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The increasing amount of municipal solid waste (MSW) is a growing challenge that current waste-treatment practices
are having to face. Therefore, technologies that can prevent waste from ending up in landfill sites have come to the fore.
One of the technologies that produces a valuable product from waste, namely synthesis gas, is gasification. The raw
material of this technology is the so-called Refuse-Derived Fuel, which is made from MSW. Three separate zones are
located in downdraft gasification reactors: the pyrolysis, oxidation and reduction zones. This work is concerned with the
determination of kinetic parameters in the pyrolysis zone. It also discusses the estimation of the product composition of
this zone, which defines the raw material of the following zone.
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1. Introduction

Management of the increasing quantity of municipal
solid waste (MSW) is an ongoing issue. The majority of
the waste ends up in landfill sites or is incinerated, lead-
ing to the emission of significant amounts of greenhouse
gases. According to data from the European Union’s Eu-
rostat database [1], the EU27 countries produce in excess
of 200 million tons of waste. The amount disposed of is
continuously being reduced by separating recyclable and
biodegradable materials. Although less and less waste is
being dumped as landfill, landfill sites cannot accommo-
date waste being generated Therefore, the quantity of
waste ending up in landfill sites is not reducing signifi-
cantly. In 2019 the EU member states deposited 24 mass
% of waste in landfill sites; that quantity was 53 million
tons. In Hungary, this value was 51 mass %, namely 1.9
million tons (Fig. 1).

As the waste deposited in landfill sites decomposes,
methane is formed and released into the atmosphere as a
result of a reduction in its volume through cracks in the
soil layer used to cover the landfill. The global warming
potential of methane (CHy) is 25 times greater than that
of carbon dioxide (CO,) [2]. Therefore, the development
of technologies that can prevent waste from ending up in
landfill sites and further reduce greenhouse gas emissions
through Carbon Capture, Utilization and Storage is justi-
fied. One such technology is gasification.

Different types of gasification reactors are available,
namely moving bed, fluidized-bed, entrained-flow, rotary
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Figure 1: Generation of municipal solid waste and the
amount deposited as landfill [1].

kiln and plasma gasifiers, which have been reviewed in
Ref.[3,4]. Updraft and downdraft reactors are moving bed
gasifiers. In the case of the former, the product gas trav-
els in the opposite direction to the feedstock and leaves
through the top of the reactor. Since the amount of tar
contained in the product gas is higher than in the case of
downdraft reactors, where the gas and feedstock flow in
the same direction, the temperature of the effluent gas is
higher. In fluidized-bed gasifiers, a bed material is used
for the purpose of heat transfer and the raw material,
which is fed into the reactor from the bottom, as well
as the bed material are fluidized by air. The product gas
contains a higher proportion of particles. The raw mate-
rial of entrained-flow reactors is powdered, it along with
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air is fed into the reactor from the top. Rotary kiln gasi-
fiers rotate around their axes to ensure the solid and gas
phases mixture. Plasma reactors use copper or carbon
electrodes and the raw material is decompozed down to
the atomic level. Downdraft reactors are the most suit-
able for low tar content with high carbon conversion, as
well as high hydrogen (H2) and carbon monoxide (CO)
content of the product. Its operating temperature and res-
idence time meet the requirements of waste, namely its
investment and operating costs are low.

The feedstock of downdraft reactors is fed from above
while the air feed enters through the side of the reactor at
a height slightly higher than halfway up the gasifier and is
evenly distributed inside. Therefore, three separate zones
can be formed. At the top, in an oxygen-deficient environ-
ment, is the pyrolysis zone, before air is introduced and
the raw material partially burned in the oxidation zone to
meet the energy demand of the endothermic reactions that
take place in the other two zones. By proceeding along
the length of the reactor, the reduction processes occur
in the reduction zone after passing through the oxidation
zone. Once the gas has passed through the reduction zone,
it is extracted and the slag falls to the bottom of the reac-
tor.

The aim of this work is to create a simple model that
estimates the amount of gaseous components in the py-
rolysis zone as a function of temperature based on the
composition of the raw material and the amounts of the
gases. Furthermore, such a model can be integrated into
a model of a more complex gasification reactor. To cal-
culate the amounts of the gases, the kinetic parameters
of the pyrolysis zone are required, which were identified.
The output of this zone is the raw material for the follow-
ing oxidation zone.

2. Identification of pyrolysis kinetic param-
eters

Various models using mainly biomass and cellulose feed-
stocks have been developed over the years to describe the
pyrolysis zone. Some of them are suitable for molecular
level studies, others are designed for particle-level studies
and some are also applied to study equipment. Hameed at
al. have compiled a detailed overview of them [5]. Since
the pyrolysis zone is only one component of the reactor
model, the less complex model referred to as the one-step
kinetic model was chosen, which is written for the mass
conversion as [6]

d
d—T:—km(l—y). 1)

Here, y is the conversion factor calculated by using the

mass of raw material (1, ), current mass (Mactual), and
the mass of the solid residue (mgnay) as [7]

Min — Mactual
y=—"—". 2)
Min — Mfinal

The rate constant of the reaction, k, is defined by the Ar-
rhenius equation

k= AeFF 3)

from which the unknown parameters A and F, /R can be
determined. The amount of gas can be calculated from
Eq. 1.

The parameters for cellulose and lignin (a mixture
of paper, cardboard and wood)-hereinafter referred to as
cellulose, plastic (a mixture of PE, PP and PET) as well
as a 50 — 50 m% blend of cellulose and plastic were iden-
tified separately. The kinetic parameters (A and E,/R)
of both kinds of raw materials were unknown. Since the
search space was smaller when identifying the parame-
ters of pure raw materials, faster and more accurate re-
sults were achieved. The parameters were determined us-
ing the MATLAB R2019b program based on experimen-
tal data from the literature [8]. The effect of a catalyst on
the decomposition of waste was investigated by thermo-
gravimetry and mass spectrometry in a mass spectrome-
ter. The inert atmosphere was composed of argon, while
the masses of the samples were between 0.5 and 4 mg.
Results in the absence of a catalyst are studied in this
work. The heating rate of measurements was 20 °C/min.
The degradation of cellulose started at approximately 250
°C, while that of plastic commenced at around 400 °C
(Fig. 2).

In order to focus on the portion of the curves where
the changes in mass were larger as well as the mea-
sured and calculated values deviated more, the temper-
ature range was narrowed from 60 — 700 °C to 142 — 552
°C for cellulose and to 369 — 531 °C for plastic. The m%
of the residue was read from the graph. A global extrema
searcher, NOMAD, was used in MATLAB to identify the
parameters. The differential equation (Eq. 1) was solved
using ode23s. The objective function to be minimized
was the sum of the squares of the difference between the
measured and calculated data for each temperature value:

mln(f) = Z(m%measured'm%calculated)2- (4)

T

The identified parameters are shown in Table 1.

Once the kinetic parameters of the pure fractions had
been identified, the mixture was calculated using these
values. The change in total weight is the sum of the
change in weight of the cellulose (m.) and plastic (m,)
(Eq. 5). Furthermore, the y-factor (Eq. 2), the kinetic rate
of the reaction (Eq. 3) and the mass conversion (Eq. 1)

Table 1: 1dentified parameters

In(A) E,/R[K] Correlation

coefficient
Cellulose 16.83 13540 0.915
Plastic 55.3 43502 0.765
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Figure 2: Measured [8] and simulated results using the identified parameters: a) cellulose, b) plastic, ¢) cellulose and plastic

50 — 50% mixture; o Experimental curve , — Fitted curve,

were calculated separately for both components:

dm _ dme dm,
dt — dt dt

The results of the calculation using the applied model
are shown in Fig. 2. The simulated decomposition curves
of plastic (Fig. 2a) and cellulose (Fig. 2b) follow the
experimental results well; the end of the curve deviates
to a small extent caused by the decomposition of the
lignin [9]. In the case of the mixture (Fig. 2¢), a higher
deviation in excess of 400 °C was observed. The decom-
position of the cellulose commenced earlier at 250 °C,
while that of the plastic started at 400 °C. The degra-
dation of the plastic component started later. Although
lignin begins to degrade at 400 °C, which may affect the
decomposition of plastic [8,9], the difference was not sig-
nificant, so the degradation of the lignin was not treated
separately from that of the cellulose.

Since the component of the Arrhenius equation cor-
responding to the activation energy depends on the tem-
perature, the E,/R value had to be modified. From the
Arrhenius equation (Eq. 3), the value of k was calculated
along with the parameters before the kinetic parameters
were recalculated by retaining the k value. The parame-
ter E,/R of plastic changed, its new value was 44 500 K,
the values of the other parameters remained unchanged
as is presented in Table 1. Using this new E,/R num-
ber, the recalculated curve (depicted in orange) fitted bet-
ter. Based on the one-step kinetic model, the mass of gas
formed in the pyrolysis zone can be calculated. The dis-
advantage of this model is that it cannot determine the
composition of the gas nor the quantities of its compo-
nents. In the oxidation zone, since the products from the

)

Fitted curve with modified F. /R, — degradation start

pyrolysis zone are partially oxidized, it is also necessary
to quantify each gaseous component.

3. Composition of the gas

Pyrolysis gas consists of different components; the main
components are carbon monoxide (CO), hydrogen (Hs),
carbon dioxide (CO,), methane (CH,), water (H>O), and
tar. The exact molecular formula of tar is unknown, its
formula is represented as C,H,O.. An extrema search
was used to determine its composition.

3.1 Composition of Refuse-Derived Fuel

Some waste-treatment plants include mechanical biolog-
ical treatment plants that produce Refuse-Derived Fuel
(RDF) by filtering out and grinding MSW. In such plants,
glass, metal as well as inert and biodegradable materials
are removed, MSW is dried whilst being grinded and fi-
nally 3 % of its original weight will be equal to the mass
of the RDF. As the raw material of the reactor is RDF,
the results of studies into the composition of RDF were
collected and averaged Table 2. [10, 11]

3.2 Objective function and constraints

Based on the composition, the constraints required for the
extrema search can be determined. The total masses (1)
of each element, namely C, O, H, Cl, S, and N, were de-
termined from Eq. 6. The mass of the impurities (mcy,
mg and my) was subtracted from the total gas mass
(Mgas)- The extrema finder searches for the minimum of
the objective function, which is the absolute value of the
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Table 2: Average RDF composition

Table 3: Lower and upper limits

Proximate analysis [m%]

Moisture content 17.55
Ash 12.3
Volatile matter 63.18
Fixed carbon 6.97
Ultimate analysis of the dry basis [m%]

C 40.83
H 5.36
(0] 37.08
N 1.18
S 0.29
Cl 0.34
Ash 14.92

difference between the total mass of the gas and the sum
of the mass of each gaseous component according to Eq.
7, where n,; denotes the moles of gaseous compounds and
M, represents the molecular weight.

(m%),

100 (©)

mj = mgas

min(f) = abs (mgas_(mCl+mS+mN)_ Z Mﬂ%)

)
The total weight of each element should be equal to the
sum of the weight of the same element in each compound.
Due to the strength of the constraints, only a minimal er-
ror is permissible. The nonlinear constraints are

abs [mc—Mc(nco+ncu, +nco, +antar))
mc

0.01 >

®)

abs [mo— Mo (nco+2nco,+nm,o0+Ccniar)]
mo

0.01 >
©)

abs [mH — My (4nCH4 +2TLH20+277,H2 +bntar)]
my

0.01 >

(10)

The limits of the parameters a, b, and c are determined

based on the measurement of the tar composition [12,13].
The constraints of these parameters are

12>a>6; 24>b>6; 6>c>0 (11)
Empirical relationships [14, 15] were applied to the mass
ratios of CO to CO,, and CHy to CO,, which are

temperature-dependent:

7730313 5019898
Yco/co, = €Xp (1.8447896+ )

T + T
(12)

Limit CO, H,O Hy CH)O. a b ¢

Lower [m%] 10 0 0.4 40 9 10 4

Upper [m%] 25 10 0.7 95 11 20 6
_167T5-96

YCH,/CO, = 5 X 10 (13)

By measuring the composition of the pyrolysis gas [8,16],
the lower and upper limits were determined for the mass
percent of components (Table 3). The m% limits were
calculated from

ower i M
0 > [olover _ - (14)
100 Mgas — (Mc1 +ms +mx)
0 Z n; Mi _ m%upper (15)
Mgas — (mCI +mg + mN) 100

Using the kinetic parameters identified in the previous
section, the batch pyrolysis was simulated for 250 kg of
raw material with a moisture content of 17.55 % as well
as plastic and cellulose fractions of 50 — 50 %. During
the process, the composition of the gas was calculated as
a function of temperature based on the aforementioned
equations. The heating rate which was used during iden-
tification was 20 °C/min. The dry raw material was taken
into account in the calculation. To reduce the calculation
time, the composition was estimated every 20 s so the to-
tal simulation time was 3600 s. In each step, the starting
point of the extrema search was the result of the calcula-
tion during the previous step. The results of the simula-
tion are shown in Fig. 3 and Table 4. Above 500 °C, the
tar began to decompose and the amount of CO increased
compared to that of COs.

4, Conclusions

The aim of this work was to develop a relatively simple
model of the pyrolysis zone of a downdraft gasification
reactor to estimate its kinetic parameters and based on
these propose a methodology to determine the amount
of gaseous components generated. The kinetic parame-
ters of the pyrolysis zone were determined by an extrema
finder and the calculated values fit well with the experi-
mental results found in the literature. With the help of the
proposed model, the kinetic parameters can be identified
for any new raw material and heating rate. The method
applied to determine the composition of gaseous compo-
nents is suitable for estimating the quantity of compo-
nents as a function of temperature based on the elemen-
tal composition of the raw material. The one-step kinetic
model using a simple calculation of the gas composition
can be easily applied to describe the pyrolysis zone of the
RDF gasification reactor and even integrated into a more
complex model of a gasification system because of the
low computational capacity required.
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Figure 3: Evolution of molar quantity a) and weight percentage b) as a function of temperature

Table 4: Gas composition as a function of temperature

Temperature [°C] 200 300 400 500 600 700
Molar quantity [mol]
CO- 0 292 266.1 406.5 386.5 390.2
CO 0 1.2 98.9 499.7 927.7 1361.5
CH,4 0 3.6 747 2299 404.6 707.1
H,0O 0 21.2 157 499.8 696.8 804.4
H- 0 14 132 304.2 340.3 349.6
Tar 0 236 211 483.1 489.8 387.1
a 0 9.1 9.2 9 9 9.5
b 0 17.3  18.2 17.3 17.3 18.2
c 0 5.6 5.9 6 5.9 6
Mass [m%]
CO- 0 18.6 17.8 11.8 10 10.1
CO 0 0.5 4.2 9.2 15.3 22.4
CH, 0 0.8 1.8 2.4 3.8 6.7
H,0 0 5.5 4.3 5.9 7.4 8.5
H, 0 0.4 0.4 0.4 0.4 0.4
Tar 0 742 715 70.3  63.1 51.9
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