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Abstract.Thermal pyrolysis of HDPE, LDPE, PP and PS plastic wastes were performed in a batch reactor and the
yields of pyrolysis oils and liquid transportation fuels prepared by atmospheric distillation were determined. The
gasoline fractions were tested in a traditional spark-ignition engine without any modifications or fuel blending. Fuel
consumption and exhaust gas emission (NOy, CO) were measured and compared to a commercial fuel (RON = 95). PS
generated 70.5% gasoline range hydrocarbons from the solid waste, followed by PP with 42.1%, LDPE with 40.8%
and HDPE with 37.3%. The fuel consumption was reduced by 9.1-9.4% in the case of PS compared to reference
measurement. Reduction in fuel consumption was noticeable at HDPE, LDPE and PP as well. PS gasoline decreased
by 91-96%, while HDPE, LDPE and PP more likely increased the CO emission of the engine compared to commercial
gasoline. The results show that pyrolysis of plastic wastes is a promising method to generate value added liquid
transportation fuels and reduce the footprint of waste accumulation in landfills.

Introduction

The global plastic waste generation reached 302 Mt in 2015, while the total plastic waste ever
generated from primary plastics had reached 5800 Mt [1]. By projecting current global waste
management trends to 2050, it is assumed that the primary plastic waste generated will be around
26,000 Mt [1]. 25 Mt of plastic ended up in waste stream in the EU during the year of 2012 [2]. About
38% of this plastic waste was landfilled, 26% was recycled while 36% was utilized for energy recovery
[2]. The amount of plastic waste slightly increased to 27.1 Mt in 2016, while the landfilled amount
dropped to 27.3%, the recycled portion increased to 31.1% and the energy recovery also increased to
41.6% [3]. As the amount of plastic waste continuously increases, some alternative methods are being
developed including pyrolysis, which is a promising method to generate value-added liquid fuel
suitable for transportation as it can reduce the carbon footprint of the transportation industry and
optimize waste management towards zero landfilling [4].

The pyrolytic products can be divided into a gas, liquid, and solid fraction. Based on the process
parameters the gas/liquid ratio can be changed. The influencing factors of plastic waste pyrolysis were
investigated by several researchers such as temperature [5,6], pressure [7,8], time [9], type of reactor

[2,10], catalyst [11,12] and plastic waste material used [2]. The main goal of this research is to
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investigate the thermal pyrolysis of HDPE, LDPE, PP, PS plastic wastes and determine the yields of
transportation fuels by performing atmospheric distillation of the pyrolysis oil. Additionally, the
extracted gasoline fractions were tested in a traditional spark-ignition engine without any
modifications or blending. Fuel consumption and exhaust gas emission (NO,, CO) were measured and
compared to a commercial fuel with RON = 95.

1. Materials and Methods

The pyrolysis measurements were performed in a batch reactor (2.25 dm3) equipped with electric
resistance heating (1 kW) and a temperature controlled reflux to better control the cracking of
molecules. The reflux was connected to a water-cooled heat exchanger in which the molecules with a
boiling temperature higher than ambient were condensed. The liquid phase was collected in a product
container, while the remaining gases were analyzed using gas chromatography and sent to a flare
through a rotameter. The measurement system is shown in Fig. 1. The electric heater temperature was
set to 700 °C, which was determined by TG and DTG analysis of the waste plastic samples. The
maximum temperature of vapors exiting the reflux was 200 °C.
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Figure 1. Schematic illustration of the measurement system.

The collected pyrolysis oils were processed by atmospheric distillation in a standard glass retort
connected to a water-cooled condenser. The distillation cuts were 200 °C and 305 °C. The 25-200 °C
fractions (considered as gasoline) were tested in a traditional spark-ignition engine (Honda, GC-135)
equipped with a carburetor. The NOy emissions were monitored by Horiba PG-250 type flue gas
analyzer, while the CO was measured by gas chromatography (Dani Master).

2. Results

The mass distribution of the four plastic waste materials pyrolyzed in a batch reactor is summarized in
Table 1. The PP produced the highest oil yield (83.4%) and the lowest gas yield compared to the other
materials used. Typically, the amount of solid residues was low (PS generated the highest char yield of
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4.6%). The generated gas contains mostly Ci-C3 hydrocarbons, but CO, CO, Hz and Cs3+ hydrocarbons
are also present.

Unit HDPE LDPE PP PS
Loaded plastic waste | g 300 300 400 127
Char remained % 0.5 2.1 3.3 4.6
Pyrolysis oil % 739 58.8 83.4 79.2
Gas (by difference) % 25.6 39.1 13.3 16.2

Table 1. Summary of mass distribution of different pyrolysis products.

Figure 2. Pyrolysis oil samples obtained from the batch reactor equipped with temperature controlled reflux. From
left to right: HDPE, LDPE, PP, PS.

As the pyrolysis oil contains a wide range of molecules, the oils were further processed by atmospheric
distillation to separate the gasoline and diesel range hydrocarbons. The results of the atmospheric
distillation are summarized in Table 2, where the yields are based on solid waste input. It can be
clearly seen that the gasoline range hydrocarbons (20-200 °C) are dominating, and the gasoline to
diesel ratio in each case changes. While HDPE provided similar amounts of gasoline and diesel, PS
pyrolysis gave almost gasoline range hydrocarbons.

Temperature Yield, g/kgwaste

range, °C HDPE | LDPE | PP PS
20-200 373 408 421 705
200-305 305 152 248 11
Total 678 560 669 716

Table 2. Transportation fuel yields from solid plastic waste.
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Figure 3. Photos of distillation products in 20-200 °C range. From left to right: HDPE, LDPE, PP, PS.
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2.1 Engine tests

Engine tests were performed to investigate the fuel consumption and emissions and compare them to
commercial gasoline with RON = 95. The volumetric fuel consumption change in the case of HDPE,
LDPE, PP and PS gasoline is shown in Fig. 4. It can be seen, that the fuel consumption was lower in
each case compared to the reference measurement. PS showed the highest fuel consumption decrease
with 9.1% and 9.4% at idling and under load, respectively. HDPE and LDPE also showed extreme fuel
consumption reduction compared to the reference. Additionally, the overall operation of the engine
with HDPE gasoline was smoother. A less significant change was observed during PP pyrolysis and the
engine behaved similarly compared to the reference measurement.
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Figure 4. Fuel consumption change of the engine using various plastic gasoline compared to reference
measurements. Typical fuel consumption of reference measurement when idling (0 W) and under load was 0.51 I/h
and 0.61 1/h, respectively.
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Figure 5. Left: NOx emission change of the engine using various plastic gasoline compared to reference
measurements. Typical NO, emission of reference measurement when idling (0 W) was 46.3 ppm and the NOx
emission at 500 W electrical load was 77.9 ppm. Right: CO emission change of the engine using various plastic

gasoline compared to reference measurements. Typical CO emission of reference measurement when idling (0 W)
was 3.61 Vol% and the CO emission at 500 W electrical load was 2.78 Vol%.

The NOy emission of the engine (Fig. 5 left) was higher in each case except PP, where a slight decrease
was noticeable. While PS showed extreme low fuel consumption, its NOx emission was the highest
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(more than doubled under load conditions). As there was minor fuel consumption change at PP tests, a
minor change is observed in terms of NOy emission as well. Consequently, both HDPE and LDPE
generated a significantly higher amount of NOy as their fuel consumption was lower.

In terms of CO emissions (Fig. 5 right), PP gasoline generated the highest CO. Extreme low CO
concentration was measured when PS gasoline was applied, the CO decreased 96% when idling and
91% under load compared to the reference measurement. This indicates better combustion
performance compared to the other fuels used in this study. HDPE and LDPE gasoline likely increased
the CO emission except LDPE gasoline test under engine idling, where a slight decrease was observed.
Overall, the CO emissions increased during HDPE, LDPE and PP tests, while PS significantly decreased
the CO.

3. Conclusion

The product distribution during pyrolysis of HDPE, LDPE, PP and PS plastic wastes was determined
and the pyrolysis oils were upgraded by atmospheric distillation to separate the transportation fuels.
The gasoline yield was 37.3%, 40.8%, 42.1% and 70.5%, while the diesel yield was 30.5%, 15.2%,
24.8% and 1.1% for HDPE, LDPE, PP and PS, respectively. The neat gasoline fractions were tested in a
traditional spark-ignition engine. Stable operation was observed during each gasoline fractions
applied. The volumetric fuel consumption was lower by 9.1-9.4% when the PS gasoline was used
compared to the reference measurement (commercial fuel, RON = 95). HDPE gasoline reduced the fuel
consumption by 6.1-7.8%, LDPE by 5.6-6.3% and PP by 1.2-2.0%. The highest NOx emission was
measured during PS gasoline test when 82-147% more NOx was generated. On the other side, CO
emission decreased by 91-96% when PS gasoline was fed. PP showed 3.7-5.4% NOx reduction and this
was the only case when the NOx concentration was lower. Although significantly lower CO emission
was measured during PS gasoline test, HDPE, LDPE and PP gasoline likely generated more CO. The
results show that the pyrolysis of different plastic wastes is a viable method to reduce the
accumulation of plastics in landfills and provide value-added liquid transportation fuels.
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