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ABSTRACT: A design that emphasizes simplicity and cost-effectiveness is applied to the
plastic pyrolysis reaction system to produce liquid fuel. The reactor is fabricated from the
waste refrigerant tank. The energy source for pyrolysis is generated by the combustion of
biomass pellets. Forced convection by an electric blower is utilized to enhance the combustion
efficiency and thus increase the heating rate with the overall average temperature at 412 °C.
The coiled pipe is employed as a condenser system with water as its cooling media. The
quantity of liquid product is measured for a different mass of PET-type plastic waste feed,
with a maximum value of 17.7% w/w of feed mass is obtained. The physical characteristic of
the liquid product is then analyzed using standard methods. It is found that its characteristics
have approached the specification of commercial liquid fuel in the domestic market, with a
liquid specific gravity of 0.776 and a heating value of 46 MJ/kg.
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1.

Introduction

The world population continues to increase, especially for
Indonesia as one of the largest countries in terms of its
population. The population in Indonesia is projected to
reach some 311.6 million in 2045 (Bappenas & BPS,
2018). This will become a demographical bonus on one
side, however, it also will create an unwanted excess, such
as the problem of communal waste. The type of waste
could be in the form of organic waste, such as food spoils,
leaves, and other organic material, or inorganics such as
paper, plastic, and hazardous waste. Plastic is one type of
waste that takes a long time to decompose, even thousands
of years. Several practices have been proposed to
overcome this problem. The simpler one is by applying the
3R principle: to reduce, reuse, and recycle the waste.
However, for non-recyclable plastic-based material,
another type of technology is utilized, such as by pyrolysis
to convert it into liquid fuel.
Pyrolysis is a process of complex material
decomposition into smaller ones, by using an intensive
heating treatment in the oxygen-poor atmosphere. For
plastic pyrolysis, the main product is oil, gas, and char.
(Sharuddin et al., 2018). Several aspects that influence the
performance of plastic pyrolysis are temperature, reactor
type, pressure, residence time, and type and flow rate of
gas for fluidized bed reactor type. Temperature is the most
important factor because pyrolysis is a process of
breaking/cracking the chemical-bond inside the molecule.
The temperature in the molecular scale related to the

vibrational energy magnitude of the molecule. Therefore,
a high temperature promotes the chemical bond breaking.
The optimum temperature for pyrolysis is different for
each type of plastic. For PET, the optimum temperature is
350-520 °C, and for LDPE at the range of 360-550 °C.
The quite similar range also applies for HDPE, at 378-539
°C (Anuar Sharuddin et al., 2016). Besides temperature,
the heating rate also brings a significant effect, either for
conversion rate or product composition and calorific value
(Tao et al., 2013).
In general, there are three components of the pyrolysis
reactor: the heater, reactor, and cooler. For the heater, gas
(LPG) combustion is generally used (Gaurh & Pramanik,
2018) as the heat source. Another type of fuel is heating
oil (Lee, Yoshida, & Yoshikawa, 2015). In a laboratoryscale experiment, electricity is preferable due to its
simplicity and controllability (Abdullah et al., 2018;
Yuliansyah et al., 2015).
Despite its abundance in our country, the biomass fuel
is still rarely used as the pyrolysis heating source and few
have studied it. Presumably, the low efficiency of biomass
stove becomes the factor. A simple biomass stove with
natural convection air supply can only generate 8-12 % of
the heating efficiency. The combustion efficiency can be
improved by applying forced convection to increase air to
fuel ratio and therefore make the combustion more
efficient.
The reactor type applied for pyrolysis reaction includes
batch, semi-batch, fixed bed, fluidized bed, or the
modification of these types. The batch reactor is simpler
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for its fabrication and operation; therefore it is more
suitable for laboratory/small scale process. This reactor
type has been used for plastic waste pyrolysis in a pilotscale (Aziz et al., 2017).
The cooler is used to condense the vapor produced by
the reactor. However, the operating condition of the
condenser also affects the liquid fuel yield and
characteristics. Therefore, it must be properly designed.
Thahir et al.,(2019) applied a bubble cup distillation
column integrated with the pyrolysis reactor to maximize
liquid fuel products. The reactor-distillation system is run
in a vacuum condition to reduce the vaporization
temperature and maximize liquid yield. However,
installing a vacuum system will give additional technical
complexity and also cost.
The research aims for a simple bench-scale pyrolysis
reactor design dedicated mainly to community-level waste
management. Therefore, the simplicity of design and the
cost of fabrication becomes the most considered factor
instead of the reactor performance. The apparatus consists
of a heating system, reactor, and cooler. The source of
heating is a biomass stove using a biomass pellet as its
combustible material. Forced convection is provided by
using an electrical blower to boost the combustion
efficiency of the biomass stove. The reactor is mainly
fabricated from a waste refrigerant tank as its main
constituent; therefore it gives added value into waste
material. The condenser system uses a cooling coil with
the water as cooling media. This pyrolysis equipment is
the test to thermally convert the PET-type plastic waste
into liquid fuel. This design is expected to maximize the
utility of reusable material to give an added value to a
waste (plastic waste) by converting it into a more valuable
material.
(b)

2. Materials & Methods
2.1 Materials & Equipment
The schematic design of the pyrolysis reactor is shown in
Figure 1. The apparatus is fabricated from a usedrefrigerant steel tank (Klea™ refrigerant,) with wall
thickness about 2 mm that is formed and welded into a
pyrolysis chamber. The bottom part of the apparatus is
utilized as a plastic waste reactor with a maximum capacity
of 3 kg of plastic waste per run. The feeder lid is placed at
the side of the cylinder. The reactor dimension is 35 cm
wide and about 75 cm of column height (Table 1).
Temperature measurement is facilitated by a thermocouple
probe (Digital Instrument TM-902C K type) installed at the
bottom, middle, and upper part of the reactor.
Table 1. Pyrolysis reactor geometry

Geometry

(a)

Size

Feed chamber length

45 cm

Cylinder diameter

35 cm

Cylinder height

75 cm

(c)

Figure 1 (a) Pyrolysis reactor schematic design (b) pyrolysis
reactor picture (c) cooling coil

Plastic waste of PET-type is used as the feed. It is
collected as used water bottle from several garbage banks
in Yogyakarta. Biomass pellet as the combustion fuel is
gathered from KUD Mungkid Utara, Magelang. Finally,
the water used as cooling media is taken from the water
distribution system in the PPTK I laboratory, administered
by the Chemical Engineering Department, UPN “Veteran”
Yogyakarta.
2.2 Experimental procedures
The PET plastic waste was pretreated by cleaning it from
dirt and cutting it into 1-2 cm in diameter. Then it was
dried under the sunlight and got weighed. The plastic was
fed into the reactor for several mass variations (500 – 2000
gr). The biomass pellet was loaded into the combustor and
then compacted to maximize the capacity. It was
periodically added during the combustion to maintain the
heat rate. It consumed about 3.5 – 4.5 kg of pellet for each
run. Forced convection supplied by an electric blower
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action is applied to improve combustion efficiency. The
process was carried out until there was no detected drop of
liquid product. The vapor product of pyrolysis was
condensed by the condenser coil. Afterward, the liquid
product was collected in the measuring tube to determine
the volume. The liquid fuel characteristics to be measured
include specific gravity 60/60 (ASTM D-1289), viscosity
(ASTM D-445), distillation properties or IBP/FBP (ASTM
D-189), and flash point (ASTM D-93). The heating value
was obtained by empirical correlation based on liquid fuel
specific gravity (Demirbas & Al-Ghamdi, 2015).
3. Results & Discussions
Figure 2. Schematic of heat balance

3.1. Combustion Temperature & Heating Rate
The first aspect that will be discussed is the combustion
system. The temperature is quite difficult to control
because there are many factors affect the combustion
efficiency of the biomass stove. The range of temperature
measured during operation can be as low as 195 °C
(because of blower operation get interrupted by power
shortage) to the maximum temperature at 650 °C. The
average heating temperature for each feed mass is
presented in Table 2, with an overall average temperature
at 412 °C.
Table 2. Average heating temperature applied for different feed
mass

Mass of Plastic
(gr)

Heating Temperature
(°C)

500

372.0

1000

413.9

1500

468.5

2000

393.6

Several factors affect the combustion efficiency,
especially in biomass stove. These factors include a flow
rate of air into the combustion chamber (induced by blower
action in the forced convection-type stove), air-fuel ratio,
air feeding distance to the combustion chamber, and air
feeding conduit diameter (Djafar & Darise, 2018;
Mirmanto, Mulyanto, & Hidayatullah, 2018).
3.2. Heat Balance
The schematic of heat balance for plastic pyrolysis is
presented in Figure 2. The primary heat source is fuel
combustion. Depend on combustion efficiency, the fuel
might not be completely burned. Also, some of the heat
produced by combustion cannot be transferred to the
pyrolysis reactor and dissipated into the environment.
Therefore, the remainder is the available heat for the
pyrolysis process. Some of this heat is utilized for pyrolysis
reaction, while the other is used to heat-up the reactor
material and dissipated into the environment as natural
convection.

To evaluate the heat balance, those variables are
calculated by the following equations

qcombustion(W ) 
q pyrolysis (W ) 

qheating (W ) 

qloss (W ) 

m fuel * HHV
t pyro

m feed * H pyro

m

t pyro

f

* C p , f  mreactor * C p ,s T pyro  Tamb 
t pyro

hc * A * T pyro  Tamb 
t pyro

The value of parameters used to calculate the heat
balance is listed in Table 3. The formulas above are then
applied to reactor operation data presented in Table 4.
Table 3. List of parameters to calculate the heat balance

Parameter
Biomass HHV
Pyrolysis heat of
reaction (ΔHpyro)
Heat capacity of tank
steel (Cp,s)
Heat capacity of PET
(Cp,f)
Convective heat transfer
coefficient (hc)
Ambient temperature
(Tamb)

Value
21 MJ/kg
214.35 kJ/kg
0.5 kJ/kg K
1.14 kJ/kg K
10.42 W/m2 K

Ref
Syamsiro, 2016
Brems et al., 2011
Perry, Green, &
Maloney, 2008
Polymerdatabase.com,
2015
Engineering Toolbox,
2003

25 °C

By those assumptions, the average value of heat rate
transferred into the reactor system for all feed weight is
about 165 W. Meanwhile, the heat rate by combustion is
about 9472.2 W. Therefore, the efficiency of heating is
about 1.74 %. This value shows that only 1.74 % of the
heat produced by the combustion that is utilized by the
reactor system.
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Table 4. Heat balance calculation

1

Feed mass
(mf), gr
500

12833.33

17.86

qheating
(W)
148.66

2

1000

150

3800

9288.89

23.82

135.73

0.68

3

1500

200

4100

7516.67

26.79

137.17

0.58

4

2000

200

4500

8250.00

35.73

131.54

0.49

No

Pyrolysis time
(tpyro), min
100

Fuel mass
(mfuel), gr
3500

Those calculations, however, do not include the latent
heat contained in the pyrolysis gas before it is condensed;
and the energy loss by vapour or gas leakage from the
system. It is quite difficult to accurately quantify those
variables because it cannot be measured precisely by the
equipment that we set up. Furthermore, the temperature
distribution inside the reactor is difficult to measure. The
material inside the reactor might have a lower temperature
than the outer reactor wall. This factor might produce
errors in the calculation of the heating load. However, at
least, the calculation above has given us an insight that the
heat transfer efficiency of this combustion system is still
low. This is due to the inefficiency of the combustion and
the ineffectiveness of heat transfer from the combustion
into the reactor system.
3.3. Liquid Fuel Production
The pyrolysis apparatus is tested for several values of
plastic waste mass. The liquid fuel resulted is shown in
Table 5. Figure 3 shows the appearance of the resulted
liquid fuel for different reactors run. It ranges from yellow
to light brown.
The volume of liquid fuel is not linearly proportional to
the mass of feed put into the reactor. The data shows that
the conversion decreases for the larger feed mass. The most
affecting factor is the heat transfer from the heat source to
all of the feed material inside the reactor. With similar heat
transfer methods and temperature gradient, the heating rate
will diminish for the larger mass. To increase the heat
transfer rate, the heat transfer area must be set larger or the
heat loss should be properly mitigated.
Table 5. By-weight conversion of PET (transparent) to liquid fuel
volume
No
1
2
3
4

Plastic waste
mass (gram)
500
1000
1500
2000
Color

Conversion
(% w/w)

17.7%
13.0%
12.4%
10.2%
Yellow/Brown

qcombustion (W)

qpyrolysis (W)

qloss (W)
0.91

Figure 3. Appearance of the produced liquid fuel

Several types of pyrolysis reactors have been designed
and patented to promote the heat transfer effectiveness,
such as Auger/screw, conical spouted bed reactor, or
fluidized bed reactor (Campuzano, Brown, & Martínez,
2019; Makibar et al., 2011). This type of reactor, especially
the fluidized bed, is favorable because it provides uniform
mass and temperature distribution. Therefore, it improves
the heat and mass transfer of the reacting component
(Anuar Sharuddin et al., 2016). For conventional fixed bed
reactor type, heat transfer can be optimized by installing a
proper insulation system around the reactor tube to reduce
the heat loss to the environment from the reactor metal
cover (Armadi et al., 2017).
Previous work by other researchers succeeds to achieve
a liquid yield of 46% from PET-type plastic. The applied
pyrolysis temperature is in the range of 400-500 °C where
the energy is generated by LPG combustion. This range of
temperature is comparable with current work (Tuly,
Joarder, & Haque, 2019). Another work on the laboratory
scale pyrolysis of PET obtains a liquid yield of 14.25% by
setting the pyrolysis temperature at 405 °C and adding the
Ca(OH)2 as the catalyst (Sarker et al., 2011).
3.3. Physical Characteristics of Liquid Product
The produced liquid fuel was analyzed to determine its
characteristics. These characteristics are compared to the
general specification of commercial fuel issued by
Pertamina as one of the liquid fuel suppliers in Indonesia.
The comparison between both types of fuel is presented in
Table 6. Several key parameters, such as specific gravity,
distillation temperature, and heating value; have not

4

Eksergi, Vol 17, No. 1. 2020
ISSN: 1410-394X
complied with the specification. However, it has
approached the limiting value. This result has given a
preliminary decision for further work. However, several
design parameters must be properly evaluated and analyzed
to improve the pyrolysis yield and liquid characteristics.
Table 6. Liquid fuel characteristic comparison between pyrolysis
product and commercial fuel

No.

Data

Pyrolysis
Liquid Fuel
0.776

1.

Sp.Gr 60/60

2.

Distillation Temperature (°C)
10% rec

102

74 (max)

50% rec

132

125 (max)

90% rec

184

180 (max)

FBP (°C)

184

215 (max)

7%

2% (max)

27.3

-

3.

Residue

4.

Redwood Viscosity (s)

5.

Flashpoint (°C)

6.

Spec of
Premium*)
0.77 (max)

Heating Value (kJ/kg)

1

-

46086.468

**)

43969.656

*) Pertamina, Spesifikasi Premium (2016)
**) Irzon, (2012) (Pertamina, 2016)

4. Conclusions
A set of plastic pyrolysis apparatus, consist of the biomass
combustion system, pyrolysis reactor, and cooling coil has
been designed and fabricated to conduct plastic waste
conversion into liquid fuel. This system maximizes the
utilization of waste material. The first one is plastic waste
as its feed, and the second is the reactor material that
utilizes waste goods. Therefore, it will add the waste-toenergy aspect to it. The system also utilizes a renewable
energy source to promote energy sustainability.
The average pyrolysis temperature is about 412 °C. By
this operating condition, the apparatus can produce the
liquid fuel with the maximum conversion of 17.7 % on a
weight basis. Based on the standard analytical procedure,
its characteristics are found to have approached the
specification of commercial liquid fuel in the domestic
market.
Several issues related, especially, with the efficiency of
combustion, heat transfer, and conversion/reaction
demands an immediate analysis and evaluation of the
available design to improve its performance.
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