Analysis of the thermal behavior of a fixed bed reactor during the
pyrolysis process

Milica Burdevié?, Sasa Papuga? and Aleksandra KolundZija?

1 University of Banja Luka, Faculty of Mechanical Engineering, Banja Luka, Bosnia and Herzegovina
2 University of Banja Luka, Faculty of Technology, Banja Luka, Bosnia and Herzegovina

Abstract

Pyrolysis is a thermochemical process of degradation of organic compounds where the reaction ORIGINAL SCIENTIFIC PAPER
takes place in an inert atmosphere. The process scale varies between industrial, semi-industrial
or laboratory. During the pyrolysis process temperature has to be controlled, but, most of
pyrolysis studies do not clearly state where the temperature is measured and weather the
temperature field is uniform. In this paper thermal behavior of a laboratory scale fixed-bed Hem. Ind. 78(1) 29-40-24 (2024)
reactor and energy consumption during pyrolysis processes were analyzed. Three different
samples were used: mixture of plastic waste (sample 1), biomass (sample 2) and mixture of
plastic waste and biomass (sample 3). The analysis of the thermal behavior of the reactor
indicates that with careful regulation or temperature control of the process, one can obtain
diagrams that can be used for the purpose of recording thermally intensive processes, similar
to more complex thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses. It
has been shown that it is possible to change the heating rate and the overall energy efficiency
of the process by simply choosing the appropriate raw material mixture.
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1. INTRODUCTION

Plastic waste is a common part of municipal solid waste (MSW), which is composed of different mixtures of plastic,
mostly consisting of: low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polys-
tyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET). The main components of municipal plastic
waste are PE and PS [1]. Plastic waste is bulkier than other organic waste so that it occupies large spaces in landfills.
Also, this is the main reason for the high costs of disposal and incineration of this type of waste. Waste-to-energy
technologies convert plastic waste into heat, hydrocarbon fuels and chemicals [2]. Pyrolysis of plastic is a tertiary
recycling method, whereby the polymer is heated in the absence of oxygen causing the polymer cracking [3]. Pyrolysis
is also used for biomass conversion where the mostly used feedstock is plant matter, like forest residues, yard clippings,
wood chips, and municipal solid waste [4].

Pyrolysis process represents a basis for production of the second generation of synthetic fuels, materials, and
chemicals [5]. This reaction occurs in an inert atmosphere, in which organic compounds are decomposed, generating
gaseous and liquid products that can be further utilized as fuels or chemicals. The inorganic material remains un-
changed [6,7]. During pyrolysis of polymers, macromolecules are broken down into smaller molecules [8]. Biomass
materials are mostly chemically and physically heterogeneous, whereby their components have various reactivities and
yield different products [9].

Many studies have been published focusing on pyrolysis of plastic and biomass waste. A comprehensive bibliometric
survey on pyrolysis of plastic waste has been done by Armenise et al. [10], while several studies provide detailed
explanation on pyrolysis of plastic, pyrolytic reactors, effects of different parameters on the liquid oil yield and its
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characterization [11-16]. Interesting studies on the catalytic pyrolysis have been published by Budsaereechai et al. [17],
and Suhartono et al. [18] showing that addition of natural catalysts lead to higher yields of liquid products with better
properties (no wax formation, increased calorific value, and lower viscosity) compared to the pyrolysis runs without
catalysts. Catalytic pyrolysis of plastic sample based on the plastic waste composition from Portuguese municipal solid
waste has been conducted by Pinto et al. [19]. However, this study showed that there is no big difference between
thermal and catalytic pyrolysis of selected plastic waste mix (68 % PE, 16 % PP, and 16 % PS). Uthpalani et al. [20] have
reviewed the literature on pyrolysis of HDPE and LDPE wastes. Kalargaris et al. have been studied diesel engines
powered by pyrolytic oil gained from pyrolysis of plastic waste throughout several studies [21-24]. Some papers [25-28]
confirm and prove the success of pyrolysis of the mixture in the specific configuration of the reactor with a fixed bed
that was used in this work as well.

Generally, pyrolysis can be divided into two phases, primary and secondary. When a solid biomass particle is heated
in the absence of oxygen heat is firstly transferred to the particle surface by radiation and/or convection and then to
the interiors of the particle by conduction. The temperature within the particle increases and contributes to the removal
of moisture that is contained in biomass, and the pyrolysis reaction takes place. Due to the chemical reactions heat is
generated/consumed, which with phase changes cause a temperature gradient as a function of time that is nonlinear.
Volatiles and gas products flow through the particle pores. The rate of pyrolysis reactions depends on the local tempera-
ture [9].

Benefit of pyrolysis is production of high energy compounds (char, tar, and gas) from low energy materials (solid
waste). The conversion depends on operating conditions, e.g. heating rate, maximum temperature, processing time at
the maximum temperature, pressure, and catalysts used [29,30]. Additionally, the quality and yield of the oil products
are depending on: operating temperature, the ratio of plastic waste and catalyst, and the type of reactor [31].

1. 1. Pyrolysis reactors

There are many different types of pyrolysis reactors and their classification can be based on: the final products
achieved (oil, char, heat, electricity, gases), reactor mode of operation (batch or continuous), manner in which the
reactor is heated (direct or indirect heating), method used to load the reactor (manually or mechanical), the pressure
at which the unit operates (atmospheric, vacuum, pressurized), material used for the construction of the reactor (soil,
brick, concrete, steel), reactor portability (stationary or mobile), and the reactor position [32].

Fixed-bed reactors are commonly used on a laboratory scale for pyrolysis of municipal solid waste, while industrial
applications of this reactor type are rare. The heating rate is low, and the particles are not heated uniformly. This is due
to the low heat transfer coefficient within the reactor and the absence of mixing of feedstock. So, the particles located
near the heating source will gain more heat, whereas those more away from the heating source would be cooler [33].
Pyrolysis of biomass in fixed-bed reactors was studied in several studies [e.g. 34-36]. In another study that used fixed-
bed reactors for pyrolysis of plastic waste, polystyrene and multilayer plastic were used in different ratios as raw
materials. This research concluded that with the longer cracking time and the higher number of plastic multilayers, the
fuel volume, viscosity, and heat value were increased. The addition of multilayer plastic also decreased percentage of
benzene in the final product [37].

It is important to differentiate between the temperature of the reaction and the reactor temperature. The reactor
temperature must be higher because of the need for a temperature gradient to provide heat transfer [38]. The tem-
perature profile and heat transfer that occur during pyrolysis are decisive factors that determine the reactor perfor-
mance, and consequently the oil yields [39]. Since pyrolysis is a thermal degradation process, efficient heat transfer
increases the process efficiency. Plastic has low heat conductivity that leads to non-uniform heat distribution [40].
Temperature profile in the reactor is used to determine the area where thermal cracking happens, since cracking is the
most important step during plastic pyrolysis to produce oil (fuel) [41]. In the work of Hartulistiyoso et al. [41], pyrolysis
of waste plastic bottles was conducted in cylindrical reactor. Five thermocouples were used to monitor temperature at
the bottom, top and in the middle part of the reactor, with different arrangements, while the temperature profile within
the reactor was predicted by Computational Fluid Dynamic (CFD) modeling. Predicted temperature profiles were similar
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to the experimentally measured temperature values. Accurate measurement of the particle temperature is important
for the development of kinetic models. In most experiments temperature is measured by thermocouples close to the
sample. However, there is less information on temperature profile inside the sample [42]. Fluidized bed is one of the
reactors that can provide uniform temperature and uniform heating rate during high temperature operation [40].

Since the literature does not provide sufficient information on temperature distribution during plastic pyrolysis, this
paper aims to investigate the uniformity of the temperature field in a pyrolytic reactor (fixed-bed reactor) that has been
developed at the University of Banja Luka, at the Faculty of Technology. Energy consumption during pyrolysis of different
samples was also analyzed.

2. EXPERIMENTAL

The experiments were carried out with plastic waste blends, originating from municipal solid waste, biomass
sawdust and blends of plastic waste and sawdust. Plastic packaging waste originates from household waste from Banja
Luka, Republic of Srpska, Bosna and Herzegovina, and the sawdust is from local sawmills from Banja Luka region. The
ratio of plastic types in the blends was following: polypropylene (PP) 40 %, low-density polyethylene (LDPE), 35 %, and
high-density polyethylene (HDPE) 25 %. A mixture of two typical types of waste wood biomass beech sawdust and spruce
sawdust was used as the biomass sample, which were mixed in equal mass ratios (1:1).

Packaging household waste was used to prepare PP and HDPE samples, while LDPE granulates for the production of plastic
bags was used as LDPE sample. The waste packaging was firstly thoroughly washed, dried, shredded and grounded in the
laboratory mill. After grinding, a mixture of PP and HDPE was prepared in the selected ratios and a granulometric analysis was
performed. The average diameter of the plastic mixture (PP + HDPE) was 1.40+0.02 mm. The prepared plastic mixture was
then mixed with cylindrical LDPE granulates (2.20 mm diameter x 5.03 mm length). The prepared biomass sample was dried
to a constant mass for 24 h at a temperature of 105 °C, in order to avoid the influence of humidity variations in the starting
raw material. A granulometric analysis of the biomass mixture was carried out as well yielding the average sawdust particle
diameter of 0.77£0.12 mm. All samples were weighed by using a KERN KB 1200-2 laboratory scale.

Experiments were performed using a total sample mass of 200 g, and the height of the packed bed was 95 mm. Only
one experiment, i.e. the experiment with maximum reactor loading, was performed with the sample mass of 350 g, and in
that case the packed bed height was 190 mm.

Pyrolysis was performed in a laboratory scale, fixed bed reactor at the University of Technology in Banja Luka (Bosnia
and Herzegovina), presented in Figure 1.

Figure 1 Block diagram of the experimental pyrolysis fixed-bed reactor: a) cylinder with nitrogen gas; b) mass gas flow meter;
c) the pyrolysis reactor vessel; d) thermal insulation; e) steam condensation system; f) separation system - vessels for receiving
condensate; g) discharge of non-condensable gas into the gas washing system; h) distribution cabinet with the regulation system; i) PC.
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A prepared and weighed sample was placed in the reaction vessel (c) and nitrogen was used as the carrier gas, to
provide inert atmosphere (a). A gas-flow meter (b) was used to adjust the gas flow (100 ncm3min™), and after 10 min, inert
atmosphere was accomplished. A PC (i) using CelciuX (EJIN-TC4A-QQ) (Omron) thermal controller and CX-Thermo (Omron)
were used for automatic control and regulation of the system (h) by turning on or off the electric heaters system (c)
according to the control loop [25,28]. The thermocouple T1 (Thermocouple type K, Omron, Japan) measured temperature
at the bottom part of the reactor and served as a control sensor for the controlling loop of electric heaters i.e. as a control
variable. The reactor temperature set point was 500 °C. The time that feedstock spent on a set point temperature was
considered to be a reaction time. After the chosen reaction time of 45 min, the regulation system was turned off. As the
temperature of the reactor fell below 100 °C, the reactor was taken apart and the reaction vessel was disconnected from
the reactor (c). The reaction vessel was weighed before and after the pyrolysis reaction and the solid residue was
determined from the mass difference. The vessels for receiving condensate (f) were disconnected from condensation
system (e) and weighed as well, to determine the mass of condensable products, including a part of the condensate
products mass from internal walls of condensation system (e) [28].

The reactor vessel is in the form of a vertical cylinder (101.6x2 mm). The vessel consists of a body (lower part) and a
body cover (upper part), with bolted flange joint with gaskets. The body is 200 mm high representing a reaction vessel and
it is separated from the upper part and serves as a dosing system. The design enables simple weighing of the raw material
and solid residue after the process is completed, so that it is possible to set up material balances relatively easily. A second
cylindrical container is attached to the reactor body from the upper side - a cover with a total length of 40 mm. This cover
carries three K-type thermocouples and three stainless steel tubes (A304) in which there are cartridge-electric heaters with
a total power of 3x350 W. By connecting the cover to the reactor body, the electric heaters and thermocouples are placed
in the reactor body. The heaters extend to the bottom of the reactor body, while three thermocouples are arranged in the
reactor body, at different heights, as shown in Figure 1. Thermocouples T1, T2, and T3 are located: 7, 90 and 220 mm from
the bottom of the reactor body, respectively. The reactor is made of stainless steel (A304) and a 3 cm thick thermal
insulation layer of stone wool is applied on the outer wall of the reactor.

Reactor temperature changes were monitored at three characteristic points, while the temperature of non-
condensable gases was recorded at the exit from the separation unit. All temperatures were measured by K-type thermos-
couples and recorded using CX-Thermo software package (Omron, Japan). Regulation of the operation of the heater, i.e.,
temperature control was performed using the temperature controller CelciuX (EJIN-TC4A-QQ) (OMRON, Japan).
Adjustment of the PID constants was carried out before the reaction started. Also, the specified constants and other
characteristic values in the regulation system were set by using the software. Given the sensitivity of temperature
regulation, before each experiment that included a new type of raw material (i.e. plastic mixture, bbiomass, and
plastic/biomass mixture) measurements were carried out with the self-running option of PID constants (autotuning).

Inert gas flow was measured and regulated by a mass flow meter/regulator (MASS VIEW model MV-304 Mass Flow
Regulator, Bronkhorst High-Tech BV, Nederland) with the measurement range 0.04 to 20 dm3 min! and the additional
possibility of fine flow regulation. Nitrogen of 99.99 % purity was used as a carrier gas. The total heat consumption was
determined based on the electricity consumption, which was measured by the Wolcraft Energy Check 3000 device
(Wolcraft GmbH, Germany), which covers the measurement range from 0.001 to 9999 kWh.

3. RESULTS AND DISCUSSION

The developed pilot plant provides the possibility of recording a diagram of the thermal behavior of the reactor (i.e.
temperatures measured by thermocouples arranged within the reactor and at the exit of the condensation unit).

In Figure 2 a thermal diagram, i.e., the reactor temperature profile is presented, during the empty reactor operation,
i.e. heating the reactor without any raw material to a temperature of 500 °C for 45 min., at the inert gas flow of
0.1 cm? min™, total heating power of 1050 W and the heating rate of 19.7 °C min™* (PID characteristics of the system
were P =24; | =306; D=52.1).
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Figure 2. Thermal diagram of the empty reactor (heating rate 19.7 °C min, 1050 W, PID constants: P =24, 1= 306, D = 52)

Figure 3 shows the thermal diagram in the pyrolysis experiment with the plastic waste mixture at the same process
parameters (500 °C, 45 min, 0.1 cm® min!) and at the same heating conditions, where the heating rate was 12.1 °C min™.
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Figure 3. Thermal diagram in the reactor during pyrolysis of the mixture of plastic waste (heating rate 12.1 °C min’,
1050 W, PID constants: P =24, | =306, D = 52)

Both figures show non-uniform temperature distribution. The temperature in the lower part of the reactor
(thermocouple T1) is lower than the temperature in the middle part of the reactor (thermocouple T2), which is very
evident during pyrolysis (Fig. 3). Still, this is expected behavior, because during the heating phase, plastic is located in
the upper and middle part of the reactor (measured by thermocouple T2). During heating, plastic melts, and it comes
down towards the reactor bottom. This clears the upper and middle parts of the reactor, which enables intensive heating
compared to the bottom part of the reactor. In the lower reactor part energy intensive processes (endothermic
processes) are carried out.

The temperature in the upper part of the reactor (measured by thermocouple T3) is the lowest, which is expected.
Namely, this part of the reactor, i.e. the lid of the reactor body, is practically non-insulated and is partly occupied by
inert/non-heating parts of the cartridge-electric heaters. This behavior is additionally influenced by the fact that the
carrier gas is introduced in that part of the reactor, which is not subject to pre-heating, i.e. the carrier gas enters the
system at ambient temperature.

By the comparison of the two figures (Figs 2 and 3), the difference can be clearly observed. During the operation of
an empty reactor, the heating of the system was faster i.e. a faster rise in temperatures measured by thermocouples
T1, T2, and T3 (Fig. 2) occurred. However, during pyrolysis of the raw material (Fig. 3) this temperature increase was

3



Hem. Ind. 78(1) 29-40 (2024) M. DURDEVIC et al.: THERMAL BEHAVIOR OF A FIXED BED REACTOR DURING THE PYROLYSIS PROCESS

slower. The decrease in the heating rate in the temperature interval from 419 to 483 °C of the lower reactor part
(measured by T1) i.e. the reactor part where the feedstock material is placed, is particularly characteristic for pyrolysis
of plastic. This finding is in accordance with thermogravimetric (TG) and derivative thermogravimetric (DTG) diagrams
reported in literature [32,50]. Individual polymers degrade in the following order PS < PET < PP < PE [3]. Only PS
decomposition occurs in the range between 350 and 450 °C, while pure PET degrades at temperatures between 390
and 470 °C, and PP, LDPE, and HDPE degrade between 450 and 510 °C [25].

Figure 4 shows the thermal diagram of empty reactor operation and Figure 5. shows the thermal diagram of the reactor
filled with the biomass sample, during pyrolysis at 500 °C, time of 45 min, and nitrogen flow rate of 0.1 cm® min and heating
rate 28.6 °C min’.. Both experiments were carried out under identical heating conditions (total heating power: 1050 W, PID
characteristics of the system: P= 121, / = 718, D = 122.3), whereby the heating rate of the empty reactor was 15.8 °C min%.
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Figure 4. Thermal diagram of the empty reactor (heating rate 15.8 °C min™, 1050 W, PID constants: P =121, | = 718,
D=122.3)
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Unlike the diagram in Figure 3, the diagram in Figure 5 shows a much faster increase in temperatures measured by
thermocouples T3, T2, and T1, at temperatures above 200 °C, and at the same time a faster temperature increases than
during the operation of the empty reactor under identical conditions (Fig. 4). This directly implies the existence of
exothermic effects in the biomass pyrolysis process, and that the biomass pyrolysis process itself is less energy demanding

than plastic pyrolysis. Pyrolysis kinetics of biomass was investigated in literature [43] showing two stages: drying stage and
devolatilization stage.
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Figure 5. Thermal diagram of the reactor during biomass pyrolysis (heating rate 28.6 °C min™, 1050 W, PID constants:
P=121,1=718 D=122.3)
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In the first stage, at temperatures between 50 and 70 °C, the moisture content drops resulting in mass loss. In the
temperature range between 130 and 150 °C, TGA/DTG studies provide a flat line as a sign of water removal. And this point
(150 °C) is the drying end temperature. During the second, devolatilization stage, biomass undergoes depolymerization
and restructuring (mass loss is recorded at temperatures from 150 to 200 °C). After that, thermal chemical reactions occur,
and TGA curves show a drop in the interval between 200 and 400 °C. The volatile matter yield depends on temperature
and gas atmosphere [43]. It is possible to additionally analyze the obtained thermograms by mathematical methods and
based on different slopes of the curves during the operation of the empty and reactor filled with raw materials, at the same
operation conditions, to obtain the exact values of the thermal effects in the investigated process.

Considering the above statements, it can be concluded that in the developed pilot plant it is possible, with careful
regulation or temperature control of the process to record diagrams that can be used for the purpose of identifying
thermally intensive processes, similar to more complex TG and DTG analyses.

Figure 6 shows the thermal diagram of the pyrolysis experiment of a mixture of plastic/biomass in a ratio of 3:1, at
500 °C and a time of 45 min, at the inert gas flow of 0.1 cm? min and under the conditions of heating waste plastic
(total heating power: 1050 W; PID constants: P = 24, | = 306, D = 52.1), while the heating rate was 15.2 °C min™.
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Figure 6. Thermal diagram of the reactor during pyrolysis of plastic/biomass mixture in the ratio 3:1
(heating rate 15.2 °C min™t, 1050 W, PID constants: P =34, | =306, D = 52.1)

By comparing the obtained curves with the corresponding ones in Figure 3, a more intense increase in temperature
is observed measured by thermocouples T1, T2, and T3, where the characteristic interval (419 to 483 °C), observed
during the plastic pyrolysis, is almost completely absent. This means that part of the heat released during the
devolatilization of biomass was directly used for the endothermic parts of the plastic pyrolysis process. Thus, it can be
concluded that the co-pyrolysis of plastic and biomass, in the examined ratio of 3:1, had a favorable effect in terms of
reducing the heat consumption. This behavior was additionally proven by measurement of the total consumption of
electricity or heat for the analyzed processes.

From all the thermograms shown above, it can be seen that temperatures measured by thermocouple T3 were lower
during the operation of the empty reactor compared to those during the pyrolysis of the investigated raw materials.
This could be explained by the fact that the gaseous or steam products of pyrolysis additionally heat up the upper part
of the reactor with their sensible heat compared to the conditions during the empty reactor operation.

It can be assumed that different temperatures in the vertical reactor section, above all temperatures measured by
T2 and T3, affect the distribution and quality of the products. Namely, higher temperatures in the middle part of the
reactor (T3) compared to the lower part of the reactor cause a larger cracking volume of steam products compared to
the expected cracking volume, which would have occurred at a lower temperature (T2), i.e. under the conditions of a
uniform temperature field within the reactor. Examination of the mentioned assumption is the subject of further
research and modification of the heating system within the reactor, which will allow comparison of the yield and quality
of the products at two different heating modes, i.e. at the existing and with the uniform temperature field.
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Temperature distribution during the pyrolysis process is in accordance with monitored temperature profiles
reported in literature [53], where pyrolysis of PP was carried out in a fixed-bed reactor at different temperatures (300,
400, 500, and 600 °C).

3. 1. Heat consumption and heating dynamics analysis

Table 1 provides values of the consumed electricity for the experiments, presented by the above shown thermal
diagrams. The electric heaters are pure so-called “Ohm-consumers”. Therefore, one can assume that the measured
values of electricity consumption correspond to the heat consumption in the analyzed processes.

Table 1. Heat consumption during pyrolysis of plastic, biomass, and plastic/biomass mixture
Heat consumption, Wh

Specific heat consumption,

Feedstock R.eactor filled Empty Process heat Wh kg!
with feedstock reactor
Plastic, 200 g 835 482 353 1765 (1386*)
Biomass, 200 g 269 459 -190 -950
Plastic/biomass mixture 3:1, 200 g 702 482 220 1100

*Value for the experiment in which the reactor was filled with 0.35 kg of plastic

Presented data in Table 1 can serve as an assessment of the energy intensity of the process. In the fourth column, the
heat consumption of the process is given as a difference between the total heat used for the reactor operation during the
pyrolysis of 0.2 kg of the feedstock material and the total heat used for operating the empty reactor under identical
conditions. From these data, it can be seen that pyrolysis of plastics is the most energy-demanding process with a total
heat consumption of 835 Wh, and the estimated heat consumption of the process of 353 Wh for 0.2 kg of the raw material,
i.e. 1765 Wh kg* (6354 kJ kg™). Pyrolysis of biomass is the least energy-demanding process with a total energy consumption
of 269 Wh, and a difference of -190 Wh (-950 W kg) compared to the consumption of the empty reactor. This indicated
the exothermic nature of the biomass pyrolysis process, and it favors reduction in the heat consumption for the 3:1
plastic/biomass co-pyrolysis process, amounting to 220 Wh for 0.2 kg of the raw material (1100 Wh kg™?).

In order to analyze the possibility of further filling the reactor and the impact on energy consumption, research on
the pyrolysis of plastics was carried out with the reactor filled with 0.35 kg of the plastic mixture. The aforementioned
tests showed a total heat consumption of 967 Wh, and if the heat consumption of the empty reactor of 482 Wh is taken
into account (Table 1), the process heat is 485 Wh, yielding 1386 Wh kg (4989 kJ kg'). In the experiment, the yield in
the reactor was the same as in the experiment when the reactor was filled with 0.2 kg of raw material. These results
indicate higher reactor efficiency at higher loadings, which is expected considering that lower heat fraction is released
through the reactor walls. In practice, the total heat required for the pyrolysis process consists of the heat required to
heat the raw material to the appropriate temperature, the heat of depolymerization of the raw material, the heat of
evaporation and obtaining gaseous products, the heat for heating the inert gas, and the heat required to maintain the
reactor at a given temperature, which includes also heat losses through the reactor walls. Therefore, the analyses of the
thermal energy in the developed laboratory scale reactor, which included all the mentioned effects, can serve as an
estimate for the thermal analysis of larger pilot, semi-industrial and industrial reactors.

In the work of Xingzhong et al. [45] the total energy required for the pyrolysis of PE was 1316.1 kJ kg™. Also, similar
result is presented in literature [46], for the same raw material, theoretical heat consumption was1.075 1075 kJ kg™.
Another study [47] investigated the temperature influence on conversion of polystyrene to liquid oil by using pyrolysis
in a fixed-bed reactor. It was concluded that the temperature of 500 °C yielded the maximum oil amount. At the tempe-
ratures below 500 °C, wax was produced, and above this temperature gases were the main reaction products [56].
Energy demand of the conventional pyrolysis process ranges between 23 and 30 MJ kg, however information on
processing scale are lacking. Microwave pyrolysis seems to be more energy efficient in comparison to conventional
pyrolysis, because of the fast and selective heating [48]. Energy consumption during microwave pyrolysis is between 5
and 10 MJ kg1 [49]. This agrees with the result obtained in this work (1765 Wh kg ~6.35 MJ kg™?), which further indicates
that the applied pyrolysis process is more energy efficient than the conventional one (regarding the mentioned
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literature values for energy consumption). Furthermore, the results obtained in this work are in the range of energy
consumption values for microwave pyrolysis. Considering that the used reactor provides heating directly in the raw
material layer, unlike classic batch or fixed-bed reactors, where the heat comes from the outer walls, this type of
pyrolysis seems more energy efficient, resulting in lower energy consumption.

The obtained theoretical results differ from the results obtained in this research, primarily because pyrolysis is
observed at a temperature lower than 100 °C, without taking into account heat losses and operating conditions of a real
processing plant.

By analyzing the thermal diagrams from Figures 3, 4, and 5, i.e., by observing the time required to reach the pyrolysis
temperature, the heating rate is obtained, which is presented in Table 2.

Table 2. Heating rates during pyrolysis of plastic, biomass, and plastic/biomass mixture

Heating rate, °C min-!

Feedstock Reactor filled with feedstock Empty reactor
Plastic 12.1 19.7
Biomass 28.6 15.8
Plastic/biomass mixture 3:1 15 121

From the table 2 and the corresponding thermal diagrams, it is clearly seen how the dynamics of reactor heating
changes with the change of raw material., even at the same heating conditions (pyrolysis of plastic and pyrolysis of the
mixture

4. CONCLUSION

The main conclusions of this work can be summarized as follows.

e The analysis of the thermal behavior of the reactor indicates that in the developed pilot plant it is possible, with
careful regulation or temperature control of the process, to record diagrams that can be used for the purpose of
detecting thermally intensive processes, similar to more complex TG and DTG analyses. The obtained thermal
diagrams of pyrolysis of plastics indicate an extremely endothermic phase of the process in the interval from 419 to
483 °C, while thermal diagrams of biomass pyrolysis indicate an extremely exothermic phase of the process at
temperatures higher than 200 °C. The thermal diagram of co-pyrolysis of plastic and biomass in ratio 3:1 indicates a
favorable effect of biomass addition in terms of lowering the energy consumption of the process; this is additionally
proven by measurements of the total electricity consumption for the analyzed processes.

e Plastic pyrolysis is the most energy-demanding process with the specific heat consumption of 1765 Wh kg at a
heating rate of 12.1 °C min’}, while the biomass pyrolysis is the least an energy-demanding process with a total
consumption of 269 Wh for 0.2 kg of raw material, at a heating rate of 28.6 °C min’!, and specific heat consumption
950 Wh kg*. The specific heat consumption for the co-pyrolysis of the plastic/biomass mixture was 1100 Wh kg™ at
the heating rate of 15.2 °C min™.

e When the reactor is filled with 0.35 kg of plastic, the reactor shows higher energy efficiency with the specific heat
consumption of 1386 Wh kg™

e The analyses of heating dynamics and the total energy consumption during the co-pyrolysis of a 3:1 plastic to
biomass mixture, shows that it is possible to change the heating rate of the process and the overall energy efficiency
of the process by simply choosing the appropriate mixture.
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Analiza termickog ponasanja reaktora sa nepokretnim slojem u procesu

pirolize
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(Naucni rad)
Izvod

Piroliza je termo-hemijski proces u kojem dolazi do razgradnje organskih jedinjenja. Proces se odvija u
inertnoj sredini, a moZe se primeniti na industrijskom, polu-industrijskom i laboratorijskom nivou.
Tokom procesa pirolize, kontrolise se temperatura, medutim, studije i radovi koji se bave pirolizom ne
naglasavaju gdje se temperatura mjeri i da li je temperaturno polje ujednaceno. U ovom radu se istrazuje
termicko ponasanje laboratorijskog reaktora sa nepokretnim slojem, kao i potrosnja energije tokom
procesa pirolize. Koris¢ene su tri varijante polaznih sirovina: mjesavina plasticnog otpada (uzorak 1),
biomasa (uzorak 2) i mjesavina plastike i biomase (uzorak 3). Analiza termic¢kog ponasanja reaktora
ukazuje da se uz pailjivu regulaciju ili kontrolu temperature procesa mogu dobiti zavisnosti koje se mogu
koristiti u svrhu registracije termicki intenzivnih procesa, slicno sloZenijim analizama odnosno
termogravimetrijom (TG) ili derivativnom termogravimetrijom (DTG). Pokazalo se da je mogude
promijeniti brzinu zagrijavanja i ukupnu energetsku efikasnost procesa jednostavnim odabirom
odgovarajuce sirovinske mjesavine.
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