in the data, peak NOx emissions occurred at 2700 rpm.
For the test fuels B100, B+AS5, B+A10, B+A15, and B+A20, NOx
levels increased by 30.86%, 7.00%, 1.23%, 6.17%, and 59.67%,
respectively, compared to diesel fuel (81 ppm), which exhibited the
lowest NOx concentration. Between 1500 and 2400 rpm,
fluctuations in NOx emissions were observed for biodiesel blended
with plastic waste oil additives, with certain engine speeds exhibiting
lower NOx levels than those of diesel. The subsequent increase in
NOx for the plastic waste oil additives is attributed to higher in-
cylinder pressures and ignition delays, which enhance heat release
compared to diesel fuel. Additionally, the higher aromatic content in
plastic waste oil increases the adiabatic flame temperature, further
enhancing heat release and increasing NOx formation in the exhaust.
The test fuels showed a general trend of increasing NOy emissions
with rising engine speed, indicating improved combustion efficiency
at higher speeds. The elevated NOy emissions observed for plastic
waste oil additives and their blends were primarily associated with
the higher premixed combustion rate of these fuels. [41] Found that
blending kerosene with diesel and biodiesel reduces fuel viscosity
and density, increases the calorific value, and decreases emissions of
CO., CO, HC, particulates, and opacity. However, the use of
biodiesel tends to increase NOy emissions, mainly because of its
higher oxygen content, which elevates combustion temperatures and
consequently promotes NOy formation.

NOx emissions are generally higher for biodiesel due to its
chemically bound oxygen content, which promotes NOx formation
[42]. In addition, the increase in NOx emissions can be attributed to
higher adiabatic flame temperatures. Biodiesel typically contains a
higher proportion of unsaturated fatty acids, leading to elevated
adiabatic flame temperatures that further enhance NOx formation
[43]. Moreover, the combination of higher oxygen content, higher
in-cylinder temperatures, and longer residence times results in higher
NOx emissions from biodiesel than from conventional diesel across
almost all engine speeds [44].

4 Conclusion
In summary, the study demonstrates that blending waste plastic

pyrolysis oil with waste cooking oil biodiesel (B+A20) can enhance

engine performance and reduce certain emissions, while highlighting
some trade-offs that require further attention:

1. The B+A20 blend significantly improved engine performance
compared to neat biodiesel, with a 44.4% increase in power
output, a 39.6% increase in brake thermal efficiency (BTE), and
a 30% reduction in brake-specific fuel consumption (BSFC).
Performance, however, remained lower than conventional diesel.

2. The addition of waste plastic pyrolysis oil improved the
combustion characteristics of biodiesel, contributing to better
BTE and lower BSFC, in line with the measured experimental
data.

3. The B+A20 blend reduced CO emissions by 16.3% compared to
biodiesel and 40.4% compared to diesel, while CO: emissions
decreased slightly (<1%), indicating cleaner combustion.

4. NOx emissions increased by 59.7% compared to diesel,
highlighting the trade-off between enhanced performance and
NOx control.

Overall, B+A20 demonstrates potential as an alternative fuel that
supports circular energy systems by valorizing plastic waste. Future
research should focus on mitigating NOx emissions using strategies
such as exhaust gas recirculation (EGR), aftertreatment
technologies, or testing under varying engine loads and operating
conditions.
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