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Abstract: There has been a gradual increase in the field of parts recovery from cars that are with-
drawn from use. However, the disposal of automotive shredder residue (ASR) still remains a sig-
nificant problem. ASR is refuse derived fuel (RDF), which contains mainly plastics, fiber sponges,
and rubbers in different proportions, and therefore a thermal treatment of selected waste samples
is applied. The presented research includes thermogravimetry (TG) analysis and differential ther-
mogravimetric (DTG) analysis, as well as a proximate and an ultimate analysis of the ASR samples.
The obtained results were processed and used as an input for modelling. The numerical calculations
focused on the identification of the ASR’s average composition, the raw pyrolysis process product,
its dry pyrolytic gas composition, and the combustible properties of the pyrolytic gases. The TGA
analysis with three heating rate levels covered the temperature range from ambient to 800 °C. The
thermal decomposition of the studied samples was in three stages confirmed with three peaks ob-
served at the temperatures 280, 470, and 670 °C. The amount of solid residue grew with the heating
rates and was in the range of 27-32 wt%. The numerical calculation of the pyrolysis process showed
that only 0.46 kg of dry gas were formed from 1 kg of ASR. The gas yield increased with the rising
temperature, and, at the same time, its calorific value decreased from 19.22 down to 14.16 MJ/m3.
This is due to the decomposition of Cs+ hydrocarbons and the promotion of CO formation. The ther-
modynamic parameters of the combustion process for a pyrolytic gas air mixture, such as the adia-
batic flame temperature and laminar flame speed, were higher than for methane and were, respec-
tively, 2073 °C and 1.02 m/s.

Keywords: pyrolysis of RDF; thermal pyrolysis of plastics; ASR recycling; numerical modelling of
pyrolysis process; thermogravimetric analysis

1. Introduction

Year by year, the global production of cars is growing (about 50 million/year), with
a third of the cars being produced in Europe. Thus far, the most frequently raised issue in
the context of the industry, has been the emission of carbon dioxide, blamed for causing
climate change and releasing toxic substances, in particular, carbon monoxide, nitrogen
oxides, and particulate matter. At present, the issue of recycling end-of-life vehicles is an
increasingly popular topic. In recent decades, there has been a clear tendency to increase
the use of plastics in place of formerly metal components.
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The automotive industry is the third highest polymer-consuming sector, after the
packaging and building industries. Unfortunately, many of these elements are mixtures
of many different types of polymers [1]. The regulations currently being introduced coun-
teract this tendency. According to the current European Directive 2000/53/EC on end-of-
life vehicles, the recycling rate of materials from scrapped cars should be at least 95% (up
to 10% energy recovery) [2].

However, there are millions of cars in use that are of a mixed polymer profile and
will soon need to be disposed of. Due to the use of polymer mixtures, the problem of their
recovery with the use of the currently available methods of plastic recycling is considera-
bly difficult or even impossible to carry out [3]. In the first part of the demolition process
of scrapped vehicles, useful parts can be recovered. Unrecovered residues are then com-
pressed and directed to extract valuable ferrous and nonferrous metals. The leftovers from
such a process are called automobile shredder residue (ASR). This consists of plastic, fiber
and sponge, rubber, glass and wood, metal, and other materials [4,5]. ASR is a typical
refuse derived fuel (RDF) fuel from the automotive sector.

More than 70% of the plastic used in automobiles comes from four polymers: poly-
propylene (PP), polyurethane (PUR), polyamides (PA), and polyvinyl chloride (PVC). The
physical and chemical properties of selected ASR polymers are presented in the Table 1.
Blends of two or even more types of polymers are commonly applied in vehicle elements
[6]. The most common—mechanical —methods of recycling them are difficult to apply due
to the heterogeneity of their composition. Many methods have been proposed for solving
this problem; however, they have not yet found wide industrial application [7].

Non-recyclable fractions with a relatively high calorific value can be converted in
special plants to the form of RDF. RDF is utilized in incineration plants or added for en-
ergetic processes in cement plants. However, this approach creates a negative environ-
mental impact through carbon dioxide and toxic compound emissions. Regarding this is-
sue, studies of RDF thermochemical conversion may become a reference for combustible
waste recycling, like ASR. Plants powered by RDF can replace landfills or incineration
plants in the future.

Much research has been done, and many solutions regarding the use of RDF fuel
have been proposed in the literature. One of the considered methods is the thermochem-
ical conversion of said plastic waste using pyrolysis and gasification technology [8,9]. De-
pending on the applied conditions, these technologies allow for the transformation of the
feed supplied to the reactor into a flammable gas, liquid, or solid and, to a limited extent,
control the flow of their fractions. The gaseous form of the product of plastic pyrolysis or
gasification enables easier separation of the stream of generated gases [10]. Pyrolysis is a
process of thermochemical decomposition of organic matter in the absence of oxygen with
or without the use of catalysts [11].

Table 1. The physical and chemical properties of selected polymers [12-16].

. . Type of Polymer
Physical Properties PVC PA6 PA 6.6 PP PBT PUR ___ PS
High Heating Value [M]/kg] 23.9 26.5 n/a 44.1 15.7 31.6 404
Density [g/cm?] 1.5 1.13 1.14 091 1.35 1.51 1.04
Degradation temperature @latm [°C] 260 200 200 445 420 592 300
Melting point [°C] 302 220 269 163 323 n/a 340

n/a: not available in the literature, polybutylene terephthalate (PBT), polystyrene (PS).

Unfortunately, the nature of the pyrolysis process results in generating a greater
amount of liquid and solid product, which is characterized by a diverse composition. In
addition to chain hydrocarbons, it also contains nitrogen and sulphur compounds as well
as polycyclic aromatic hydrocarbons (which vary, depending on the original composition
of the fuel). The liquefaction process can be prevented by the use of a variety of catalysts
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[17]. However, this solution is characterized by high cost and a greater complexity than
the thermal pyrolysis method. Therefore, the further development of pyrolysis technology
in the context of plastics processing is both important and prospective.

In thermal pyrolysis, high temperatures are required. This often results in low quality
products. Thermal degradation without a catalyst introduces a wide range of products
with a low molecular mass [18]. Therefore, most of the studies conducted have shown that
catalytic pyrolysis is the best method to avoid the melting of ash in plastics, which occurs
at low temperatures [3,16,17]. However, due to the additional difficulties in the form of a
need to supply a catalyst, their consumption and the additional complication of the reac-
tors, thermal, not catalytic, pyrolysis is preferred.

In thermal pyrolysis, nonorganic parts of the fuel can remain practically unchanged
in the solid fraction of products. This enables the separation and recovery of this sub-
stance. Depending on the operating temperature of the reactor, the rate of heating, and
the residence time in the reactor, it is possible to direct the process to obtain one of the
three products: char, liquid oil, or gas. Gas production is dominant at high temperatures,
those exceeding 500 °C, and oil production is dominant at the lower temperatures, be-
tween 300 and 500 °C. The high heating value (HHV) of gas delivered from the pyrolysis
process of RDF is typically in the range from 15 to 30 MJ/m? [19], while oil products have
their HHV around 40 M]/kg [15].

The typical physico-chemical properties of different types of RDF fuel, next to plas-
tics, have been previously investigated experimentally in many works. In [20], the authors
investigated the pyrolysis behavior of three different municipal solid waste RDF samples
in the temperature range from 500 to 900 °C. They noticed that the ratio of released gas
weight to volatile matter could be expressed by only temperature function for any tested
conditions. Efika et al. focused on the influence of the process conditions on gas yields in
municipal solid waste pyrolysis [21]. They observed the highest heating value of resulting
gas (24.8 MJ/m?) at 800 °C and a rapid heating rate (350 °C/min).

Porshnov et al. [22] studied the decomposition of typical RDF fuel (mixed municipal
waste). They concluded that the thermal decomposition of RDF could be classified into
four distinct phases. Within the first interval, from 0 to 200 °C, mostly physical processes
are taking place, like the evaporation of water or melting of plastic components. The sec-
ond stage concerns the biomass decomposition, if any biomass is present. In the third
phase, the pyrolytic decomposition of plastics is dominantly taking place, while charring
of any leftovers is happening over 550 °C.

Buah et al. [23] studied the influence of the temperature of municipal solid waste RDF
pyrolysis on the gaseous product amount and calorific value. The calorific value of the
resulting gas rose with the temperature, and the maximum value was equal to 16.7 MJ/m3
at 700 °C. Cozzani et al. [24] investigated the conventional pyrolysis of municipal solid
waste with 17 wt% of plastic. They observed an evident increase of the gas fraction at
furnace temperatures over 600 °C. They related this to the occurrence of tar-cracking re-
actions in the homogeneous phase. The composition of the resulting gas was strongly de-
pendent on the reactor temperature.

When the hydrogen and carbon dioxide share increased with the rising reactor tem-
perature, the carbon monoxide levels decreased. Rajca et al. [25] studied, both experimen-
tally and numerically, the pyrolysis process of refuse-derived fuels consisting of a mini-
mum of two types of materials: biomass and thermoplastic polymers. They found that the
vast majority of the RDF (75 wt%) was degraded before reaching 680 °C, where the gas
fraction was 42.9 wt%. A further increase in temperature to 900 °C caused only a slight
increase in the thermal degradation; however, the increased share of the gas went up to
49 wt%.

The presented comparison between computer simulations and experimental studies
demonstrated a good convergence of gas phase prediction, especially for carbon monox-
ide and hydrogen. The largest differences were found for methane, where the concentra-
tion of methane (CHa4) was twice as high as the concentration for a numerical prediction.
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This resulted in a change of the low heating value (LHV) value from 8.3 to 11.8 MJ/m?,
respectively, for the experiment and the numerical calculation.

As ASR is a multi-component material, it is important to investigate the influence of
its composition on the pyrolysis process. Yun et al. [26] investigated the pyrolysis charac-
teristics of glass fiber reinforced plastic (GFPR), which is one of the components of ASF.
They created isothermal conditions in a thermo-balance reactor (TBR) and a wire mesh
reactor (WMR) to determine the mass loss curve, product yield, and kinetic parameters.

This research demonstrated that the amount of generated gas was low in the temper-
ature range between 600 and 700 °C and started to increase significantly from 700 to 1000
°C. In the case of the reaction time, the gas yield was low for 2 s, but increased significantly
from 4 s and remained at a similar level up to 10 s. They observed that the temperature
and reaction time increased resulting in promoted polymer scission and repolymerization
in the WMR according to Diels—Alder reactions, intermolecular radical transfer, and ran-
dom chain scissions. Haydary et al. [27] studied ASR pyrolysis in a laboratory scale screw
type reactor. They observed high H2 and CO increase with a temperature rise associated
with light hydrocarbons and a methane content decrease.

Zolezzi et al. [28] compared fast and conventional pyrolysis of ASR composed dom-
inantly of rubber and plastics characterized by a high ash content (27.3%). They observed
maximal gas production (35% by weight of the initial ASR) for the conventional mode.
Another composition ASR type fuel pyrolysis also characterized by a high ash content
was investigated by Roh et al. [29]. In thermogravimetry (TG) and differential thermo-
gravimetric (DTG) analysis, they observed three stages corresponding to individual com-
ponents of the fuel samples. The amounts of H> and CO as well as the general gas yield
increased with rising temperature.

Singh et al. [30] investigated the pyrolysis of municipal plastic waste (MSW) from
different countries using a lab scale pyrolysis reactor, as well as a TG/DTG apparatus. The
fuel comprised PE, PP, PS, polyethylene terephthalate (PET), PVC, and others, studied
separately and cumulatively. They observed that the early start reduction temperature of
mixed samples was lower than for individual samples, equal to 310 and 350 °C, respec-
tively. They suggested a synergistic effect of sample mixing. This observation is consistent
with the results presented in Han et al.’s study [31] on typical ASR pyrolysis.

In our study, we performed experimental and numerical analysis to understand the
pyrolysis process of ASR samples. The proximate and ultimate analyses, as well as the
TGA and DTG analyses of mixed and not-recycled parts of automotive plastics, were pre-
pared as input parameters for numerical modelling. The TGA experiments were per-
formed in non-isothermal conditions to measure the mass loss of the ASR sample with a
constant heating rate. Numerical calculations were focused on the pyrolysis product char-
acteristics, with the combustible properties of the pyrolytic gas as the most important pa-
rameter.

Calculations of the pyrolysis product composition were carried out with a perfectly
stirred reactor (PSR), ensuring constant pressure, temperature, and a selected residence
time. Cantera [32] models and the CRECK [33] mechanism were also applied. The gas
composition, as well as its calorific value, adiabatic flame temperature, and speed were
analyzed for each set of pyrolysis process parameters. The laminar flame speed of the dry
gas was obtained with a freely propagating flame model using GRI-Mech 3.0 [34].

2. Methods

The flow chart of the study and methodology is presented in Figure 1. The results
from the proximate and ultimate analyses of refuse derived fuels were used as input data
for the numerical calculation of the pyrolysis gas composition. Thermogravimetric analy-
sis was selected as the representative method for a set of pyrolysis process parameters.



Energies 2021, 14, 1779

5 of 15

RDF Analysis
v v v
Elemental Proximate analysis: Thermogravimetric
composition * Moisture, ash, volatiles, analysis
¢ Higher heating value

y A4
Numerical calculation of pyrolysis process

Figure 1. Flow chart of the study. Refuse derived fuel (RDF).

2.1. The Elemental Analysis

The automotive refuse derived fuel, after homogenization and the grinding process,
was investigated using the Truspec CHN628 Leco analyzer, equipped with infrared (IR)
and thermo-conductive detectors. The simultaneous determination of the carbon, hydro-
gen, and nitrogen content was based on the Dumas method. The sample was burned in a
high-temperature furnace (950 °C) in an oxygen atmosphere, to carbon dioxide (COz), wa-
ter vapor (H20), and nitrogen (N2). Independent IR detectors were used for the simulta-
neous detection of carbon (C) and hydrogen (H), while the nitrogen (N) content was meas-
ured using a thermal conductivity detection system. Figure 2 presents an ASR plastic sam-
ple before and after the grinding process.

Figure 2. Automotive shredder residue (ASR) plastic sample before and after the grinding process.

2.2. The Proximate Analysis

During the proximate analysis, the moisture, volatiles, and ash content of the ASR
fuel were determined. The moisture content was determined with the use of a drying oven
method. An electric dryer (Binder E28) with thermostatic temperature control was used.
The sample of the ASR before the drying process was ground to particles, with the diam-
eter no larger than 0.2 mm. The fuel drying process was carried out in an air atmosphere
for 90 min, in a temperature range of about 105-110 °C. The weight loss of the sample was
measured with an accuracy of 0.001 g.

To determine the ash content, an incineration method was used, according to the EN
14775:(2010) [35] standard. The ASR sample, with its weight at approximately 10 g, was
introduced into a muffle furnace (Nabertherm LVT3) and heated to a temperature of 250
°C (annealed over 60 min) and later up to 815 °C, with the sample annealing over 360 min.
After cooling the sample to the ambient temperature of the ash, the dish was weighed
with the accuracy of 0.1 mg.

The determination of volatiles was performed according to the European Standard
EN 15148-2009 [36]. The sample, with its weight around 1 g, was placed in a Rademacher
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vessel with a cover, and heated to 900 °C for a period of 7 min in a muffle furnace. After
the vessels cooled down, the sample was weighed with an accuracy of 0.0002 g.

In addition, the gross calorific value of the automotive ASR of the fuel was estab-
lished using a calorimetric bomb method, according to the ISO 1928:2009 standard [37].
The gross calorific value was determined at a constant volume with the reference temper-
ature of 25 °C in a bomb calorimeter. The bomb calorimeter was calibrated by benzoic acid
incineration. The ASR was burned at a constant pressure. The resulting water was not
condensed but was removed with flue gases. During the measurements, five samples of
fuel were investigated, where the maximum gross calorific value difference was at the

level of 0.6 MJ/kg.

2.3. The Thermogravimetric Analysis (TGA)

The thermogravimetric analyses were performed using a Mettler Toledo TGA/SDTA
851 analyzer. For the thermal analyses (TG —thermogravimetric analysis and DTG —dif-
ferential thermogravimetric analysis), the samples were placed in corundum (AL2Os) cru-
cibles. Approximately 5.3 mg of ASR was heated from ambient temperature to the maxi-
mum temperature of the pyrolysis process, which was equal to 800 °C, with three heating
rate levels of 10, 20, and 30 °C/min. The tests were carried out in a nitrogen atmosphere
with a flow of 40 mL/min. The two samples were measured under exactly the same con-
ditions, including the temperature range, atmosphere, and heating rate. The TG and DTA
curves for each of the samples were obtained as the outputs for the pyrolysis process.

2.4. The Modelling Procedure

The main purpose of the numerical analysis was a determination of the pyrolytic gas
composition and its combustible properties. The investigation was divided into the fol-
lowing four steps:

1. Identification of the automotive waste average composition,
2. Calculation of the raw pyrolysis process products,

3. Determination of the dry pyrolytic gas composition, and

4. Evaluation of the pyrolytic gases combustible properties.

The calculations were carried out with the Cantera software, which comes with a
number of zero- and one-dimensional models. Reactor and flame models are available for
a number of well-defined and commonly encountered phenomena [32].

An IdealGasReactor was chosen, which represents the perfectly stirred reactor class
(PSR) of the zero-dimensional models, with a constant pressure and temperature, and a
conservation of the selected residence times. The possibility to mark the percentage share
of the exact species present in the sample was limited; therefore, the ultimate and proxi-
mate analysis results were taken as an initial composition of the sample (ASR 1). The in-
fluence of the residence time, the process temperature, and the pressure on the product
composition was investigated. The modelling procedure performance was confronted
with an experimental outcome of a corresponding automotive waste sample (ASR 2) as
analyzed by Yun et. al. [26].

The pyrolysis process products were cooled in a second PSR reactor to obtain the raw
off-gas composition (P) for the standard state conditions (25 °C and 101,325 Pa). The com-
position of the pyrolytic gas in the PSRs was determined with a CRECK [33] mechanism.
A significant amount of long chain and aromatic hydrocarbons was expected, and there-
fore, datasets for Ci—Cis, soot, and nitrogen chemistry were chosen (621 species).

The composition of the overall pyrolysis process products was divided into five
groups: H20, Hz, CO-CO», Ci—C4, and Ce+ and others. We assumed that the dry pyrolytic
gas (DG) consisted of elements characterized by a condensation temperature below 25 °C.
Therefore, the highest density yield Cet+ was rejected from the resulting product gas, as
well as the remaining H>O water vapor, in order to obtain the proper dry gas composition.
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The lower heating value of the dry gas (LHVbc) and the raw pyrolysis products
(LHVr) were calculated differing from the standard enthalpy of formation. The LHV value
of the received gas was measured for the pyrolysis process temperature and pressure (up
to 1000 °C and 5 bars).

The adiabatic flame temperature (Tapc) and the laminar flame speed (St pc) were es-
timated with a 1D FreeFlame model (1D FF). The flame speed values were investigated
for stoichiometric mixtures of air and dry pyrolysis gas. During the Tapc and S.oc calcu-
lation, the fuel composition was limited to the samples with a mass fraction greater than
0.01 (Hz, CO, COz, and Ci1—Cs); therefore, a GRI-Mech 3.0 mechanism was available for use
in the flame speed calculations. A workflow summary is presented in Figure 3.

ASRpar
H,0,C,N

PSR 1D FF
—> Products —> Dry gas 25°C — SipG
H,, H,0, CO, CO,, C;—C, C. H,, CO, CO,, C,—C,
'
Equilibrium
Products Dry Gas
Taop LHVp Tane LHVpg

Figure 3. Numerical modelling workflow. Dry ash free (DAF), perfectly stirred reactor (PSR), 1D FreeFlame model (1D
FF), laminar flame speed (S.pc), lower heating value of the dry gas (LHVbc), and raw pyrolysis products (LHVr).

3. Results and Discussion
3.1. Automotive Refuse Derived Fuel Characteristics

The physical and chemical properties of the mixture of automotive plastics are pre-
sented in Table 2.

Table 2. Characterization of ASR from automotive plastics.

o Ultimate Analysis [wt%] Proximate Analysis [wt%]
ASR Fuel Gross Calorific Value [M]/kg] C1 1 NT  Moisture Ash Volatiles
Sample 1 414 5.4 241
Sample 2 23.5+0.6 43.1 5.7 378 0.84+006 267+1.1 663+0.3
Sample 3 41.6 55 28.2

T accuracy of ultimate analysis is: C = 0.15 wt%; H = 0.02 wt%; N = 0.03 wt%.

Different types of plastics have different compositions, including the moisture con-
tent (W), volatile matter (VM), and ash (A) content. For the selected type of polymers, the
VM content was in the range between 86 and 99.5 wt%, respectively, for polyethylene
terephthalate (PET) and polyamide (PA). The ash and moisture content was low, up to 2
and 1 wt%, respectively [16]. The volatile matter and ash content are the major factors that
influence the product composition in the pyrolysis process.

The high value of VM promotes liquid oil production, while a high ash content in-
creased the gaseous yield and char formation. The data presented in Table 2 confirmed
the multi-component nature of the tested material. The high content of ash that was meas-
ured could be the result of additives in the plastics to improve their properties, such as
the optical properties, flexibility, tensile strength, and hardness.

The most commonly used additives in different types of plastics are plasticizers,
flame retardants, antioxidants, light and heat stabilizers, lubricants, pigments, antistatic
agents, slip compounds, and thermal stabilizers [38]. The second group of materials that
increases the ash content is polymer matrix composites (PMC), which are used to produce
lightweight vehicles. They are divided into two groups: fiber sheet molding compounds
(SMC) and carbon or glass fiber reinforced polymer matrix composites [39].
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The average higher heating value of the analyzed fuel was 23.5 M]/kg. This value is
similar for typical energetic coal assortments, and higher than the most common types of
biomass. In relation to an individual plastic, the measured HHV was close to polyvinyl
chloride or polyamide. Based on the proximate analysis of mixed plastics (high A content
and low VM content), the pyrolysis of such ASR will promote an increase in the gas yield
in comparison to the pyrolysis of a single plastic.

3.2. TGA Analysis

Figures 4 and 5 present the thermal behavior of the studied fuels under a nitrogen
atmosphere, simulating the pyrolysis process. The TG analysis showed the weight loss of
the investigated material during its thermal conversion process, while the DTG analysis
allowed us to determine the temperature at which the rate of decomposition of the tested
material reached the maximum values. To guarantee the validity of the results obtained
during the analysis due to the possibility of heterogeneity of the sample, the TG analysis
was repeated twice. The samples were analyzed in non-isothermal conditions at a con-
stant heating rate of 10 °C/min.

TG [%]

100 4
——Sample 1

——Sample 2
- - —Sample 3

90 A

80

0 100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 4. Thermogravimetry (TG) analysis for the ASR sample pyrolysis process.

TG [%] DTG [%/min]
100 L 0.000
90 4

L -0.001
80 4
L ~0.002
70
0 1 b -0.003
50 1 I -0.004
40 4
L -0.005
L ~0.006
20
'::‘ﬁ ——TG Sample1 ~ ----- DTG Sample 1
L7t b ~0.007
10 1 i - - -DTG Sample2 - - - DTG Sample 3
295°C
0 I ————r——r—r———1 ~0.008
0 100 200 300 400 500 600 700 800 900

Temperature [°C]

Figure 5. Differential thermogravimetric (DTG) curves for the ASR sample pyrolysis.
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As can be seen in Figures 4 and 5, the results of the pyrolysis process for the repeti-
tions are comparable. The results show that a significant part of the material underwent a
thermal degradation in the temperature range of up to 480 °C (Sample 1—65 wt% and
Samples 2 and 3—63 wt%). The next important weight loss (about 11 wt%) occurred in
the temperature range of up to 670 °C. After the end of the pyrolysis process, at the tem-
perature of 800 °C, the residues of the charge material were at levels of approximately 28
wt% (Sample 1) and 29 wt% (Sample 2 and 3).

The DTG analysis confirmed the multi-component structure of the tested fuel, with
three peaks visible. The first peak shows a decomposition temperature of around 287 °C
and corresponds to the thermal decomposition profiles of such polymers as PA and PVC.
The second decomposition temperature is about 470 °C and is related to the breakdown
of polymers, such as PE, PP, and polybutylene terephthalate (PBT) [30]. The smallest but
distinct peak was noted for about 670 °C and is connected with the pyrolysis of polyure-
thanes and materials used as additives in ASR materials.

The obtained TG and DTG curves for the analyzed samples are almost identical,
which proves the homogeneity of the investigated samples. Therefore, the influence of the
heating rate on the pyrolysis process was studied only for sample 1. The analysis was
carried out for three heating rate levels (10, 20, and 30 °C/min) and the results in the form
of the TG and DTG curves are presented in Figure 6

TG [%] DTG [%/min]
100 -
1 L 0.000
F —-0.001
80 4+
I —-0.002
60 F —-0.003
F —0.004
40 4
F —0.005
1 - —0.006
20 4
] L ~0.007
0 T 777 T 7 T T 1 T T 1 T r 1 71—+t -0.008
0 100 200 300 400 500 600 700 800 900
Temperature[°C]

Figure 6. The heating rate effect on the TG and DTG curves for the Sample 1 pyrolysis.

Increasing the heating rate did not affect the course of the pyrolysis process, but the
TG curves were shifted toward higher temperatures. An influence of the heating rate on
the amount of products obtained was observed. The difference between the two extreme
cases was over 5% (27% versus 32% of the original sample mass). This is also connected
with the reduction of the gaseous fraction in the reaction products. In a situation where
the aim is to obtain the largest possible volume of valuable gaseous products, increasing
the sample heating speed had the opposite effect.

3.3. Numerical Calculation of Pyrolysis Process

The numerical calculation of the pyrolysis process of the ASR sample was carried out
for a constant temperature, ranging from 600 to 1000 °C. Different residence times were
applied, starting from 2 up to 90 s. The ultimate and proximate analysis results for Sam-
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ples 1, 2, and 3 were averaged and introduced with the initial mixture of properties, re-
ferred to as ASR 1 fuel. Additionally, a sample containing a glass fiber reinforced plastic
(ASR 2 [26]) was investigated and used to validate the modelling procedure.

The share of the nitrogen (N2) as a possible inert or carrier gas for the pyrolysis pro-
cess was neglected, and thus only elemental nitrogen was taken into consideration. The
elemental oxygen content was calculated as a complementary value for the averaged ini-
tial mixture. The data sets were processed to achieve a dry ash-free (ASRpar) initial com-
position and are presented in Table 3.

Table 3. Characterization of the sample compositions for the numerical calculations.

Ultimate Analysis [wt%] Proximate Analysis [wt%]
ASR Fuel
SR Fue C H N (0) Moisture = Ash  Volatiles
ASR 1 42.03 5.52 0.30 20.27 0.84 26.70 66.30
ASR2[26] 60.26 5.37 0.44 11.37 1.57 22.20 71.19

A comparison of the numerical and experimental results for ASR 2 was prepared and
is shown in Figure 7. A general underestimation of the CO: production was recorded,
while the CO shares were overestimated. A similar effect was observed for the pyrolysis
of abiomass-based waste, with CRECK by Rajca et al. [25]; however, a significantly greater
share of CO2 was formed, compared to the ASR 2 results. The overall CO-CO2 mass yield
corresponded with the analogous values for the experimental outcome, as well as the Ci-
C: fraction contribution. The calculations indicated slightly higher rates for the hydrogen
and ethylene formation compared with the test results. The total gaseous product shares
for ASR 2 did not exceed 34.1 wt%, while the experiment showed their maximum at 1000
°C—43.1%.

0.10 0.50
= 008 4 0.40 +
5 B CH,
£ 0.06 030 - WO
@ ;. 1 5] AURES
é" CH,y = Cl—Cz
0.02 m CH, 0.10 +
BH
0.00 -~ 0.00 T T T T
900°C 1000 °C 900°C 1000 °C 900°C 1000 °C 900°C 1000 °C
ASR2 Experimental [26] Numerical calculations ASR2 Experimental [26] Numerical calculations

Figure 7. Comparison of the fraction distribution for the ASR 2 raw pyrolysis product—experimental [26] and numerical

outcomes.

ASR 1 and ASR 2 were characterized by similar H, N, and ash shares, although the
carbon fraction was significantly higher for the glass-fiber reinforced waste. Therefore, a
great amount of high-density aromatic hydrocarbons were noted for the ASR 2 (62.8% of
the produced raw gas) as the oxygen availability was limited. The detailed composition
of the pyrolysis process products for ASR 1 is shown in Table 4. The data sets present
selected values of the investigated pyrolysis temperature range (from 600 to 1000 °C).
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Table 4. Characterization of the product composition for numerical calculations—raw pyrolytic gas, residence time 2 s,

fuel ASR 1.

Pyrolysis Temperature

Raw Product Gas Composition [wt%]

[°C] H: H:0 CO CO: CH: CHs CH: C:H: GCHs CiHio Cs (CeHs)
600 2.1 8.3 353 25 27 15 16 2.5 1.9 24 319 154
700 1.8 8.0 368 24 6.1 1.6 3.1 2.1 1.2 0.8 299 151
800 2.0 7.2 389 23 7.1 1.1 50 1.3 0.5 - 306 144
900 29 4.9 425 24 62 05 51 1.0 - - 303 119
1000 3.9 2.9 46.7 1.6 48 01 36 15 - - 32.0 7.9

The lowest pyrolysis temperatures were connected with a wider range of light hy-
drocarbons in the off-gas, in a summary given as Ci—Cs. The highest mass yield of prod-
ucts was held by CO and the dense fraction of aromatic hydrocarbons—mostly benzene
and heavy polycyclic aromatic hydrocarbons (PAHs), which are the gas phase precursors
of soot formation [40]. The soot formation process with PAH is governed by a well-known
HACA mechanism (hydrogen abstraction acetylene addition) [41].

The consumption of benzene, and the subsequent PAH formation process, is intensi-
fied with the temperature rise and the availability of fuel, which was visible for ASR2—its
PAH share increased from 42.3% to 55.2%, while the benzene share decreased from 21.7%
to 7.6%. The toluene and phenol shares were also tracked and added to the overall Ce+ frac-
tion, which is expected to be extracted from the gas phase within the cooling of the process
products. The overall distribution of the ASR 1 mass yield is shown in Figure 8.

1.0
0.9 A
0.8 A
0.7 A
0.6 A
0.5 4 ODG
0.4 A
0.3 A
0.2 A
0.1 A
0.0 A

Mass share [-]

B 5+L
B ASH

600 630 700 730 800 850 900 950 1000

Process temperature [°C]

Figure 8. Distribution of the ASR 1 product fractions, 25 °C and residence time 2 s. Dry gas (DG),
solid and liquid products (S + L), and ash (ASH).

The influence of the different residence times from 2 to 90 s was investigated for the
pyrolysis process temperature of 800 °C. There was a significant rise in the CO (38.9% to
42.9%) and CO2 (2.3% to 3.5%) shares for the longest time considered (90 s). The CcHs
contribution lowered with the extension of the reaction time —from 14.1% to 10.7%, while
the PAH share rose. A summary amount of light hydrocarbons was constant and at about
15.8%, although distribution of the key Ci—Cs types changed over the time. The methane
formation was intensified —the share increased from 7.1% up to 10.8%, while the ethylene
fraction dropped from 5.1% to 3%. Additionally, traces of acetylene and ethane were pre-
sent, as well as ammonia and hydrogen cyanide (less than 1%). The residence time impact
on the gas composition was rearranged and is shown in Figure 9.
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Figure 9. Distribution of the ASR 1 pyrolytic gas fractions as a function of the residence time; pro-
cess temperature at 800 °C.

The raw pyrolysis product was processed to determine the dry gas composition,
which consisted of Hz, CO, COz, and Ci—Cs. The evaluation of the pyrolytic gas combus-
tible properties was carried out with LHV and Tab as the main indicators for both cases—
the raw product (P) and the resulting dry gas (DG). The laminar flame speed (Sr) charac-
teristic of the dry gas was settled and is shown in Figure 10.
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Figure 10. Thermodynamic properties of the raw and dry gas as a function of the pyrolysis processes temperature; resi-

dence time of 2 s.

Calorific values of the raw process products were lower than the experimental re-
sults, with an average value of 19.87 MJ per kg of ASR 1. The dry gas combustible prop-
erties varied with the pyrolysis process operating conditions—from 14.16 up to 19.22 MJ
per 1 standard m? of the dry gas. The highest LHVbc values were observed for the mod-
erate pyrolysis process temperatures, ranging from 700 to 800 °C. The averaged mass
share of the dry gas in the ASR 1 was estimated at 0.44 kg per 1 kg ASR 1, which corre-
sponds to the energy of 10.26 MJ per 1 kg of ASR 1. The dry gas mass yield rose with
temperature, which balanced out the decreasing trend observed for the dry gas calorific
value.

The lowest flame speeds (0.75 m/s) were achieved subsequently for the considered
moderate temperatures, which was a result of an increased share of the lightweight hy-
drocarbons—15% of the raw product gas for 800 °C. The real values for the modelled ASR
1 dry gas could be relatively lower, which is connected with the general CO over-predic-
tion, which partially took place instead of CO: formation.
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The maximum value of the laminar flame speed was recorded for the process tem-
perature of 1000 °C and amounted to 1.02 m/s—that is, 2.5-times higher than for a pure
methane fuel. The discussed conditions were characterized by the highest achieved mass
share of H2—around 3% of the raw product gas (35% vol.), which amounts to 6.3% of the
dry gas (47% vol.). The significant share of hydrogen also raised the adiabatic flame tem-
perature to 2073 °C, while the corresponding methane temperature was 1963 °C.

4. Conclusions

In this study, pyrolysis analysis, using the TGA-DTGA technique and numerical cal-
culations, was carried out with ASR samples. The most important information includes
the proximate and ultimate analyses, the thermal conversion process, the resulting gas
composition, as well as the process parameters that influenced the pyrolysis products.

The conducted research led to the formulation of the following insights:

e thelarge amount of ash in the proximate analysis proves that there was a large share
of fillers in the tested samples;

e around 70% of the mass of the tested samples underwent thermal decomposition
mainly in three stages at temperatures ranges of about 280, 470, and 670 °C;

e  the mass of solid residue grew with increases in the heating rate levels;

e the highest calorific values of the dry pyrolytic gas corresponded to the moderate
pyrolysis process temperatures (700-800 °C), which is a result of the peak value of
the hydrocarbon share—15 wt% of Ci—Cs; and

e the averaged adiabatic flame temperature was 2057 °C, which is 94 °C greater than
in the case of methane combustion, while the mean value for the laminar flame speed
was 0.84 m/s due to the high volumetric share of hydrogen in the obtained dry gas
fuel.

The conducted research shows that the gas received from the ASR pyrolysis process
can be used as an energetic fuel. However, the thermodynamic parameters describing the
combustion process differ from typical hydrocarbon fuels, which has to be considered
when designing combustion systems by applying specialized solutions [42].
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Nomenclature

A ash

ASR automobile shredder residue

DAF  dry ash free

DTG  differential thermogravimetric analysis

DG dry gas
HHV  high heating value
IR infrared detector

LHV  low heating value
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p product (raw pyrolysis product)
PA polyamide

PBT polybutylene terephthalate

PE polyethylene

PET polyethylene terephthalate
PMC  polymer matrix composites

PP polypropylene

PUR  polyurethane

PVC  polyvinyl

RDF refuse delivered fuels

SL laminar flame speed
SMC  sheet moulding compound
TG thermogravimetric analysis

TAD  adiabatic flame temperature
VM volatile matter
\W moisture
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