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ABSTRACT 
 
This research work is focused on the performance and emission characteristics of 
the Homogeneous Charge Compression Ignition (HCCI) engine fuelled with waste 
plastic pyrolysis oil diesel blends with varying parameters and their levels are 
inlet air temperature at (80, 100, 120, 140°C) loads  of 25, 50, 75 and 100% and 
EGR (0, 5,10 and 15%), respectively. The waste plastic oil was converted into bio-
diesel with the help of pyrorlyis process. The experiment is conducted by different 
inlet air temperatures and the loads with various EGR percentages. The maximum 
thermal efficiency for the WPPO-diesel fuelled HCCI operation is found to be 
42.12% at 413K with WPPO-5% blended with diesel. Nox were previously 
decreased for all blends and later slightly increased but smoke was negligible. 
However, the CO and UHC emissions first increased and then decreased for the 
HCCI operation. Taguchi method was found suitable in solving problems of 
performance and emissions for HCCI combustion engines. 
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INTRODUCTION 
 
Attaining a non-pollutant environment is becoming a big 
task presently. The reason is that carcinogenic chemicals 
were continuously accumulated in air, non-degradable and 
degradable matters in air, sea and land disposal of toxic 
substances. The polluted environment is caused by the 
hazardous substances released from the industrial events 
and burning of fossil fuels. It is stated that the use of 
alternative fuels such as hydrogen and alcohols and clean 
combustion technologies may improve the quality of air. At 
this condition, it can be predicted that nitric oxide (NO) and 
ultra-low smoke emissions will be produced by HCCI as 
compared to conventional engines (Turkcan et al., 2013). 
The principle operation of an HCCI engine combust 
homogeneous charges same as petrol engines and has 
ignition of premixed charge similar to CI engine. Thereafter, 
HCCI engine was combined with petrol and diesel engines 
(Saxena et al., 2012; Bendu and Murugan, 2014; Jyothu and 
Thirupathi, 2018). In petrol and diesel engines, fuel 
injection and spark timing initiates the start of combustion, 

but in the case of HCCI, the chemical kinetics purely 
governs the auto-ignition of the fuel/air premixed mixture. 
Hence, HCCI combustion lacks direct control mechanism 
(Jyothu and Thirupathi, 2018; Zhen and Wang, 2015).  

The demand for plastic is expanding daily due to its 
profound attractive characteristics. In spite of these points 
of interest, the plastic waste produced is making huge 
numbers of natural intricacies. The tremendous interest on 
plastic has made a lot of unused plastics which turned into 
typical waste substances in most landfills. This makes such 
huge numbers of issues on account of their non-degradable 
nature (Milovanovic, 2004; Raja and Murali, 2011). As 
indicated by a study completed in India in 2012, roughly 5.6 
million tons of waste plastic is created annually. Out of this 
60% is reused; this implies that 6500 tons of plastic waste 
is going as landfills daily. For diminishing the unsafe 
impacts of waste plastic vast majority of the nation’s 
actualize reusing and burning (Sartorius, 2010) of the 
considerable  number  of  methods  utilized  for  reusing the  
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Figure 1: Photographical view of experimental set-up. 

 
 

Table 1: Properties of diesel, waste plastic pyrolysis oil. 
 

Properties Diesel WPPO 

Colour Orange Black 

Specific gravity at 30°C 0.88 0.822 

Kinematic viscosity at 40°C 2.0 2.3 

Calorific value 46300 42100 

Flash point >51 37 

Fire point >55 40 

Cetane number 55 52 

 
 
waste plastic pyrolysis (chemical reusing) considered most 
ideal path since it recuperates the vitality quantity in usable 
fluid or vaporous shape. Pyrolysis system is utilized as a 
vitality recuperation technique and makes fluid fuel a 
significant item like that of oil fills (Vu and Phong, 2001; 
Wong et al., 2015). Ongoing investigations propose that 
plastic oil can specifically be utilized with no much changes 
in diesel engine.  

Maurya et al. (2011) conducted experiments with port 
fuel injection technique for preparing homogeneous 
mixture. Experiments were performed by varying the 
intake charge temperature (120 to 150°C) and equivalence 
ratio (2.0 to 5.0) at constant speed of 1500 rpm with a 
specific end goal to accomplish the stable HCCI ignition at 
12°C with λ =2.5 given enhanced combustion 
characteristics, combustion efficiency and less NOx 
emissions. Ganesh et al. (2014) conducted experiments on 
HCCI engine using jatropha methyl ester fuel. Cooled EGR 
technique was implemented to control the early ignition of 
JME vapor-air mixture. From the results, it was found that, 
81% of NOx and 72% of smoke emissions decreased. 

Bendu et al. (2016) conducted experiments on HCCI 
mode with Port fuel injection of ethanol. From the results, it 
was reported that at 170°C, the maximum value of 
combustion efficiency and brake thermal efficiency of 
ethanol was found. It was also stated that the NOx and 
smoke emissions decreased. Maurya et al. (2014) 
conducted experiments on HCCI engine fuelled with ethanol 

and methanol by varying the intake of air temperatures. 
The results reported showed that methanol and ethanol are 
good substitutes for the petroleum fuels. Singh et al. (2016) 
carried out experiments with port fuel injection technique 
for preparing homogeneous mixture. Experiments were 
achieved by varying the intake charge temperature (160, 
180 and 200°C) and EGR ratio (0, 10 and 20% EGR) at 
different engine loads, respectively. The results revealed 
that the increasing intake charge temperature decreased 
HC and CO emissions and increased NOx emissions at high 
engine load. Gowthaman and Sathiyagnanam (2016) 
conducted experiments with different inlet charge 
temperatures such as (80 to 120°C). From the results, it 
was stated that smoke, CO and HC emissions decreased and 
the specific fuel consumptions was higher with increasing 
charge temperature of about 100°C.  
 
 
EXPERIMENTAL METHODOLOGY 
 
For attaining the experimental data of the waste plastic 
pyrolysis oil-diesel fueled HCCI operation, experiments 
were conducted in a single-cylinder, water cooled, four-
stroke naturally aspirated Direct Injection (DI) diesel 
engine converted into HCCI mode. Figure 1 shows the 
photographical view of the experimental set-up, while 
Table 1 shows the properties of waste plastic pyrolysis oil. 
The    engine    parameters    are   specified   in   Table 2.   An  
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Table 2: Experimental engine specifications engine parameters. 
 

Variable Values 

Rated power 3.5 kW 

Bore × Stroke 87.50 × 110.00 mm 

Displacement 661.45 (cc) 

Rated speed 1500 rpm 

Compression ratio 18:1 

Cooling method Water 

Intake valve closing opening 35° ABDC/4.5° BTDC 

Exhaust valve closing opening 4.5° ATDC/35° BBDC 

 

 

 
 

Figure 2: Effect of intake charge temperature on BTE of fuel blends at different 
loads. 

 
 
electrical dynamometer was coupled to the engine, which 
provided a necessary load to the engine. The fuel was 
injected into the custom intake manifold with a Port Fuel 
Injector (PFI). The injector was controlled by an electronic 
control unit that is synchronized with a crank angle sensor. 
The intake air was preheated to achieve auto-ignition 
temperature of the waste plastic pyrolysis oil-diesel. The 
intake air temperature varied from 80 to 140°C and was 
admitted into the test engine.  
 
 
RESULTS AND DISCUSSION  
 
Impact inlet charge temperature on brake thermal 
efficiency 
 
Figure 2 shows the effect of intake charge temperature on 
BTE of HCCI engine for selected fuel blends operation at 
altered loads. The BTE increase with the increase the 
engine load. The lower BTE is found for the lower engine 
loads because of the retarded start of combustion in HCCI 
engine the heat losses are lower because of LTC, 
combustion time is less, better mixture homogeneity is 
causes to less soot formation. The higher combustion 
temperatures and high HRR are affected by the advance 
start of combustion. Hence the surfaces of the cylinder and 

piston are increased by heat loss therefore the net work 
done is decreases. Least combustion efficiency has noticed 
at the retardation of start of combustion because of 
increased emissions and lowers LTC. The maximum 
thermal efficiency for the WPPO-diesel fuelled HCCI mode 
is stated to be 42.12% at 413K with WPPO-5%with diesel. 
 
 
Impact inlet charge temperature on EGT 
 
Figure 3 shows the relation between EGT and engine load 
for the waste plastic pyrolysis oil blend with diesel-HCCI 
operation. As the results for all intake temperatures, the 
EGT is directly related to the engine load. As engine load 
increase, EGT increases at all intake temperatures and 
decreases with the intake temperature. As the intake 
temperature increases, the SOC is advanced due to the 
chemical kinetics and faster reaction rates. High heat 
transfer is caused by an early SOC with little ignition time. 
In the cylinder, the reduction of EGT is caused by the 
increase in the residence time of burned hot gases. 
 
 
Influence inlet charge temperature on Nox emissions 
 
Figure 4  shows  the  difference of the Nox Emissions for the  
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Figure 3: Effect of intake charge temperature on exhaust gas temperature of fuel blends at various loads. 

 
 

 
 

Figure 4: Effect of intake charge temperature on Nox emissions of fuel blends at different loads. 

 
 
different fuel blends like WPPO-5%, WPPO-10%, WPPO-
15% and WPPO-20% with various load conditions in HCCI 
engine. From the figure it is noticed that the Nox emissions 
increase with the engine load for the WPPO fuelled with 
diesel HCCI engine due to high combustion temperature of 
the burned gases. High Nox emissions are caused by 
increase in the residence time of the burned gases which is 
affected by the increase in intake temperature due to the 
early start of combustion. High NOx emissions were 
observed   at  full  load  condition  at  413K  wppo- biodiesel  

fuelled HCCI mode.  
 
 
Effect of inlet charge temperature on CO emissions 
 
Figure 5 represents the influence of intake charge 
temperature on CO emissions of HCCI engine for selected 
fuel blends operation at different loads. LTC is caused by 
insufficient oxidation temperature of the gases, which 
results in the creation of CO emissions in the HCCI engine.  
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Figure 5: Effect of intake charge temperature on CO Emissions of fuel blends at different loads. 

 
 

 
 

Figure 6: Effect of intake charge temperature on UHC of fuel blends at different loads. 

 
 
The decrement in the CO emission is found with increased 
engine load due to increase in the peak cylinder 
temperature. The CO emission drop is as a result of early 
SOC; meanwhile, more CO emission is caused by delay in 
combustion phasing. The CO emission is higher at a lower 
intake air temperature (353K) and loads due to misfire and 
it can be controlled at lower load conditions.  
 
 
Effect of inlet charge temperature on UHC emissions 
 
Figure 6 represents the effect of intake charge temperature 
on UHC of HCCI engine for selected fuel blends operation at 
various loads. The incomplete combustion of hydrocarbon 

fuel is indicated by UHC formation emissions in the HCCI 
engine as a result of LTC. The temperature at the walls of 
combustion chamber is lower because of the heat losses. 
Superior parts of UHC emissions rises from the combustion 
chamber regions. From the figure it is clear that increasing 
the intake charge temperature and load conditions leads to 
a decrease in the UHC emission as a result of increase 
equivalence ratio with the load.  
 
 
Effect of inlet charge temperature on smoke opacity  
 
There are three factors that affect the smoke formation in 
diesel engine, which are: 
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Figure 7: Impact of intake charge temperature on Smoke opacity of fuel blends at different loads. 

 
 
1) Absence of oxidation temperature; 
2) Solid carbon in the fuel; 
3) Shorter time availability for mixture preparation. 
 
From Figure 7 it was noticed that decrease in nature of 
smoke emission is found for increase in the engine load and 
intake charge temperature. At full load, WPPO-20% and at 
413K the smoke emission is negligible because of the 
preparation of high degree homogeneous mixture with the 
increased ignition delay. The intake temperature and load 
leads to a decrease in the smoke emissions. Oxidation 
temperature, high residence time of burned gases, and 
smoke emission is noticed to be negligible at 413K, full load 
and WPPO-20%. Be that as it may, at higher load ranges as 
a result of non-availability of adequate air and abnormal 
combustion there was a noticeable white smoke emission. 
 
 
Taguchi design method  
 
In the previous work, various studies have been conducted 
for optimizing parameters with Taguchi Design Method. 
Among them, Saravanan et al. explored the effects of EGR 
rate, fuel injection timing and pressure in controlling NOx 
emission of diesel engine and experiments were designed 
as per Taguchi’s L9 orthogonal array (Saravanan et al., 
2010). Ganapathy et al. (2009) studied thermodynamic 
model of Jatropha biodiesel fuelled engine by means of 
Taguchi method to assess the optimum engine design and 
operating parameters. Parlak et al. (2012) considered the 
factors affecting emissions of a diesel engine fuelled 
tobacco oil seed methyl ester with Taguchi approach.  

Win et al. (2005) examined the effects of static injection 
timing, nozzle/valve opening pressure, nozzle tip 

protrusion, number of holes, plunger diameter, load torque, 
nozzle hole diameter, and engine speed on engine noise, 
combustion noise, smoke level, fuel economy, and exhaust 
emissions of a diesel engine, Sivaramakrishnan and 
Ravikumar (2012) used Taguchi methods to optimize the 
diesel engine in regard to brake power, fuel economy and 
emissions. The above studies, conducted by investigators, 
show that Taguchi methods provides effective solutions for 
investigating the effect of parameters on the performance 
and emissions of diesel engine. In the present study, 
experiments were designed to apply the Taguchi’s methods 
to establish the effects of three (3) inlet air temperature, 
EGR and loads for the resolve of defining optimal conditions 
of performance and exhaust emissions. Three design factors 
and their levels are given in Table 2. 

In Taguchi methods, the signal-noise (S/N) ratio is used 
to represent a performance characteristic and there are 
three types of S/N ratios; the lower-the better, the higher-
the better and the more nominal-the better 
(Sivaramakrishnan and Ravikumar, 2012). In this study, the 
lower-the better was used for EGT, NOx, Smoke CO, and 
UHC emissions and the higher-the better for BTE. These 
three different S/N ratios are expressed in Table 3, where n 
and Y is the number of repeated experiment and the 
measured value of the response variable, respectively. 

The orthogonal array mixed L16 selected as shown in 
Table 5, which has 16 rows corresponding to the number of 
tests with all columns at four levels and the factors and the 
interactions are assigned to the columns. 
 
 
Taguchi results  
 
The  measurement  of  the  effective  performance  of  motor  
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Table 1: Properties of diesel, waste plastic pyrolysis oil. 
 

Properties Diesel WPPO 

Colour Orange Black 

Specific gravity at 30°C 0.88 0.822 

Kinematic viscosity at 40°C 2.0 2.3 

Calorific value 46300 42100 

Flash point >51 37 

Fire point >55 40 

Cetane number 55 52 

 
 

Table 2: Experimental engine specifications engine parameters. 
 

Variable Values 

Rated power 3.5 kW 

Bore × Stroke 87.50 × 110.00 mm 

Displacement 661.45 (cc) 

Rated speed 1500 rpm 

Compression ratio 18:1 

Cooling method Water 

Intake valve closing opening 35° ABDC/4.5° BTDC 

Exhaust valve closing opening 4.5° ATDC/35° BBDC 

 

 
vehicles takes place by means of bench tests. In this 
investigation, the optimum values of the factors (inlet air 
temperature, engine load and EGR ratios) affecting engine 
performance and emissions of EGR application on HCCI 
engine were determined using Taguchi methods. 
 
 
Performance parameters 
 
S/N values of factor levels of brake thermal efficiency 
(BTE), and Exhaust Gas Temperature (EGT) for inlet air 
temperature, engine load and EGR ratios are shown in 
Figure 8 and 9. The result of the study showed that in the 
Taguchi approach inlet air temperature was found to be 
significant on performance parameters. However, engine 
load and EGR ratios affected exhaust emissions in a 
different level. After verification tests carried out at a 99% 
confidence level, the optimum design parameter 
combination were found as A4B4C1 (1400c, 100% load, 0% 
EGR) for BTE, and A1B4C4 (800c, 100% load, 15% EGR) for 
EGT. 
 
 
Exhaust emissions 
 
Figures 10 to 13 show the S/N values of factor levels of 
NOx, smoke CO and UHC emissions for inlet air 
temperature, engine loads and EGR ratios. From the results 
it is noticed that, by using the Taguchi approach, inlet air 
temperature and EGR ratios were found to be significant in 

exhaust emissions (Figures 12 and 13). After verification 
tests were conducted in 99% confidence level, the optimum 
design conditions were found as A1B1C4 (800c, 25% load, 
15% EGR) for CO and A1B1C4 (80°C, 25% load, 15% EGR) 
for UHC (Figures 12 and 13). Figures (10 and 11)  showed 
that, after confirmations test were carried out in 99.7% 
confidence level, the optimum design parameter 
combination were found as A1B1C4 (80°C, 25% load, 15% 
EGR) for smoke emissions and A4B4C3 (140°C, 100% load, 
10% EGR) for NOx with the 98.8% confidence level. 

Tables 6 and 7 indicate the comparison with 
experimental data and the S/N ratios of calculated values 
for performance and exhaust emissions. In Taguchi 
methods, verification experiments should be done to 
determine optimum conditions and compared with 
experimental values. In this investigation, all values are 
within confidence levels, as a result of the verification 
experiments. 
 
 
CONCLUSION 
 
An experimental study was performed to investigate the 
performance and emission of the waste plastic pyrolysis 
oil-diesel blend fuelled HCCI engine. Maximum thermal 
efficiency for the WPPO-5% blended with diesel HCCI 
operation observed as 42.12% at 413K inlet temperature. 
The Oxides of nitrogen (NOx) emissions were decreased for 
all blends and later slightly increased. For the HCCI 
operation smoke emission was observed below 0.1% that is  
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almost negligible. The carbon monoxide and unburned 
hydrocarbons emission were much higher for HCCI engine 
than DI diesel engine. The biodiesel fuelled HCCI engine has 
lower CO emission as a result of higher oxygen molecule 
present in the cylinder during the combustion process. The 
level of CO and UHC emission decreased with increase in 
the inlet air temperature. The effects of the factors (inlet air 
temperature, loads and EGR) on engine performance and 
emissions of an HCCI engine was explored using the 
Taguchi methods. Verification experiments performed were 
compared with the Taguchi results and the results found to 
be in line with the experimental data. It is noticed from the 
results, that BTE, EGT, CO and UHC are determined at least 
99%, NOx at least 98.8% and Smoke least 99.7% confidence 
levels. For the performance parameters, the optimum 
design parameter combinations was found as A4B4C1 
(140°C, 100% load, 0% EGR) for BTE, A1B4C4 (80°C, 100% 
load, 15% EGR) for EGT. The optimum design parameter 
combinations have been found as A1B1C4 (80°C, 25% load, 
15% EGR), A1B1C4 (80°C, 25% load, 15% EGR) for CO and 
smoke, respectively and A4B4C3 (140°C, 100% load, 10% 
EGR) and A1B1C4 (80°C, 25% load, 15% EGR) for NOX and 
UHC emissions, respectively. 
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