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Abstract This study investigates thermogravimetric analysis (TGA) and kinetics
study (KS) of the co-gasification of municipal solid waste (MSW) and wood pellets
(WP) using flue gas as the gasification medium. Our novel decoupling gasifier design
facilitates a gasification process utilizing flue gas as the reaction medium. Therefore,
studying the thermal decomposition characteristics of MSW and WP during this
unique gasification process is crucial. Thermal decomposition exhibited two stages
based on mass loss and the rate of mass loss. The maximum mass loss rate occurred
during the first stage for all samples at temperatures of 286.5/318 (two peaks), 286.5,
and 293.4 °C for OWP100MSW, 10WP90OMSW, and 20WPS8OMSW, respectively.
The addition of WP to MSW significantly increased the DTG maximum value and
eliminated the second decomposition peak of MSW. KS illustrates that the E value
decreased from 19.70 to 3.35 kJ/mol under air and 64.05 to 2.12 kJ/mol under flue
gas with the addition of 20%wt wood pellets.
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1 Introduction

The thermochemical conversion process has been recognized as an effective method
of transforming solid waste into valuable products [1]. It is typically done by heating
the feedstock in an oxygen-deprived environment to convert it into gas, ash, and tar.
It is a very enticing approach to be considered for the treatment of waste such as
municipal solid waste (MSW) [2]. A multitude of research has been done in this field
to improve the conversion efficiency of these processes. Phatavee et al. [3] investi-
gated the fuel properties and thermal decomposition of hydrothermally treated MSW
(HTT-MSW) during combustion, utilizing a hydrothermal process combined with
thermogravimetric analysis (TGA). Their findings revealed that HTT-MSW exhib-
ited a higher activation energy than raw MSW, suggesting enhanced combustion
characteristics. Areeprasert et al. [4] explored the impact of hydrothermal treat-
ment (HTT) on the co-firing of paper sludge (PS) with coal, analyzing thermal
degradation through TGA. The study demonstrated that the treated paper sludge
significantly reduced emissions by approximately 26-31%, indicating its potential
as an environmentally friendly fuel source. Ayyadurai et al. [5] conducted an exper-
iment on gasifying heterogeneous feedstock with MSW using a downdraft gasifier.
Their work improved efficiency in hot gas generation and a remarkable reduction in
thermal energy consumption, highlighting the significance of optimizing gasification
processes for enhanced performance.

Gasification is particularly effective in producing valuable synthesis gas or syngas
from MSW. Syngas holds great potential for various applications, including heat
generation, power generation, and chemical synthesis [6]. One of the novel designs
in gasification technology is decoupling gasification, which is often defined as gasi-
fication process that physically separates combustion and gasification zones [7, 8].
The heating of the gasification zone is done by using flue gas from the separated
combustion chamber. Therefore, the reacting medium of the decoupling gasification
is the flue gas. This is expected to improve the performance of the gasifier.

Another approach in improving gasification performance, especially for MSW,
is by mixing it with biomass such as wood pellets (WP). Since this is also a novel
approach, there is a significant gap and a lack of comprehensive research on the
kinetics of MSW and WP/MSW gasification. This paper addresses this research gap
by conducting a comprehensive thermogravimetric analysis (TGA) on both MSW
and WP/MSW during the gasification process. Flue gas was employed as the medium
to study kinetic parameters and gained insights into the thermal degradation of MSW
and WP/MSW during gasification. By investigating the gasification behavior of MSW
and WP/MSW, this study aims to contribute to understanding thermal decomposi-
tion of the feedstock under flue gas, a medium representing the fixed-bed decoupling
gasification process. The obtained kinetic parameters and thermal degradation char-
acteristics are expected to provide more insight into the body of knowledge on this
new gasifier configuration.
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2 Methodology

2.1 Raw Materials

In this study, MSW was collected and sorted to remove harmful and non-combustible
elements. The sorted MSW samples were categorized into four types: Type 1 (paper
and cardboard), Type 2 (mixed plastics), Type 3 (rubber and textile), and Type 4
(wood waste), representing 45%, 33%, 12.7%, and 9.3% of the total MSW mass,
respectively. WP produced from sawdust was selected as the co-firing material to
enhance the decoupling gasification efficiency of the sorted MSW. MSW and WP
were then mixed in three mass ratios: 0% WP: 100%MSW, 10%WP: 90%MSW, and
20%WP: 80%MSW. To facilitate the experiments, MSW samples were cut into tiny
pieces approximately 0.5—1 cm in length, while WP was pulverized to achieve a finer
particle size. These materials and methods were implemented to evaluate the impact
of WP on the gasification process of MSW, ensuring the accuracy and consistency
of the experimental analysis.

2.2 Material Characterizations

The heating value was assessed by the bomb calorific technique (bomb calorimeter,
LECO-AC-500, USA) under the ASTM D5865 standard. The proximate analysis was
executed by a Thermogravimetric analyzer (LECO-TGA801, USA) under the ASTM
D7582 standard. Meanwhile, an element analyzer (CHNS/O Analyzer, LECO-Model
628 series, USA) carried out the ultimate analysis under ASTM D3176 standard. The
material properties are given in Table 1.

2.3 Kinetic Study

A thermogravimetric analyzer (LECO-TGA801, USA) was utilized to examine the
thermal behavior of the prepared materials during gasification. The TGA analysis
was conducted at a temperature of 900 °C with a heating rate of 10 °C/min under flue
gas conditions. In this study, mass loss (TG) and the rate of mass loss (DTG) were
determined, and the kinetics study was performed based on non-isothermal thermo-
gravimetric data. The kinetics parameters, including the apparent activation energy
(E) and the pre-exponential factor (A), were obtained through data calculations from
the TGA analysis. The thermal decomposition of MSW and WP/MSW during the
combustion process could be represented by the following Eq. (1):

do/dT = k(T) f () (1)
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Table 1 Properties of the feedstock

Item 100%MSW 10%WP + 90%MSW 20% WP + 80%MSW
Proximate analysis

Moisture 52% 3.2% 3.2%
Volatile matter 73.7% 77.1% 78.7%
Fixed carbon 14% 13.1% 13.9%
Ash 7.1% 6.6% 4.2%
Ultimate analysis

Carbon 423 45.8 42.5
Hydrogen 6.2 7.4 5.8
Nitrogen 0.2 0.3 0.5
Oxygen?® 44.2 39.9 47
Heating value

HHV MJ/kg) | 186 20.1 22

2 Oxygen is calculated by difference (100-(C + H 4+ N + Ash))

Where k(T) is representing temperature-dependent rate constant, « is the extent of
the conversion of the sample at t time, f(«) is a function of conversion, as defined
by Eq. (2).

a = (m;j —m;)/(m; —my) (2)

where m; is the initial mass of the sample, m; is the mass of the sample at time t, and
m s is the final mass of the sample. The temperature-dependent rate constant k(7') is
conventionally expressed through the Arrhenius equation, Eq. (3).

k(T) = Aexp(—E/RT) 3)

where A is the pre-exponential factor, E is the apparent activation energy, and R is the
universal gas constant (8.314 J/mol - K'). A mathematical term for constant heating
rate B is described as Eq. (4).

B =dT/dt (&)

Then, (3) and (4) were substituted to (1), methodized in general form, and
integrated: which gives Eq. (5).

o T

g(@) = / da/f(@) = (A/B) / exp(—E/RT)AT = (AE/BR)p(x)  (5)
Ty

0
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where g(«) is defined as an integral of the reaction model [3]. To estimate the kinetic
parameters, the temperature integral term in (5) was calculated by the coats Redfern
approximation [9], applying natural logarithms and rearranging yields Eq. (6).

In(g(er)/T?) = In(AR/BE)(1 — 2RT/E) — (E/RT) ©

Since (RT/E) << 1, the term (1-2RT/E) was approximately equal to unity (1-2RT/
E ~ 1). Thus,

In(g(e)/T?) = In(AR/BE) — (E/R)(1/T) (7

Plotting, (In g(ct)/ T?) versus (1/T) will carry out a straight line that slope equals
to —E/R. Therefore, the E and the A can be acquired by slope and the intercept,
respectively.

3 Results and Discussion

3.1 Thermogravimetric Analysis

The TG profiles of all samples using air as the medium (Fig. 1a) exhibited similar
characteristics. Decomposition of a significant portion of the samples occurred
during the initial combustion period (260-310 °C) and a subsequent period (400—
800 °C). When flue gas was used as the medium (Fig. 1c), slight differences
in the decomposition characteristics were observed. The first-period tempera-
ture range decreased slightly to (220-300 °C), particularly noticeable in the F-
20%WP80%MSW sample. This could have been due to combustible elements. The
second period of decomposition occurred between 340 and 790 °C.

From the TG profile data, it can be deduced that transitioning the medium from
air to flue gas resulted in a subtle modification of the combustion mechanism. This
observation aligns with prior research by Kwon et al., which demonstrated that CO,
improved gasification performance by enhancing volatile chemicals cracking during
thermal degradation [10]. This is supported by the lower E value of gasification under
flue gas compared to air in the temperature range of 350—460 °C.

Additionally, the introduction of WP accelerated the combustion rate of MSW
compared to raw MSW. Previous studies have explored various catalysts to improve
biomass gasification efficiency [11, 12]. Research by Soomro et al. demonstrated
that adding dolomite, alkaline metal, nickel, or olivine reduced tar generation and
increased gas production [13]. However, these catalysts often have a short active
life, high cost, and potential regeneration difficulty. Based on our findings, the use
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Fig. 1 Mass loss (TG) and the rate of mass loss (DTG) profiles. (a) TG of air as medium. (b) DTG
of air as medium. (¢) TG of flue gas as a medium. (d) DTG of flue gas as a medium

of WP as additives showed promise for improving the performance of the gasifi-
cation process. However, its potential drawback of increased tar generation during
gasification should also be considered.

The TGA profiles of mixed samples using air as the medium (see Fig. 1b) displayed
a major peak (220-350 °C) and a minor peak (400-480 °C). In pure MSW, the major
peak occurred within the range of (210-320 °C), with the minor peak appearing
the range of (330480 °C). The DTG rates for the major peak were 20%, 16%,
and 14.1% for A-20WPSOMSW, A-OWP100MSW, and A-10WP9OMSW, respec-
tively. The corresponding DTG values for the minor peak were 2.2%, 2.5%, and 3%,
respectively.

When flue gas was used as the medium (Fig. 1d), the DTG results showed changes.
The temperature profiles exhibited a similar trend, with the major peak appearing
within the range of (220-340 °C), and the minor peak from (330-450 °C). The DTG
rates for the major peak decreased to 18.1% for F-20WP8OMSW, increased to 16%
for F-10WP90MSW, and decreased to 14% for F-OWP100MSW. The DTG values
for the minor peak were 2%, 2.5%, and 2.6% for the respective samples.
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3.2 Kinetic Parameters

Kinetic parameters were determined using the first-order reaction model, and the
obtained parameter results are summarized in Table 2. The temperature range for
the analysis was divided into two major decomposition regions, and corresponding
minor decomposition peaks were identified. In the first temperature range, where air
was used as the medium, temperatures between 210 and 380 °C were selected. For A-
OWP100MSW, the activation energy (E) was found to be 32.85 kJ/mol. However, with
the addition of WP, the E values for the WP/MSW samples, namely A-10WP9OMSW
and A-20WPSOMSW, slightly increased to 48.74 and 58.19 kJ/mol, respectively.
When considering the first temperature range with flue gas as the medium, the
selected temperature range was between 245 and 355 °C. For F-OWP100MSW, the E
was notably higher at 60.34 kJ/mol compared to A-OWP100MSW. With the addition
of WP, the E values for the mixed samples, F-10WP90MSW and F-20WP80MSW,
increased slightly to 63.11 and 64.25 kJ/mol, respectively. In the second temperature
range, which was within the range of 350 to 460 °C, the E value for F-OWP100MSW
was noticeably lower than A-OWP100MSW. It indicated that at lower tempera-
tures, the addition of WP caused the conversion of feedstock to require more energy
than feedstock without WP. However, at higher temperatures (range 2), adding WP
lowered the E value significantly. It indicated that WP caused the system to require
less energy to achieve conversion. This relation between E and energy required for
conversion was reported by Sarabhorn et al. [7]. This result suggests that MSW started
to combust at a lower temperature than WP, which could be the result of components
with relatively low ignition temperature such as plastics in MSW [14, 15]. However,
when the system reached higher temperatures at range 2 and WP also spontaneously

Table 2 Kinetic parameters results

First order (O1) Range 1 (R1) Range 2 (R2)
Sample TCC) |R? E A TCC) |R* |E A
(kJ/ | (min—1) J/ | (min—1)
mol) mol)
A-0%WP100MSW | 220-320 | 0.9518 | 58.12 | 8.29E | 390-510 | 0.977 | 19.70 | 2.52E-01
+05
A-10%WP90%MSW |210-385 | 0.9309 | 48.74 |4.82E | 395-485 [ 0.978 | 4.61 |8.02E-01
+04
A-20%WP80%MSW |220-340 | 0.9380 | 58.19 | 5.04E | 440-490 | 0.986 | 3.35 |4.56E-01
+05
F-0%WPI100MSW | 245-355|0.968 |60.34 | 1.23E |350-400 | 0.981 |6.30 |1.22E +
+06 00
F-10%WP90%MSW |210-300 | 0.9512 | 63.11 | 1.87E | 360-460 | 0.994 | 4.51 |7.64E-01
+06
F-20%WP80%MSW |220-310 | 0.9689 | 64.05 | 6.67E | 355—400 [ 0.998 | 2.12 |2.69E-01
+ 05
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combusted, its presence appeared to assist in the spontaneousness of the feedstock
conversion, as shown by the much lower E values. This provides evidence that the
addition of WP could assist in converting MSW, but only at temperatures above 350
°C. This was probably caused by the degradation of cellulose, which is the main
component of WP, at around this temperature [16].

The same phenomenon was also observed when the atmosphere was replaced
with flue gas, supporting the notion that it was driven more by the feedstock than the
atmosphere. However, it was noticed that the E values under flue gas were higher than
under air. This was in line with the finding in the study by Sarabhorn et al. [7], which
explained that WP required more energy to thermally decompose under flue gas than
under air. This might be because of the higher oxygen content in the air compared
to flue gas, promoting more degradation of cellulose through oxidation [17].

4 Conclusion

In summary, the TGA analysis identified two stages of thermal decomposition based
on the mass loss and rate of mass loss. The maximum mass loss occurred at approx-
imately 286/318 °C (two peaks) under air and 260/310 °C (two peaks) under flue gas
conditions. When WP was mixed with MSW, the DTG value significantly improved,
indicating a higher rate of mass loss during thermal decomposition. Moreover, the
second decomposition peak of MSW was eliminated; therefore enhancing the mixed
material’s thermal behavior.

Kinetic study found that adding WP to MSW increased the E value at a temperature
lower than 350 °C. When the temperature reaches over 350 °C, the WP combusted,
enhancing the combustion and conversion rate as indicated by the E value decrease
from 19.70 to 3.35 kJ/mol under air and 64.05 to 2.12 kJ/mol under flue gas with
the addition of 20%wt wood pellets. It was also observed that the E values for
gasification under flue gas atmosphere were higher than under air, indicating that the
thermal degradation of material required a higher amount of energy under flue gas.
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