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Abstract: Managing waste plastic is becoming a severe challenge. The industry and researchers have
been looking at various opportunities in line with circular economy principles for effective plastic
waste management. In that context, plastic waste valorization to oil as a substitute to fossil fuel
has gained recent attention. In the literature, there exist few studies showing the use of oil derived
from waste plastics in blends with other conventional fuels in compression ignition (CI) engines;
however, studies on CI engines that use 100% waste-derived fuels are limited. Additionally, the
exhaust gas recirculation (EGR) concepts and the use of nano-coated chambers (like pistons, valves
and cylinders heads) have been gaining interest purely from the engine performance enhancement
perspective in recent years. Therefore, this study investigates engine performance by combining
exhaust gas from the EGR technique and waste plastic oil (WPO) as inputs, followed by thermal
coatings in the CI engine chambers for performance enhancement. The experimental setup of the
engine is developed, and the engine’s piston, valve and cylinder heads are coated with Al2O3-SiO4

material. The CI engine’s energy, emission, and combustion characteristics are tested, followed by a
scenario analysis compared with diesel-only fuel. The tested scenarios include a WPO + Al2O3-SiO4,
WPO + Al2O3-SiO4 + 10% EGR, and WPO + Al2O3-SiO4 + 20% EGR. The results show that the piston
crown’s thermal coating increased the combustion performance. Significant impacts on the carbon
monoxide, hydrocarbons, and smoke characteristics are observed for different %EGR rates. The
results also showed that the cooled EGR engine has decreased nitric oxide emissions. Overall, the
results show that WPO combined with exhaust gas could be a potential fuel for future CI engines.

Keywords: waste plastic oil; plastic waste valorization; exhaust gas recirculation; nano-coated engine
chambers; plastic oil combustion; Al2O3-SiO4 coating

1. Introduction

Among the various fuels, the demand for oil still exists in numerous sectors. As per
the latest report by British Petroleum (BP), oil still holds the largest share of the planet’s
primary energy consumption, around 31.2%, followed by coal and natural gas [1]. This
domination has both positive and negative effects [2]. For instance, oil usage is reliable
for primary energy consumption and can provide affordable energy security, which could
be a positive effect [2,3]. However, this comes with a severe environmental threat to the
planet in the form of greenhouse gas emissions (GHG), which is a negative effect [2]. On a
global level, the GHG emissions due to oil consumption keep increasing. Based on Global
Carbon Project data, the GHG emissions from oil consumption drastically increased from
1750 (i.e., 9.35 million t) to 2020 (i.e., 13.98 billion t) [4]. This approximately indicates
a +149,369% relative change between 1750 and 2020 [4]. Recently, many alternatives,
including electricity from renewables and hydrogen, have evolved. Such alternatives are
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being considered widely across sectors to meet energy demands [5]. However, all these
alternatives have started from a shallow base and still face significant challenges in coping
with the ever-increasing energy demands. These challenges include the nonexistence
of a systems approach, limited involvement of sustainable development goal 7 (SDG 7)
considerations, lack of collaboration and dialogue throughout such a project’s life cycle, and
lack of social innovation and acceptability [6]. Additionally, the uncertainties associated
with renewables make them difficult to adopt as a primary energy resource in various
sectors [7]. As a result, many sectors are still dependent on liquid fuels. Taking the case
of compression ignition (CI) engines and their applications, the demand for liquid fuels
still exists and could continue even after 2040 [8]. Hence, from an environmental concerns
point of view, it is no more a question of moving away from liquid fuels in the near
future. Instead, it triggers questions related to exploring new and alternative liquid fuels
(including biofuels and waste-derived fuels with lower environmental impacts), designing
advancements of CI engines, ways to enhance engine performance, platforms and decision
support systems that enable alternative fuel promotion [9–11].

In line with the raised questions, few studies exist in the literature; many have ex-
plored the use of alternative liquid fuels (including biofuels and waste-derived fuels) and
exhaust gas recirculation (EGR) in CI engines [12–17]. Among the many waste-derived
fuels, waste plastic oil (WPO) is one that is widely proposed for CI engines in literature
even after witnessing net-zero energy options for industrial systems and high-valued
waste-plastic derived porous carbons [18]. This is because of the need to attain equilib-
rium between the circularity of resources and consumers’ needs, and it is a liquid fuel
in this context. However, keeping such highly valued industrial applications in mind,
industrial symbiosis or parallel processes of multi-commodity production systems can be
developed. In such systems, a high-valued commodity can be used for carbon capture,
and a low-valued commodity can be used for CI engines. On the other hand, few have
worked on design aspects and thermal barrier coating (TBC) methods to enhance perfor-
mance; among them, nano-coating materials are the most recently emerging [19–21]. First,
biofuels in blends with conventional fuels are explored to minimize fuel usage and engine
emissions [12,13]. However, many researchers have found a limitation with thermal ef-
ficiency [14–17]. Hence, the combined effect of high EGR and biofuel is considered to
enhance thermal efficiency [15,16]. Therefore, with varying rates of EGR on a CI engine,
the combustion, emission, and performance characteristics have been explored [15–17].
This combined approach noted that soot emissions are not monotonous with intermediate
load [15,16]. However, the maximum soot emission is at intermediate EGR rates [17].
Hence, studies were conducted to research optimum fuel/hydrogen emissions from a
varying air intake and EGR ratio. A heater with an on-off controller increases the intake air
temperature in the gasoline engine performance and emissions field. This way, the cooled
EGR reduces the NOx emissions at the intake outlet, enabling high thermal efficiency. How-
ever, when the CI engines are tested with blends of waste-derived fuels (for instance, oil
derived from waste plastics with diesel and ethanol) and EGR, the carbon monoxide (CO),
hydrocarbon (HC), oxides of nitrogen (NOx), and smoke emissions are observed to vary,
suggesting the need to enhance the CI engine efficiency specific to the fuel type [22–24].
Mani et al. investigated the CI engine performance with the combined effect of 100% WPO
and varying EGR rates [22]. They found that when the engine was operated with cooled
EGR as an intake, the NOx emissions were reduced. The other emissions, such as CO and
HC emissions, are slightly lower. The brake thermal efficiency is incomparable when the
EGR rates are optimized at 20% [22]. However, the observed smoke emissions of WPO seem
high for all applied brake loads [22]. Another study on WPO as fuel in low heat rejection CI
engines revealed that the performance, emission, and combustion characteristics are varied
with varying injection timings [23]. Therefore, the TBC methods quoted in the literature
are suggested to further enhance engine efficiency and lower emissions when 100% WPO
is used as a fuel in CI engines in combination with EGR [24].
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In line with this, Saravanan et al. investigated the performance of a partially stabilized
zirconia (PSZ)-coated, low-heat-rejection CI engine with WPO and found that PSZ enhances
the engine efficiency [25]. Though several experimental studies exist on WPO use as an
alternative fuel, studies on 100% WPO with EGR and nano-coated CI engine chambers are
not covered in the literature as per the author(s) knowledge [26–30]. Hence the use of WPO
and EGR in line with the circular economy is proposed; see Figure 1. Hence, this study
examines the exhaust gas circulation effect on a combustion chamber nano-coated with an
Al2O3-SiO4-coated material.

Sustainability 2022, 13, x FOR PEER REVIEW 3 of 18 
 

In line with this, Saravanan et al. investigated the performance of a partially stabi-
lized zirconia (PSZ)-coated, low-heat-rejection CI engine with WPO and found that PSZ 
enhances the engine efficiency [25]. Though several experimental studies exist on WPO 
use as an alternative fuel, studies on 100% WPO with EGR and nano-coated CI engine 
chambers are not covered in the literature as per the author(s) knowledge [26–30]. Hence 
the use of WPO and EGR in line with the circular economy is proposed; see Figure 1. 
Hence, this study examines the exhaust gas circulation effect on a combustion chamber 
nano-coated with an Al2O3-SiO4-coated material. 

 
Figure 1. Use of waste plastic oil and exhaust gas recirculation in line with the circular economy. 

The article is structured as follows. Section 2 is the materials and methods, where the 
details of WPO preparation, engine setup and experimental procedure are given. In Sec-
tion 3, results are provided, along with a discussion and comparison with literature. Sec-
tion 4 draws conclusions. 

2. Materials and Methods 
2.1. Waste Plastic Oil Preparation 

WPO is the chemical product of the decomposition process of organic substances by 
heating. Waste plastic was processed and converted into oil through electrical pyrolysis. 
An electrical heater at 450 watts heats the plastics. The electrical heater consists of a re-
sistance that adjusts the heating rate by varying the voltage controller. In the present work, 
the waste plastic was cut into several pieces and made into small chips. The plastic chips 
were washed, dried and fed into a reactor vessel made of borosilicate material with 2 L 
capacity. The plastic was treated in the reactor at a temperature of 400 °C without oxygen, 
which was monitored using a K-type thermocouple. This pyrolysis process can also be 
used to produce liquid fuel similar to diesel. The pyrolysis products in the form of vapour 
were sent to a water-cooled condenser. The condensed liquid was collected as fuel. A dou-
ble-tube condenser was installed at the outlet of the reactor to separate the gas and oil 
products. Water, at room temperature, was circulated around the condenser at a constant 
rate. After condensation, the gases were converted into liquid fuel and collected in the 
collection tank at the bottom. The schematic diagram of the pyrolysis process of waste 
plastics is shown in Figure 2. 

The non-condensable gases were let out into the atmosphere. The WPO collected was 
crude in nature. For 1 kg of WPO, about 2.09 kg of plastic waste feedstock was required. 
The product yields from the process are WPO (50%), Pyro gas (40%) and char (10%). The 
heat energy required to convert the waste plastic into the products was around 7.8 MJ/kg. 
The residence time of the pyrolysis process was 90 min. The composition of WPO recon-
firms and is comparable with the values available in the early research works. Since the 

Figure 1. Use of waste plastic oil and exhaust gas recirculation in line with the circular economy.

The article is structured as follows. Section 2 is the materials and methods, where
the details of WPO preparation, engine setup and experimental procedure are given. In
Section 3, results are provided, along with a discussion and comparison with literature.
Section 4 draws conclusions.

2. Materials and Methods
2.1. Waste Plastic Oil Preparation

WPO is the chemical product of the decomposition process of organic substances by
heating. Waste plastic was processed and converted into oil through electrical pyrolysis. An
electrical heater at 450 watts heats the plastics. The electrical heater consists of a resistance
that adjusts the heating rate by varying the voltage controller. In the present work, the
waste plastic was cut into several pieces and made into small chips. The plastic chips
were washed, dried and fed into a reactor vessel made of borosilicate material with 2 L
capacity. The plastic was treated in the reactor at a temperature of 400 ◦C without oxygen,
which was monitored using a K-type thermocouple. This pyrolysis process can also be
used to produce liquid fuel similar to diesel. The pyrolysis products in the form of vapour
were sent to a water-cooled condenser. The condensed liquid was collected as fuel. A
double-tube condenser was installed at the outlet of the reactor to separate the gas and oil
products. Water, at room temperature, was circulated around the condenser at a constant
rate. After condensation, the gases were converted into liquid fuel and collected in the
collection tank at the bottom. The schematic diagram of the pyrolysis process of waste
plastics is shown in Figure 2.
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Figure 2. The experimental model of the pyrolysis process of waste plastics.

The non-condensable gases were let out into the atmosphere. The WPO collected was
crude in nature. For 1 kg of WPO, about 2.09 kg of plastic waste feedstock was required. The
product yields from the process are WPO (50%), Pyro gas (40%) and char (10%). The heat
energy required to convert the waste plastic into the products was around 7.8 MJ/kg. The
residence time of the pyrolysis process was 90 min. The composition of WPO reconfirms
and is comparable with the values available in the early research works. Since the oil
collected for this study was untreated, the WPO contains impurities, dust, and low and
high volatile fractions of hydrocarbons. WPO was filtered by fabric filter and again filtered
by micron filter. The efficiency of the filtration is 99%.

2.2. Properties and Elemental Analysis

The analysis of the WPO was done to compare the thermophysical properties and
elemental composition of WPO with the standard diesel fuel; see Table 1. When compared
to diesel, the specific gravity and calorific value of WPO were reduced by about 0.595%
and 4.73%, respectively. WPO has a higher kinematic viscosity than diesel, providing more
resistance to flow in the winter. The sulfur and ash content is 6.95% and 3.76%, respectively,
for WPO; hence, there is a possibility of lower emissions. The WPO’s flash and fire points
are observed to be more or less similar to diesel. WPO has lower carbon (C) elements when
compared to diesel fuel. However, the other elements such as hydrogen (H), oxygen (O),
and nitrogen (N) are higher for WPO. The sulfur (S) elements are zero in WPO, whereas in
diesel, it is around 0.359.
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Table 1. Properties and the elemental analysis of WPO and diesel.

Analysis Units
Fuel Types

WPO Diesel

Thermophysical
properties

Specific gravity - 0.835 0.840
Calorific value kJ/kg 4.43 × 103 4.65 × 103

Kinematic viscosity cSt at 40 ◦C 2.52 2
Flash point ◦C 42 50
Fire point ◦C 45 56

Sulfur content % 0.034 0.046
Ash content % 0.00023 0.043

Elemental analysis

C % 74.36 86.03
H % 14.31 13.36
O % 11.28 0
N % 0.395 0.251
S % 0 0.359

2.3. Nano-Coated Combustion Chamber of Diesel Engine

The plasma spraying method primarily sprays molten material or thermal softening on
a surface to provide a layer. The physical and chemical characteristics of imprudent ceramic
powder Al2O3-SiO4 combined with wear resistance, low friction coefficients, higher ionic
conductivity, high hardness and low thermal conductance can make better engineering
materials; see Table 2.

Table 2. Properties of Al2O3-SiO4 coating.

Property Al2O3-SiO4

Density (g·cm−3) 3.6
Modulus of Rupture (MPa) 348

Hardness–Knoop (GPa) -
Specific Heat (J/kgK) 437

Young’s Modulus (GPa) 23
Thermal Conductivity (W/mK) 2–5

Poisson Ratio 0.20

The feed machine injects the cover material with a carrier gas in powder form. These
particles melt and adhere as a coating onto the processed foundation material. The piston,
cylinders and valves in use with the Al2O3-SiO4 engine are shown in Figure 3.
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2.4. Experimental Testing

The experimental setup is shown in Figure 4. It consists of a 4-stroke cylinder, constant
speed, water-cooled, 16.5:1 compression ignition engine, and a generator loaded with
variable power. The engine is rated at 200 bar with static injection timing of 23◦ BTDC.
Before the engine started, a check was made of the stock inside the fuel tank, cooling water
flow, and lubricant oil in the oil sump. The engine was started and heated. At rated speed,



Sustainability 2022, 14, 1148 6 of 16

the engine speed is preserved—current and voltage measurements are used for the facility
developed by the engine.
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Figure 4. Schematic representation of test engine setup used for the experiment.

The visual temperature indicator thermocouple was not appropriate for calculating
the cooling temperature of the water. A piezoelectric pressure sensor was used to measure
the cylinder pressure. QROTECH’s exhaust gas analyzer measured CO, NOx and HC. For
different loads, the experiments have been repeated without maximum load.

3. Results and Discussion

The experimental results include the diesel engine’s performance with 3 different fuel scenar-
ios (WPO + Al2O3-SiO4, WPO + Al2O3-SiO4 + 10% EGR, and WPO + Al2O3-SiO4 + 20% EGR)
compared with the standard diesel fuel. Three types of analysis, namely energy, emissions,
and combustion, are carried out for each fuel scenario. As shown in Figure 5, multiple
characteristics are observed for each fuel scenario under these three analyses.
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3.1. Brake Thermal Efficiency (BTE)

The BTE results observed for the investigated CI engine under four different fuel
use scenarios are presented in Figure 6. The BTE of the CI engine is a characteristic that
measures fuel efficiency under different loads. Generally, engines that are claimed to be
fuel-efficient will have higher BTE; this means lower fuel consumption [26].
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The results presented in Figure 6 showed a noticeable difference in BTE for diesel
fuel, WPO + Al2O3-SiO4 and WPO + Al2O3-SiO4 with EGR. It was found that the CI
engine whose combustion chambers are coated with Al2O3-SiO4 and fueled with WPO
and blends of WPO and EGR has a higher BTE than that of an engine fueled with diesel.
The observed improvement in BTE of a CI engine for WPO + Al2O3-SiO4 over diesel is
approximately 29.6%. A similar trend in BTE has been observed even with the increased
brake powers [26,27]. Though EGR in CI engines is said to enhance thermal efficiency,
it becomes less efficient in this case, as the observed BTE for blends of WPO and EGR is
lower when compared to the WPO. Overall, the BTE results suggest that the CI engine with
WPO + Al2O3-SiO4 is fuel-efficient.

3.2. Brake-Specific Energy Consumption (BSEC)

Figure 7 shows the BSEC results of the CI engine under four different fuel use scenarios.
BSEC measures the fuel efficiency of an engine that burns fuel and produces shaft power. It
is simply the rate of fuel consumption by the CI engine divided by the power produced.
The results presented in Figure 7 showed a noticeable difference in BSEC for diesel fuel,
WPO + Al2O3-SiO4 and WPO + Al2O3-SiO4 with EGR. It was found that the CI engine
whose combustion chambers are coated with Al2O3-SiO4 and fueled with blends of WPO
and EGR has a higher BSEC than that of an engine fueled with WPO and diesel. The
observed BSEC at the maximum load condition of the Al2O3-SiO4 coated engine fueled
with WPO is 10.43 MJ/kW-h, almost the same as the diesel fuel. The BSEC for the same
engine with 10 and 20% EGR rates is 11.76 MJ/kW-h and 11.04 MJ/kW-h, respectively.
The decrease in BSEC with EGR is due to the rise in the intake charge temperature, which
increases the fuel burning rate [28].

Additionally, the relationship between BSEC and brake power under different fuel
use scenarios suggests that the difference in BSEC is high for lower brake power, i.e., from
1 kW to 3 kW. As brake power tends to increase above 3 kW, the difference in BSEC seems
to be very small for the same fuel use scenarios. Overall, the CI engines’ BSEC decreased
with an increase in brake power for all the four fuel use scenarios, suggesting that WPO is
a suitable fuel.
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3.3. Exhaust Gas Temperature (EGT)

The EGT typically refers to the temperature of the exhaust gases discharged from the
CI engine. From this investigation, we observed the EGT results of the CI engine under
different fuel use scenarios; see Figure 8. In all the fuel use scenarios, the EGT increased
with the engine load; however, there was a noticeable difference in EGT for diesel fuel,
WPO + Al2O3-SiO4 and WPO + Al2O3-SiO4 with EGR. It is also found that the CI engine
whose combustion chambers are coated with Al2O3-SiO4 and fueled with WPO and blends
of WPO and EGR has a higher EGT than that of an engine fueled with diesel. Additionally,
the EGT of WPO is higher than blends of WPO and EGR. For instance, the observed EGT in
the WPO + Al2O3-SiO4 fuel scenario at the highest brake power was 6.4% and 12% higher
than EGR rates 10% and 20%, respectively. The decrease in EGT in the case of EGR is
possibly due to a smooth process leading to a lower burning temperature [28]. Besides, the
exhaust gas’s specific heat is higher than the air intake [29].
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3.4. Carbon Monoxide (CO) Emissions

CO is one of the regulated emissions released from CI engines, and its release usually
is low. However, they can be significantly higher at brake power, and the same is observed
in this investigation; see Figure 9.
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The results presented in Figure 9 show a noticeable difference in CO emissions released
from CI engines for diesel fuel, WPO + Al2O3-SiO4 and WPO + Al2O3-SiO4 with EGR. It
is found that the CI engine whose combustion chambers are coated with Al2O3-SiO4 and
fueled with WPO and blends of WPO and EGR has lower CO emissions compared to diesel.
Additionally, the CO emission for the WPO case is observed to be much lower compared
to blends of WPO and EGR. For instance, the observed CO in the WPO + Al2O3-SiO4 fuel
scenario at the highest brake power was 2.8 g/kW-h. In contrast, in the case of 10% and 20%
EGR, it is 3.5 g/kW-h and 3.9 g/kW-h, respectively. With increasing EGR concentrations,
CO emissions are rising due to oxygen concentration in the air-fuel mixtures in different
sections in the combustion chamber [27]. Additionally, this heterogeneous blend does not
entirely combust and results in CO emissions [26,29].

3.5. Unburnt Hydrocarbon (UHC) Emissions

The hydrocarbon emissions emitted from CI engines for various reasons of incom-
plete combustion can be called UHC emissions. They typically occur because some re-
gions of the combustion chamber may have a feeble flame, which results in low com-
bustion temperatures. In Figure 11, the UHC results of the CI engine under four dif-
ferent fuel use scenarios are presented. In all four scenarios, a noticeable difference in
released UHC is observed, where diesel records a high amount of emissions followed by
WPO + Al2O3-SiO4 + 20%EGR, WPO + Al2O3-SiO4 + 10%EGR, and WPO + Al2O3-SiO4.
For instance, the observed CO in the WPO + Al2O3-SiO4 fuel scenario at the highest brake
power was 0.44 g/kW-h. In contrast, in the case of 10% and 20% EGR, it is 0.46 g/kW-h and
0.49 g/kW-h, respectively. With increasing EGR concentrations, UHC emissions rise due to
low oxygen concentrations in the air-fuel mixtures in different sections in the combustion
chamber [29].

3.6. NOx Emissions

NOx is one of the regulated emissions released from the CI engines and is considered
a highly active ozone precursor. Therefore, to reduce the NOx emissions, the engine’s com-
bustion temperature must be lowered, typically by injecting EGR. Additionally, depending
upon the fuel used, the NOx emissions vary. In Figure 10, the results for four different
fuel usage scenarios are shown. In all four scenarios, a noticeable difference in released
NOx emissions is observed, where WPO records a high amount of emissions followed by
WPO + Al2O3-SiO4 + 10%EGR, WPO + Al2O3-SiO4 + 20%EGR, and WPO + Al2O3-SiO4.
For instance, the observed NOx in the WPO + Al2O3-SiO4 fuel scenario at the highest brake
power was 9.7 g/kW-h. In contrast, in the case of 10% and 20% EGR, it is 9.5 g/kW-h and
8.4 g/kW-h, respectively. As stated earlier, the NOx emissions decreased with an increase
in EGR levels for all load conditions [17,25]. Overall, the reduced oxygen content and
fire temperatures in a combustible mixture are the potential reasons for reducing NOx
emissions in the EGR case.
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3.7. Smoke Opacity

The smoke opacity represents the visible black smoke in the CI engine exhaust. In
Figure 12, the smoke opacity results for four different fuel usage scenarios are shown.
In all four scenarios, a noticeable difference in smoke emissions is observed, where
WPO + Al2O3-SiO4 + 20%EGR records a high amount of emissions, followed by
WPO + Al2O3-SiO4 + 10%EGR, WPO + Al2O3-SiO4 and diesel. For instance, the observed
smoke emission in the WPO + Al2O3-SiO4 fuel scenario at the highest brake power was
5.2 BSU. In contrast, in the case of 10% and 20% EGR, it is 5.4 BSU and 5.8 BSU, respectively.
From this observation, it can be understood that the smoke emissions would increase with
increasing EGR concentrations. This is because the recirculation of exhaust gas reduces
oxygen availability for fuel combustion, leading to incomplete combustion and increased
particulate matter formation [29].
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3.8. Ignition Delay

Ignition delay is a crucial parameter in the CI engine, typically referring to the time
from spark initiation to 10% of the fuel burning. In Figure 13, the ignition delay results of
the CI engine under four different fuel use scenarios are given.
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The observed results are significantly affected by the applied brake power load. For
instance, in all four fuel use scenarios, the ignition delay is lower at full load and higher
at no load. The increase in fuel vaporization resulting from higher cylinder temperatures
at full brake force decreased the chemical delay and resulted in reduced ignition delay.
However, when the fuel use scenarios are compared, at no load and a full load, the CI
engine whose combustion chambers are coated with Al2O3-SiO4 and fueled with WPO
have higher ignition delay, followed by the blends of WPO and EGR [17,25]. The ignition
delay for diesel fuel is observed to be lower among all the fuel use scenarios.

3.9. Cylinder Pressure

The cylinder pressure results for the CI engine under four different fuel use scenarios
are presented in Figure 14. Only a noticeable difference is observed for different crank
angles. The CI engine whose combustion chambers are coated with Al2O3-SiO4 and fueled
with WPO have high cylinder pressure, followed by the blends of WPO with 10% and 20%
EGR. For instance, a high pressure of 68.7 bar at 10 ◦CA is observed for WPO + Al2O3-SiO4,
which is around 2.7% and 5.4% higher than the maximum pressure of the same engine with
10 and 20% EGR. Therefore, it can be understood that, with the EGR, the peak pressure can
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significantly decrease. This is because the use of EGR raises the consumption charge and
the basic thermal potential; it also decreases the supply of oxygen, leading to an adverse
impact on the combustion rates, thus resulting in reduced peak cylinder values [17,25].
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3.10. Heat-Release Rate

The heat generation rate in the CI engine is typically measured with a heat-release
rate indicator. The observed inconsistency of the heat-release rate of the CI engine under
four different fuel use scenarios is shown in Figure 15. The CI engine whose combustion
chambers are coated with Al2O3-SiO4 and fueled with WPO is observed to operate with
a maximum heat-release rate of 97 J/◦CA, which is around 7.32% and 3.2% higher when
compared with 10 and 20% EGR. This is in line with the standard property of EGR, where
the addition of exhaust gas usually decreases the fuel heat release activity due to burned
gases, thus resulting in a lower heat release rate [25,30].
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3.11. Comparison with WPO and Other Fuels in Available Literature

The performance results of this investigation are compared with the existing literature
considering studies that used the same fuel, different fuels, nano-coating materials, and
the standard fuel, i.e., diesel. For each referred literature, see Tables 3 and 4; the energy,
emission, and combustion characteristics that we discussed in Sections 3.1–3.11 are con-
sidered. The comparative results from Table 3 with WPO fuel shows that the observed
BTE is more or less comparable in WPO + Al2O3-SiO4 and WPO + Al2O3-SiO4 + 10% EGR.
However, the WPO + Al2O3-SiO4 + 20% EGR case showed better BTE. The BSFC parameter
is observed to be high when compared to literature results. The observed emissions are
much lower when compared to the literature results.
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Table 3. Comparison of the results with existing literature works on WPO.

Performance
Category Characteristics

[26] [27] [28] [29] [30] This Study

WPO WPO + Al2O3-SiO4
WPO + Al2O3-SiO4 + 10%

EGR
WPO + Al2O3-SiO4 + 20%

EGR

Energy

BTE 27.4% 28.4% 29.3% 26.4% 25.4% 24% 29.6%, 31%

BSFC - 7.92 MJ/kW-h 10.08 MJ/kW-h 10.008 MJ/kW-h 11.16 MJ/kW-h 20 MJ/kW-h 11.76 MJ/kW-h 11.04 MJ/kW-h

Combustion
Cylinder pressure 71 bar 75.33 bar 76 bar 75 bar 77 bar 52 bar 70 bar 75 bar

HRR - 64.31 J/◦CA 65.41 J/◦CA 66.81 J/◦CA 66.15 J/◦CA 108 J/◦CA 97 J/◦CA 99 J/◦CA

Emission

CO 18.51 g/kW-h - 17.71 g/kW-h 16.45 g/kW-h 16.81 g/kW-h 2.5 g/kW-h 3.5 g/kW-h 3.9 g/kW-h

NOx 14.68 g/kW-h - 13.65 g/Kw-hr 13.88 g/kW-h 15.88 g/kW-h 16 g/kW-h 8.4 g/kW-h 9.5 g/kW-h

HC - - - - - 0.8 g/kW-h 0.46 g/kW-h 0.49 g/kW-h

Table 4. Comparison of the results with existing literature works other fuels.

Performance Category Characteristics
[31] [32] [33] [34] [35] [36] This Study

a b c d e f Diesel g WPO + Al2O3-SiO4 WPO + Al2O3-SiO4 + 10% EGR WPO + Al2O3-SiO4 + 20% EGR

Energy BTE 34.45% 34.93% 33.23% 32.33% 30.33% 28.82% 27.3% 24% 29.6%, 31%

BSFC 14 MJ/kW-h 21 MJ/kW-h 17.5 MJ/kW-h 14.6 MJ/kW-h 10.56–10.84
MJ/kW-h 18.5 MJ/kW-h 16 MJ/kW-h 20 MJ/kW-h 11.76 MJ/kW-h 11.04 MJ/kW-h

Combustion

Cylinder pressure 79.65 bar 81.32 bar 80.25 bar 79.55 bar 75.75 bar 72 bar 68 bar 52 bar 70 bar 75 bar

Delay period 16.5 ◦CA 17 ◦CA 18 ◦CA 16 ◦CA 20 ◦CA 21 ◦CA - - - -

EGT/HRR 310–325 ◦C 340–345 ◦C 335–342 ◦C 355–360 ◦C 365–375 ◦C 350–363 ◦C 80 J/◦CA 108 J/◦CA 97 J/◦CA 99 J/◦CA

Emission
CO 3.2 g/kW-h 2.75 g/kW-h 3.2 g/kW-h 4.9 g/kW-h 2.5–2.9 g/kW-h 5.2 g/kW-h 4.2 g/kW-h 2.5 g/kW-h 3.5 g/kW-h 3.9 g/kW-h

NOx 13 g/kW-h 15 g/kW-h 25.05 g/kW-h 11.32 g/kW-h 7.4–8.5 g/kW-h 25.05 g/kW-h 14 g/kW-h 16 g/kW-h 8.4 g/kW-h 9.5 g/kW-h

HC 1.5 g/kW-h 0.58 g/kW-h 0.75 g/kW-h 1.5 g/kW-h 1.46–1.49 g/kW-h 2.5 g/kW-h 1 g/kW-h 0.8 g/kW-h 0.46 g/kW-h 0.49 g/kW-h

a Dual biodiesel blends. b Nano-catalyst-coated pistons. c Mullite and aluminium titanate as thermal barrier coating. d Titanium oxide and aluminum oxide alloy-coated piston fueled
with biofuel made up of agricultural waste. e Al2O3 nano-ceramic material/ rice bran and pongamia methyl ester. f Nerium biodiesel and its blends. g Standard diesel.
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The comparative results from Table 4 with other fuels showed that most of the indica-
tors for WPO + Al2O3-SiO4 are slightly lower when compared to diesel fuel and other fuels
presented in the literature. However, the WPO + Al2O3-SiO4 + 10% or 20%EGR have more
or less comparable results with the literature. Coming to the nano-coating materials, Al2O3-
SiO4 has shown significant improvements when compared to only Al2O3 nano-coating
results. However, Al2O3-SiO4 has slightly lower performance when compared to materials
such as titanium oxide and aluminium oxide alloy, mullite and aluminium titanate coating
and the nano-catalyst.

4. Conclusions

An experimental investigation was carried out to analyze and understand the energy,
combustion, and emission characteristics of CI engines whose combustion chambers are
coated with Al2O3-SiO4 and fueled with WPO derived from the pyrolysis of waste plastics
and blends of WPO and EGR. The tests were performed on a CI engine under different
fuel use scenarios (diesel, WPO, WPO + EGR). The EGR ratio with WPO was varied from
0–20%. Based on the experimental investigation, conclusions were drawn.

• The CI engine operated steadily on WPO and the combined approach of WPO and
EGR even at maximum brake power loads;

• The use of WPO + Al2O3-SiO4 over the standard diesel fuel in CI engines reduced the
CO and HC emissions by ~50% and ~22%, respectively; however, the NOx emissions
increased by 13%. Additionally, the BTE was reduced by 12.86%, clearly suggesting
that WPO alone cannot be used as fuel;

• The EGR mixture in the WPO resulted in variations in energy, combustion, and
emission characteristics, suggesting that higher rates of EGR would result in high
amounts of emissions compared to lower EGR or intermediate rates;

• The increases in NOX and CO emissions are mild when WPO + Al2O3-SiO4 + 10% EGR
is used over the WPO + Al2O3-SiO4.

Overall, the results show that WPO combined with 10%EGR could be a potential fuel
for future CI engines whose combustion chambers are coated with Al2O3-SiO4.
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