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Özet: Plastik malzemelerin kullanılmasının artışıyla birlikte Polietilen (PE) nin de kullanımı da bütün dünyada 

artmıştır. Bu yüksek miktardaki PE doğal bozulmama özelliğinden dolayı çevresel problemleri de beraberinde 

getirmektedir. Fakat bu PE sıvı yakıtlara dönüştürülebildiği için çevresel ve ekonomik olarak fayda sağlayabilir. Bu 

deneysel çalışmada PE dizel yakıt katkısına dönüştürülerek polimer bazlı yakıtların dizel motorlarda eksoz emisyonu 

ve performans paramatereleri incelenmiştir. PE atıklar termal piroliz yöntemiyle yakıta dönüştürülmüştür. PE atık 

katkılı yakıt  %5, %10 ve %20 oranlarında dizel yakıt ile karıştırılarak herhangi bir modifikasyon gerçekleştrilmeden 

test edilmiştir. Genel olarak motor performans ve eksoz emisyon değerleri dizel yakıtlar ile benzer özellikler 

göstermiştir. Spesifik yakıt tüketimi (SFC) değeri PE oranının artmasıyla hafif düzeyde artış göstermiştir. 

Karbonmonoksit (CO) ve azot oksit (NOx) değerleri de dizel yakıt ile karşılaştırıldığında artma eğilimi göstermiştir.  

Anahtar Kelimeler: Polietilen atık, Geri dönüşüm, Termal piroliz, Alternatif yakıt, Dizel motor, Emisyon 

 

INVESTIGATION OF PYROLYSIS OF WASTE POLYETHYLENE (PE) AND EFFECTS 

ON DIESEL ENGINE AND EMISSION PARAMETERS 

 
Abstract: With the increment of usage of plastic materials, the use of polyethylene (PE) all over the world is also 

increasing. The great amount of PE usage results in a huge amount of PE waste. These huge amounts of PE wastes are 

generating environmental problems due to their non-degradable properties. But, PE wastes can be converted into 

liquid fuels for both economic and environmental benefits. In this experimental study, the conversion of PE wastes 

into diesel fuel and influence of the polymer-based fuels on the performance and exhaust emission of diesel engine 

was investigated. The conversion of PE wastes was carried out by utilizing the thermal pyrolysis process. The blends 

of the PE waste based fuel with diesel fuel were tested with three different ratios (5%, 10%, and 20%) in an 

unmodified direct injection diesel engine at full load condition. In general, engine performance and exhaust emission 

values of the blend fuels were similar to that of diesel fuel.  Specific fuel consumption (SFC) values of the blend fuels 

slightly increased depending on the ratio of PE based fuel in the test fuels. The carbon monoxide (CO) and oxides of 

nitrogen (NO)x emissions of the blended fuels values showed an increasing trend as compared to the values of diesel 

fuel 

Keywords: Polyethylene waste, Recycle, Thermal pyrolysis, Alternative fuel, Diesel engine, Emission 
 

NOMENCLATURE 

 

Kd Power correction coefficient for diesel engine 

Pa Atmospheric pressure of the laboratory [kPa] 

Pst Atmospheric pressure accepted as standard 

[101,325 kPa] 

Ta Atmospheric tempreture of the laboratory [ K] 

Tst Standard ambient temperature [273,15+25 

oC=298,15 K] 

 

INTRODUCTION 

 

Due to the environmental concerns, international 

attention has been drawn on the research of alternative 

energy sources to compensate the depletion of fossil 

fuels (Horvat et al., 1999; Keskin et al., 2008; Guru et 

al., 2009). A great deal of research has been conducted 

on alternative fuel from waste materials. One of them is 

the production of alternative liquid fuels from the 

polyethylene wastes for internal combustion engines 

(Prakash  et al., 2013;Panda et al., 2012; Mohammedi et 

al., 2013;Kumar et al., 2013;Jan et al., 2010;Akpanudoh 

et al., 2005;Gulab et al., 2010). 

 

The production of plastics in the world has been 

increasing, and this has been dependent on economic 

growth, changing consumption, and production patterns. 

The production of plastics has increased by an average 

of almost 10% every year since the 1950. Nowadays, it 

is known that about 300 million tons waste is generated 
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per year and polyethylene was found to have the highest 

share of production of any polymer type, which is about 

29.1% of them. These plastics are widely used in the 

productions of many important daily applications, such 

as clothing, house holding, automotive components, and 

etc.. (Kim et al., 2002;Al Salem et al., 2009). As a 

result, the growing production of polymer-based 

materials had increased the waste streams (Kanterelis et 

al., 2009; Panda et al., 2010; Gobin et al., 2004). The 

huge amount of waste polymer-based materials are 

causing more and more environmental problems 

worldwide due to non-biodegradable and extremely 

troublesome components for landfilling (Miskolczi et 

al., 2004; Siddiqui et al., 2009; Meng et al., 2015). The 

problem of waste plastics can be solved with the 

conversion of the waste polymer-based materials into 

liquid fuels with different uses (Huang et al., 2010; Ali 

et al., 2011; Meng et al., 2015).  

 

In general, pyrolysis processes areused to convertwaste 

plastics as a tertiary recycling (Lin et al., 2008; Breyer 

et al., 2016). It is classified into low, medium, and high 

temperatures. Low-temperature processes generally 

produce liquid products and high-temperature processes 

produce gaseous products. The properties of the 

products obtained from pyrolysis processes depend on 

the type of plastic, feeding arrangement, residence time, 

temperature, reactor type, condensation arrangement, 

and the catalysts used (Walendziewski, 2002; Puente et 

al., 2002; Elordi et al., 2009; Coelho et al., 2012;Elordi 

et al., 2012; Bockhorn et al., 1999; Ceamanos et al., 

2002; Huang et al 2010;Elordi et al., 2007; Arabiourritia  

et al., 2012; Gonzales et al., 2011). Biodiesel and its 

additives are also one of the overemphasized research 

objects. Due to being an  alternative fuel for diesel 

engines, wide variety of biological waste and vegetable 

could be evaluated as a biodiesel or additives (Can, 

2014; Oliveira et al., 2010; Al dawody et al., 2014; Luu 

et al., 2014; İlkılıç et al., 2015; Rashedul et al., 2015).  

The purpose of this study was to investigate the 

influence of the polymer-based fuel (P)-diesel fuel (D) 

blends on the diesel engine performance and exhaust 

emissions. The ratio of PE waste-based additive in the 

test blend  was selected as main parameter. Thermal 

pyrolysis process was used to convert the waste 

polymers to PE waste based fuel. Blends of the PE 

based fuel and diesel fuel were tested at full load 

condition of the test engine. 

 

MATERIALS AND METHOD 

The study consisted of two phases. Firstly, polyethylene-

based alternative fuel was produced, and secondly, the 

engine performance and exhaust emission tests were 

carried out.  

 

Production of polymer-based fuel 

 

The mixture of PE waste polymer used in this study was 

obtained from a post-consumer plastic waste stream in 

the Ankara Municipality. It was characterized by using 

Mettler – Toledo /  DSC 1 / 700 within 10 C°/min 

Differential scanning calorimetry (DSC) and Thermo 

Scientific / Nicolet IS1 Fourier transform infrared 

spectroscopy (FTIR) . In addition, collected and purged 

PE was cut by a shredder into small pieces the size of a 

flake under a 10 mm sieve. The pyrolysis was carried 

out a ceramic core (50 mm inside diameter, 350 mm 

height) that housed a removable quartz reactor whose 

inner diameter and volume were 35 mm and 250 cm3, 

respectively. A waste polyethylene and reactor were 

heated slightly to 400 °C and held at this temperature for 

a period of 60 minutes. Due to the exothermic reaction, 

the temperature in the reactor reached up to 500 °C and 

was stabilized at atmospheric conditions, and, in this 

process, the products were cooled and collected. The 

schematic diagram of thermal pyrolysis system is 

illustrated in Fig. 1. 

 

 
Figure 1. Schematic diagram of the thermal pyrolysis system 

(1. Ceramic core, 2. Reactor, 3. Thermocouple, 4. PID Control 

device, 5. Liquid product, 6. Condenser, 7. Computer). 

 

Test Engine and Other Equipment 

 

As shown in Fig. 2. the engine test system consists of 

nine pieces of equipment. The engine performance and 

emission tests were performed on a single-cylinder, 

direct-injection Antor 4LD 640 compression ignition 

(diesel) engine.  

 

 
Figure 2. Schematic diagram of experimental set-up (1. 

Control panel, 2. Hydraulic dynamometer, 3. S-type load cell, 

4. Magnetic pick-up, 5. Platform, 6. Test engine, 7. Smoke 

meter, 8. Fuel tank, 9. Diesel emission analyzer) 
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Table 1. Technical specifications of the test engine 

 

The basic specifications of the test engine were given in 

Table 1. The test fuels were tested at  the full load 

condition of the engine between the engine speeds of 

1200 and 3000 rpm. Before conducting the tests, the 

engine was run to reach a normal working temperature. 

Each sample was tested three times, and the average of 

values was calculated.A hydraulic dynamometer was 

used for the determination of torque and power output. 

Technical specifications of the hydraulic dynamometer 

was given in Table 2. 

 
Table 2. Technical specifications of hydraulic dynamometer 

Items Specification 

Maximum torque  1000 Nm 

Maximum speed                 7500 rpm 

Capacity of load cell 2500 N 

Length of torque rod 350 mm 

Trunk diameter 350 mm 

Total weight             110 N 

 

The test of smoke emission was carried out by measuring 

the opacity of the exhaust gasses with CAP 3200. The 

accuracy of the CAP 3200 device is 0.01 m-1 for k factor 

and measurement capacity is 0–10 m-1. Gas analyzer 

(Testo 350-S) was used to measure CO and NOx. The 

measurement accuracy of the Testo 350-S is 1 ppm for 

CO and 1 ppm for NOx. Measurement capacity of the 

device is 0–10,000 ppm for CO and 0–3,000 ppm for 

NOx. The experimental uncertainties are given in Table 3. 

 

Correction coefficient was used in order to  determine 

effects of atmospheric pressure and tempreture on  

power, torque and specific fuel consumption valuese. 

Power correction coefficient was calculated with 

Equation 1 (Çetinkaya et al., 2014).    

 

                     Equation 1. 

 

Table 3. Uncertainties of  measurements 

Measurements Unit Uncertainty ±% 
 

Torque Nm 0.29 

Power kW 0.32 

BSFC g/kWh 0.97 

Engine speed rpm 0.13 

NOx ppm 2.76 

CO ppm 2.36 

HC ppm 1.93 

Smoke 
m-1 

2.27 

 

 

Three different blends of polymer-based fuels (P) and 

diesel fuels (D) were evaluated as an alternative to 

diesel fuel. These fuels are 5% P/95% D, 10% P/90% D, 

and 20% P/80% D, which are called P5, P10, and P20, 

respectively. Test fuels were mixed based on volume.   

 

RESULTS AND DISCUSSION  

 

Characterization Of Collected Polyethylene 

 

Polyethylene could be classified as high or low density 

polyethylene according to polymerization from 0.92 to 

0.96 g/cm3 (Hitachi  2017) . In Fig. 3., it is clear that 

collected and pyrolyzed polyethylene is high density 

polyethylene (HDPE).  

 

 
Figure 3.. DSC Thermogram of collected PE 

 

Fig. 4. reveals that characteristic absorption peaks are 

around 3000 cm-1, 1500 cm-1 and between 700 and 750 

cm-1 as an HDPE (Wang et al., 2016; Mehmood et al., 

2016).  

 

Cooled and collected pyrolysis products were not 

dissociated in this study, because in this study the main 

aim was to investigate the performance and emission 

characteristics  of PE based fuel-diesel fuel blends. 

Additionally, a large number of study has been done 

about the pyrolysis product types of polyethylene 

Items  Specification 

Manufacturer/type Antor Diesel 4 LD 

640 

Cylinders number 1 

Swept volume (cc) 638 

Bore (mm) 95 

Stroke ( mm) 90 

Compression ratio 17:1 

Maximum speed (rpm)  3000 

Maximum power ( kW) 9.694 

Maximum brake torque   

( Nm at 1800 rpm) 

43 

Cooling system Air-cooled 
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mixtures and its modeling in the literature reviews 

(Levine et al., 2009; Kannan et al., 2014; Wang et al., 

2013; Liu et al 2014; Santella et al., 2016). 

 

Figure 4. FTIR spectrum of collected PE 

 

Results of Dynamometer 

 

The fuel properties of the test fuels are shown in Table 

4.  In general, the fuel properties of blended fuels were 

close to that of diesel fuel. The heating value of the 

blended fuel was slightly lower than that of diesel fuel 

because of higher carbon content. In addition, the flash 

point of the blended fuel was lower than the diesel fuel. 

The test results concluded that the flash point value is 

not directly related to engine performance and exhaust 

emissions. Furthermore, the flash point value is used to 

determine fire risk during normal storage and handling. 

 
Table 4. Chemical and physical properties of test fuels 

 P5 P10 P20 D 

Density at 15 ºC 

(kg/m3) 
0,828 0,827 0,8235 0.830 

Viscosity at 40ºC 

(SAYBOLT) 
2.51 2.55 2.58 2.51 

Calorific value 

(kJ/kg) 

42307.

14 
41841.31 41033,82 42824,63 

Cetane number 56,887 57,021 57,187 56,824 

Sulphur content 

(wt%) 
0.0826 0.0825 0.0826 0.0827 

Flash Point (oC) 38 35.5 35,5 62 

Cloud point (ºC) -20 -20 -21 -20 

Water content 

(mg/kg) 
84 88 88 85 

Copper strip 

corrosion  (3 h, 

50 oC) 

1 1 1 1 

 

The variations of torque and power values are shown in 

Fig. 5. and Fig. 6.  The characteristics of the torque and 

power curve did not change significantly with the PE 

waste based fuel blended fuels. In general, both the 

torque and power values of the blended fuels were 

similar to the diesel fuel. The results may be result of the 

similar fuel properties of the test fuels. In comparison 

with the diesel fuel, the torque and power values of the 

P20 slightly increased between 1400 and 2800rpm. The 

average of the increment was 1.98% with the P20. The 

maximum reduction and increment ratio was 4.11% with 

P10 at 3000 rpm and 4.39% with the P20 at 2800 rpm  

respectively. Decrease in engine power and torque value 

may be caused from higher viscosity, lower calorific 

values and density of blend fuels 

 

 
Figure 5. Torque values at full load condition 

 

The maximum torque values for all test fuels were 

measured at 1800 rpm. The maximum power values for 

both D and P5 were measured at 3000 rpm. However, 

the maximum power values for both P10 and P20 were 

measured at 2800 rpm. 

 

 
 
Figure 6. Power values at full load condition 

 

The SFC values of the test fuel are given in Fig. 7. The 

SFC values of each of the blended fuels increased 

slightly when compared with the diesel fuel values. The 

increasing maximum ratios of the P5, the P10, and the 

P20 were 4.93% with the P5 at 2400 1/m and 6.44%, the 

P10 at 2400 1/m and 4.70%, and the P20 at 1200 1/m. 

The higher SFC values were measured with both the 

P10 and the P20 at all engine speeds. The average rates 

of increase in SFC values with both the P10 and the P20 

were 2.51% and 1.80%, respectively. At both low and 

high engine speeds, the lower SFC values were 

measured with the P5 when compared with D. The 

maximum reduction ratio was 6.29% with the P5 at 

3000 rpm. The increase in SFC with the blend fuels may 

be caused by the lower heating values of the blend fuels 

that lead to higher fuel consumption which decrease 

SFC values of diesel engine. 
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Figure 7.SFC values at full load condition. 

 

As seen in Fig. 8., in comparison with diesel fuel, the 

CO emission showed a trend of increasing with both the 

P10 and the P20. The results may be caused by the 

higher viscosity, lower density and different volatility 

properties of the polymer-based fuel. Injection and 

combustion characteristic of the test engine may be 

changed depending on the different fuel properties. The 

CO emissions for both the P10 and the P20 increased up 

to 64.97% at 2400 rpm, and 82.08% at 2600 rpm, 

respectively. The average of the increment in CO 

emissions with the P10 and the P20 were 18.17% and 

28.77%, respectively. The increment ratios of all 

blended fuels were lower at higher engine speeds. As 

can be seen in Fig. 8., the lower CO emissions were 

measured with P5 at low engine speeds. The maximum 

reduction ratio was 11.21% at 1400/m with the P5. 

These results are similar to a study done by pristine 

study (Mani et al., 2009).  

 

 
Figure 8. CO emission values at full load condition. 

 

The variation of the NOx emission is shown in Fig. 9. 

The NOx emissions changed depending on the in-

cylinder temperature and the availability of oxygen and 

combustion time. In general, the NOx emissions showed 

a trend of increment with the usage of blend fuels.  

These results may be caused from regional temperature 

increases in the combustion chamber because of 

different fuel properties of blend fuels such as viscosity, 

calorific values and density.  In comparison with D, the 

higher NOx emissions values were measured between 

1200 and 2600 rpm with the all blend fuels. The 

maximum ratio of the increment of the blend fuels were 

15.76% with the P5 at 2400 rpm, 28.3% with the P10 at 

2200 rpm, and 10.36% with the P10 at 1200 rpm. The 

maximum reduction of the NOx emission was observed 

as 18.2% with the P20 usage at 2800 rpm. In addition, 

the NOx emission values of both D and the P20 were 

similar between 1600 and 3000 rpm. Similar results 

were also obtained by other researchers [48]. 

 

 
Figure 9. NOx emission values at full load condition. 

 

The opacity of the exhaust gas that was measured is in 

fact an indication of the particulate matter (PM), or 

smoke emission. The smoke opacity values of the test 

fuels are shown in Fig. 10. The smoke opacity values of 

the P5 were similar to that of D. The smoke opacity 

values with the P10 showed a decreasing trend in 

general. The lower smoke opacity values were measured 

to be between 1200 and 2400 rpm with the P10. The 

maximum decrement ratios  was 13.45% with the P10 

usage at 1800 rpm. The higher smoke opacity values 

were usually obtained with the P20, in comparison with 

the D. The maximum incerement ratio was 18.2% with 

P20 at 2600 rpm. 

 

 
Figure 10. Smoke opacity values at full load condition. 

 

CONCLUSION 

 

The following results are concluded from the 

experimental study: 

• In general, the blended fuels had similar fuel 

properties to the diesel fuel according to experimental 

results. However, the flash point of the blended fuels 

was lower than the value of the diesel fuel. The low 

flash point of the blended fuels increases the risk of fire 

during both storage and handling procedures. Further 

investigation needs to solve the issue with different 

additives or treatments. 
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• The characteristics of the torque and power curves of 

the blended fuels did not change significantly. In 

general, the torque and power values of the blended 

fuels were similar to that of the diesel fuel. 

• The specific fuel consumption values slightly 

increased with the blended fuels in comparison with the 

diesel fuel values. This is because of the lower heating 

value of blended fuels.  

• In general, both the CO and NOx emissions showed a 

trend of increment with the usage of blended fuels. In 

comparison with diesel fuel, both the CO and NOx 

emissions of the blended fuels increased up to 82.08% 

and 28.30%, respectively. 

• According to the experimental study, the blended 

fuels, especially P5 and P10, can be used as alternative 

fuels within conventional diesel engines without any 

major modificaions by considering the CO and NOx 

emissions. 
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