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Abstract

Application of municipal solid and wood waste, as dominant sources of biomass, could be a promising alternative for pro-
ducing energy from renewables via thermochemical gasification technology. In this paper, a study of thermogravimetric
analysis (TGA) and excurrent gas composition produced by the municipal solid waste (MSW) and wood biomass gasifica-
tion is presented. Thermogravimetric and heat flow curves for waste samples were performed at the temperature interval of
20-890 °C with a heating rate of 10 °C min~! under a nitrogen atmosphere. According to thermal analysis data, differential
scanning calorimetry (DSC) curves, the degradation stages of waste samples was determined, which correspond to the
mono- or bimodal evolution of volatile compounds and the degradation of the resulting carbon residue. The gasification
experiments were conducted in a high-pressure quartz reactor at temperatures of 850, 900, and 950 °C, using steam (0.3 g/
min) and argon (2 dm*/min) as the gasifying agents. To ascertain the syngas composition, gas chromatography was employed
in conjunction with a thermal conductivity detector. Both types of biomass showed remarkably similar syngas compositions.
The highest concentration of hydrogen-rich gases was recorded at 950 °C for wood biomass, with 42.9 vol% and 25.2 vol%
for hydrogen (H,) and carbon monoxide (CO), and for MSW, with an average 44.2 vol% and 18 vol% for H, and CO. Higher
temperatures improved the syngas composition by promoting endothermic gasification reactions, increasing hydrogen yield
while decreasing tar and solid yields. This research helped to comprehend the evolution of the gasification process and the
relationship between increased H, and CO production as the gasification temperature increased.
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Introduction

Due to the size of the effects that municipal solid waste
(MSW) has on the environment and the effects that follow,
technological processes need to be improved so that one
or more types of marketable products can be made from
waste. Despite some difficulties and a sufficient number of
solutions, processing municipal solid waste continues to
be a significant challenge because of the rise in generated
waste and its accumulation.

According to Kaza et al. (2018), the amount of MSW
produced annually in 2016 was 2010 million tonnes, and
by the year 2050, that number is predicted to be close to
3400 million tonnes. An enormous amount of global waste
(approximately 33%) is usually collected at open dump
sites, which remain the preferred waste disposal method
in underdeveloped and developing countries. Uzbekistan
is the only country in Central Asia with a population of
over 33 million citizens. Subsequently, when compared
with other countries in Central Asia such as Kazakhstan,
Tajikistan, Turkmenistan, and the Kyrgyz Republic, the
amount of MSW generated is significantly larger. There
are serious problems with proper solid waste disposal not
only in Uzbekistan but also around the world. According
to the report published by the State Committee on Statis-
tics of the Republic of Uzbekistan, the republic produces
35 million m* of municipal solid waste per year. In addi-
tion, each year, 100 million tons of waste from industries
and municipalities has been disposed of by dumping it in
landfills, which is the method that is now in use. So far,
the country’s landfills have amassed more than 2 billion
tons of waste (Zaynutdinova 2017; Adilova 2017; Sharma
et al. 2018). Sharma et al. (2018) reported that the bulk
organic fraction of waste in underdeveloped and develop-
ing countries surpasses 50%, resulting in the production
of numerous hazardous gases such as H,S, SO,, CO,, CH,,
and NH; and leachate at waste disposal sites, posing severe
environmental and health issues. Subsequently, it is cru-
cial to identify simple cost-effective techniques for solid
waste reduction or elimination which would equally help
to not only achieve public health and environmental stand-
ards but also contribute in effective management of some
global issues like climate change and global warming.

The depletion of fossil fuels is another challenging issue
that has resulted in a severe energy crisis and is a barrier
to the sustainable advancement of human society. It has
proven to be extremely difficult to build a clean and sus-
tainable energy system that uses hydrogen instead of fossil
fuels. Biomass is a potential source of hydrogen for clean
and sustainable energy (Garcia-Nieto et al. 2023; Suda-
laimuthu and Sathyamurthy 2023). As alternative fuels,
municipal solid and wood wastes, as one of the sources
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of biomass, have drawn a lot of interest. These fuels are
not appropriate for power generation through direct com-
bustion, which has low efficiency on a small scale due to
their wide distribution and low density. As a result, sev-
eral researchers have investigated gasification technology
in an effort to create a small-scale, high-efficiency power
production system. Since chemical energy is transformed
directly into electricity, fuel cell power generation, which
employs hydrogen as fuel, can achieve higher efficiency in
small-scale applications (Yue et al. 2021; Niakolas et al.
2016). Therefore, it is imperative to develop a technique
for producing hydrogen-rich gas from municipal solid and
wood wastes. However, knowledge of the specific features
of these biomasses is of necessity to develop and imple-
ment measures for the economically and environmentally
efficient operation of boiler units/reactors (Tursunov et al.
2017, 2018, 2019, 2020a, 2020b).

In this regard, methods of thermal analysis are used to
study the processes occurring during the combustion of
MSW and wood and the influence of various factors on the
efficiency of burning. The sophistication of the technical
tools used in thermal analysis research greatly influences
its success. First of all, it concerns such physicochemical
methods as thermogravimetric analysis (TGA) and differ-
ential thermal analysis.

TGA is currently the most extensively used technique for
pyrolysis and gasification analysis, as well as in the study of
kinetic parameters (Loredo-Medrano et al. 2016; Tursunov
et al. 2017, 2020b; Marrot et al. 2022). Following the stud-
ies undertaken by Tursunov et al. (2020b), El-Sayed and
Mostafa (2020) and Seo et al. (2010), they stated that TGA
offers quick quantitative approaches for the investigation
of processes within non-isothermal or isothermal circum-
stances and facilitates the determination of efficient kinetic
parameters for diverse decomposition reactions. In recent
years, the TGA research of typical MSW components has
been widely studied, and great progress has been achieved
on thermal waste treatment technologies (Kantarelis et al.
2011; Zhou et al. 2015; Tursunov et al. 2017). Garcia et al.
(1995) found that the weight loss from MSW pyrolysis was
caused by two separate reactions: (i) the breakdown of the
cellulosic fraction happened between 300 and 380 °C and
(ii) the breakdown of the other fraction (paper, plastics, and
polyethylene mixtures) happened between 200 and 500 °C.
Chen et al. (2015) used TGA to investigate the pyrolysis and
gasification characteristics of varieties of solid waste. The
results obtained showed that the pyrolysis properties of eight
different kinds of materials were similar when the pyrolysis
temperature was slightly higher than 600 °C and the gasifica-
tion temperature was higher than 700 °C. A different team
of researchers under the direction of Ansah et al. (2016)
conducted research on the calorimetric and thermogravi-
metric characteristics during the pyrolysis of paper, wood,
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polyethylene terephthalate plastic, and textiles in MSW, as
well as co-pyrolysis of plastic components and biomass with
and without torrefaction p processes. The results obtained
indicated that if the biomass fraction is dominant, there is
considerable interaction between PET plastic and biomass
during co-pyrolysis. In addition to aforementioned refer-
ences, a number of authors (Zhaosheng et al. 2009; Maoyun
et al. 2010; Nzioka et al. 2019) have also applied TGA for
the description of the decomposition of MSW components
and woody biomass.

Hydrogen production from biomass is a promising tech-
nology. This technology uses air, or oxygen-enriched air, and
steam together as the agents of gasification to transform the
biomass into a gaseous product. Hydrogen, carbon monox-
ide, and high-molecular-weight hydrocarbons are the main
components of the excurrent gas that can coagulate at room
temperature (Nyashina et al. 2023). Low-moisture biomass
(less than 30%), such as MSW and wood, can be gasified to
create gas in a partial oxidation environment at temperatures
between 700 and 1200 °C. The main factor influencing the
gasification process is fuel moisture. The use of fuel with
a high moisture content is not restricted. However, fuels
with moisture contents of 30% or more have issues with
igniting and have a negative impact on the calorific value
of syngas. In other words, the gasifier temperature will drop
when feedstock has a high moisture content, resulting in
an incomplete pyrolysis process during gasification (Dong
et al. 2016; Tursunov et al. 2017, 2018, 2019, 2020a, 2020b).
The syngas is used in a variety of processes, including the
synthesis of ammonia and methanol in the chemical sector
as well as the production of hydrogen. The energy sector
also makes use of syngas (if obtained from biomass, it is
regarded as renewable). Drying at 100 to 200 °C is the first
stage of the gasification process. Between 200 and 500 °C,
biomass is pyrolyzed, and its parts are broken down into
char and gases like hydrogen (H,), carbon monoxide (CO),
methane (CH,), and carbon dioxide (CO,). There is also
a tiny amount of non-condensable gas like carbon dioxide
(pyrolysis oil). This pyrolysis oil is broken down into explo-
sive gases like hydrogen. Through a reforming procedure, it
will ultimately transform into a non-condensable gas that is
enriched in hydrogen (Uddin et al. 2013; Santamaria et al.
2021; Villafan-Vidales et al. 2022; Lopez et al. 2022). Over
the past several decades, researchers have investigated theo-
retical and practical studies on biomass steam gasification.
When steam is added to the biomass steam gasification pro-
cess, Li et al. (2014), Lang et al. (2015), and Chianese et al.
(2015) found that the H, in H,O could be moved to make
more H, through a process called water—gas shift (WGS).
However, throughout the gasification process, chemical reac-
tion equilibrium limits the concentration of hydrogen (Li
et al. 2011; Huang and Jin 2019). Additionally, during the
biomass steam gasification process, significant volumes of

CO and CO,, as well as negligible amounts of CH, and tar,
are produced simultaneously.

The impact of gasification temperature on the efficiency
of the process and the generation of residues has been
examined recently. Low temperatures led to low reaction
rates and low H, production, but higher temperatures pro-
moted larger reaction rates in endothermic reactions such
as the formation of water gas and methane reforming (Li
et al. 2011; Adiya et al. 2017; Ambrosetti et al. 2022).
These endothermic reactions have been shown to increase
with temperature between 900 and 950 °C. Moreover,
according to the literature, by increasing the gasification
temperature, the carbon conversion efficiency and concen-
tration of the resulting H, increase, and the amount of tar
in the syngas decreases (Guangul et al. 2012; Dascomb
et al. 2013). When the feedstock and gasification process
differ, the concentrations of CH, and CO do not exhibit a
consistent pattern for the same condition (Sikarwar et al.
2016; Ramachandriya et al. 2016; Mishra and Upadhyay
2021). To fully comprehend the advantages of manipulat-
ing the gasification temperature, it is necessary to con-
duct an experiment with a specific gasification method
and feedstock.

To better understand the evolution of the gasification
process, a novel experimental approach to municipal solid
and wood waste gasification is proposed. This approach
involves simultaneously studying the thermal decomposi-
tion process using TGA and the calorimetric characteris-
tics of the wood waste and mixed MSW with the goal of
determining the kinetic properties of the thermal conver-
sion mechanism for wood and municipal solid wastes and
the correlation between the production of hydrogen-rich gas
and the gasification temperature, as well as the impact of the
gasification temperature on the composition of the syngas.
Additionally, the majority of the study on the gasification
process that has been published in the literature relies on
the ex situ method, in which measurements are made using
char that has been produced in advance and cooled. There-
fore, in order to more accurately represent the gasification
process that takes place in commercial gasifiers, we adopted
a novel strategy in which raw material samples rather than
their char were exposed to gasification tests. This paper
investigated the composition of the syngas from the gasifi-
cation of Uzbekistan’s MSW and wood biomass at various
temperatures for the aforementioned purposes. Also, this
study tries to propose a method to improve the syngas qual-
ity by using a steam as a gasifying media for MSW and wood
biomass gasification. This research makes part of the first
large-scale fundamental study on thermochemical gasifica-
tion of local MSW and wood biomass and their potential for
energy generation in Uzbekistan. In addition, it is necessary
to emphasize that this is the first such study that is carried
out in Uzbekistan.
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Materials and methods
MSW and wood biomass sampling

The method used for sampling the waste stream’s representa-
tives of MSW and wood was based on international stand-
ards set out by the European PN-EN and American Society
for Testing and Materials (ASTM) 5231. Approximately 100
kg of waste was collected for the sample and examined at the
renewable energy research laboratory at TITAME National
Research University, Uzbekistan. The MSW samples were a
mixture of 10 distinct components, including wood, kitchen
waste, plastic bags, solid plastic, textiles, glass, rubber, and
ferrous elements. Next, the waste was segregated according
to the chosen categorization. The samples were crushed and
sieved into particles that were roughly 2-3 mm in size prior
to the experiments.

Proximate and ultimate tests

Ultimate analysis determined the CHS in MSW and wood
biomass samples. We used the CHS-580 analyzer by Eltra
for carbon, hydrogen, and sulfur content detection.

The American ASTM-E871 and the European PN-EN
14774-3:2010 were used to figure out how much water, vol-
atile matter, fixed carbon, and ash were in MSW and wood
biomass. The Eltra TGA Thermostat analyzer was used to
examine the above-mentioned parameters. The calorific
value or high heating value (HHV) was calculated using a
Leco AC calorimeter. Table 1 displays the findings from the
proximate and ultimate analyses.

Thermogravimetric test

Thermogravimetric analysis was performed using Simul-
taneous Thermal Analysis (STA) 6000, PerkinElmer. The
STA 6000 integrates two different analytical methodologies:
TGA and DSC. The STA 6000 concurrently captures DSC

Table 1 Proximate and ultimate analysis of MSW and wood biomass

heat flow data and TGA weight loss data. DSC heat flow is
measured in milliwatts and joules per gram. The STA 6000
measures a sample’s temperature (relative to a reference)
and weight as a function of the temperature and/or time. All
TGA experiments were carried out in a nitrogen atmosphere
at temperatures ranging from 20 to 890 °C and at a heating
rate of 10 °C min~!. The results were displayed as a func-
tion of temperature, and the weight loss that occurred during
measurement was continuously recorded.

Gasification procedure (thermovolumetry analysis)

The experiments were conducted using specialized labo-
ratory equipment that allows examination of the gasifica-
tion process with high-pressure steam, not under atmos-
pheric pressure. The applied equipment was extensively
described in the works of Porada et al. (2016) and Spiewak
et al. (2021), and its diagram is shown in Fig. 1. The appa-
ratus consists of three fundamental systems: a high-pres-
sure reactor with a heating system, a system for feeding the
reactor with gasifying agent (steam) and fuel, and a system
for analyzing and collecting the produced gas. There is
a 20-mm-diameter quartz retort with a grate inside the
reactor. After stabilizing the parameters of the isothermal
measurements, such as temperature of 850, 900, and 950
°C; pressure of 10 bar; steam flow of 0.3 g/min; and argon
flow of 2 dm*/min, 1 g of the fuel sample was introduced
onto the grate, and the resulting gas was analyzed. A pis-
ton feeder that has been properly built is used for this. To
move the piston, the inlet valve on the pipe supplying the
gas into the feeder chamber must be opened. Using an
electric oven, the retort is heated while holding a sample.
The quartz reactor’s pressure casing is made of a heat-
resistant steel blanket, the ends of which are sealed off
with lids fitted with pipes for providing gasifying agent
and pipes for removing the produced gas. The insula-
tion for the oven is made of mineral wool that is installed
inside the casing. A thermocouple type K sensor that also
helped to give commands to the controller-programmer

Ultimate analysis

Wood MSW

C(%  H®%) S (%) C(%  H%) S (%)

25.14 13.90 0.31 39.81 23.92 0.27

Proximate analysis

Wood MSW

Ash (%) Moisture (%) Volatile Fixed carbon (%) HHV (Mjskg) Ash (%) Moisture (%) Volatile Fixed carbon HHV (Mjekg)
matter matter
(%) (%)

42.29 14.74 32.09 10.88 20.86 30.53 13.05 51.64 4.78 38.79
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Fig. 1 Schematic diagram of
lab scale gasification reactor:
(1) reactor, (2) water pump,
(3) steam generator, (4) mass
flow meter, (5) fuel feeder,

(6) manometer, (7) cooler, (8)
condensate tank, (9) filter, (10)
pressure regulator, and (11)
rotameter

to keep the sample at the required temperature measures
the temperature of the biomass sample. The tar and water
condensate are separated in the condenser, where they
are then completely dried and removed from the filter.
The resultant gas then runs through the filter. Following
decompression, an analyzer based on infrared radiation
adsorption continuously determines the amounts of carbon
dioxide, carbon monoxide, and methane in the resultant
gas. In addition, gas samples were taken for examination
using a gas chromatograph that had a thermal conductiv-
ity detector (TCD) attached to it in order to determine the
amount of hydrogen present in the samples. Each measure-
ment was carried out at least twice to ensure repeatability
of the results, while the manuscript presents the results
obtained based on one repeatable measurement. The sta-
tistical range of the derived results varied based on the
measurement, whereas the errors had no impact on the
observed general dependencies.

Formation rate and carbon conversion degree
estimation

The production rates for each of these byproducts were cal-
culated by measuring how much carbon dioxide, hydrogen,
methane, and carbon monoxide were in the gas that was
made when the tested samples were gasified. The informa-
tion acquired allowed for the estimation of the tested prod-
ucts’ yields and the degree of carbon conversion.

The equation below can be used to represent the forma-
tion rate of a specific product:

dV"—Vc 1
e « Ci(1) )]

where ¢ is time (min); V volumetric flow of the resulting gas
(cm®/min); and C,(t) concentration of the given product at
time 7 (vol.%).

The yields of a given product were calculated using the
following equation:

n—1 C. C. . _
Vi = Vo Z ( ’(tk+1) + t(2tk)) (tk+1 tk) (2)

k=0

where C,(j+ 1) is the concentration of a given product over
time #(j+ 1) (vol.%) and C,(j) concentration of a given prod-
uct over time #(j) (vol.%).

Finally, the carbon conversion degree can be estimated on
the basis of the following formula:

P (Veo + Veo, + Ven,) * M.

Vmol o m o Cdaf

« 100% 3)

where Vi, Vo, Ven, are volume of formed gas component
(dm3/g), M molar mass of carbon (g/mol), m sample mass
(2), cdaf dry ash free carbon content (-), and V,,,; volume
of 1 mol of gas at temperature of 273 K and pressure of
101,325 Pa (dm*/mol).

@ Springer
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Results and discussion
Thermogravimetric tests

Figure 2 shows the thermogravimetric and heat flow
curves for a municipal solid waste sample heated to 890
°C with a heating rate of 10 °C min~! under a nitrogen
atmosphere using a thermogravimetric analyzer. The MSW
is made up of many complex elements that are typically
grouped into five categories: food residue, paper, wood
and bamboo, rubber and plastic, and textiles (Zhou et al.
2014). The pyrolysis process is different for different types
of municipal solid waste (MSW) (Zhou et al. 2015), and
the curve shown in Fig. 3 is for MSW that has a lot of

low molecular compounds (Nzioka 2017). As can be seen
in Fig. 2, three zones can be distinguished, namely, (1)
dehydration, (2) fast decomposition of high molecular sub-
stances such as cellulose and lignin, and (3) slow degra-
dation of lower molecular compounds with the formation
of char. Due to the release of surface tension—constrained
external or superficial water as well as the elimination of
physically absorbed water in the waste material, dehydra-
tion zones, which peak with a maximum at 49 °C, demon-
strate an initial mass loss (of about 3.4%) between ambient
temperature and 160 °C. Then, two zones of MWS waste
devolatilization, associated with the decomposition of
appropriate waste components, were observed.

According to research conducted by Buah et al. (2007) or
Sorum et al. (2001), the dominant weight loss of the MSW
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cellulosic matter occurred between 250 and 400 °C; thermal
degradation of polypropylene, polystyrene, high-density pol-
yethylene, and low-density polyethylene occurred between
350 and 500 °C, whereas polyvinylchloride degraded in
two major stages between (1) 200 and 380 °C (connected to
the release of chlorine and occurred in the same tempera-
ture range as for the hemicellulose and cellulose fractions
of paper) and (2) 380 and 550 °C (connected to degrada-
tion of the remaining hydrocarbons and occurred at similar
temperatures as for the other plastics). Therefore, it may be
concluded that the second zone, between 180 and 450 °C,
was attributed to both devolatilizations of hemicelluloses
and cellulose fractions from lignocellulosic and cellulosic-
based materials. As a result, 19.7% of the initial sample
weight has been lost. The third zone of weight loss, occur-
ring between 450 and 890 °C and showing a peak with a
maximum at 803 °C, may be due mainly to the degradation
of plastic components (including PP devolatilization) with
minor contributions from lignin degradation. In truth, these
changes are usually observed in the temperature range up to
500 °C (Chen et al. 2015; Gunasee et al. 2016), but accord-
ing to Nzioka et al. (2019), degradation of lower molecular
compounds may occur until even 900 °C. As a consequence
of the prolonged duration of Zone 3, the highest weight loss
was recorded, amounting to about 23.7%.

Figure 3 shows the thermogravimetric and heat flow
curves for a biomass waste sample heated to 890 °C with
a heating rate of 10 °C min~' under a nitrogen atmosphere
using a thermogravimetric analyzer. Considering that cellu-
lose, hemicellulose, lignin, and extractives are major parts of
biomass and that the thermal degradation profiles of biomass
samples are interpreted as the sum of the degradations of
their major parts, Uzun et al. (2016) were able to identify
some typical zones of biomass sample breakdown. In agree-
ment with this fact, in Fig. 3, three main zones with cor-
responding peaks can be observed. The first zone, between
the initial temperature and up to about 100 °C (peak at 47
°C), is responsible for the release of moisture retained in the
biomass (and possibly gases adsorbed on the surface, such
as CO,). During this zone, weight loss was low, on the order
of 3.5%. As the temperature rises, the process of decomposi-
tion of hemicellulose, cellulose, and lignin begins. Accord-
ing to literature reports, hemicellulose decomposes between
220 and 320 °C; cellulose decomposes between 250 and
360 °C, whereas lignin undergoes gradual decomposition
in a broad range of temperatures, between 80 and 550 °C
(Yuetal. 2017). Nevertheless, these temperature ranges are
contractual, and many reports indicate that decomposition
of biomass components may occur within the broader lim-
its and at higher temperatures; however, the superposition
of the last three stages is commonly observed (Dorez et al.
2014). Thus, in Fig. 3, two more zones at different tem-
perature ranges connected with the decomposition process

may be distinguished. The second zone, between 220 and
490 °C, shows a maximum peak at 353 °C and corresponds
to the pyrolysis process of hemicellulose and cellulose. In
this zone, most of the weight loss occurs (above 17%). In
turn, the third zone, during which 14.1% of mass loss was
observed, commences at about 520 °C and lasts to the final
temperature (with a peak at temperatures between 695 and
780 °C). This zone may be attributed to the decomposition
process of lignin and cellulose, which occurs slowly and
may exceed the temperature range of the pyrolytic reaction
(Lapuerta et al. 2004; Zhai et al. 2016). Long et al. (2017)
also reached a similar conclusion based on the peak at
around 800 °C, regarded as representing the decomposition
of lignin.

Changes in the formation rates of gas components

Figures 4 and 5 show how the gasification of MSW and
wood biomass changes over time, as well as how the pro-
duction rates of H,, CO, CO,, and CH, change at 850, 900,
and 950 °C. In any process, there are two distinct stages
that can be identified: First, there is pyrolysis, which is the
rapid release of volatiles that is seen as a peak at the start of
the process. Due to the fact that analyzed samples belong to
reactive materials, this stage was very intense, and formation
rates of all gas components were the highest. Next comes
gasification, which is a much slower, more prolonged stage
of char conversion by reaction with steam. Syngas (H, +CO)
was created as a result. The syngas that persisted in the high-
temperature zone for a sufficient amount of time may sup-
port further reactions, such as the water gas shift reaction
(especially in wood samples that are known to contain alkali
and alkaline earth metals in the mineral matter (Spiewak
et al. 2023). Thus, CO, was produced; however, CH, was
only released during the pyrolysis stage. Following CO and
CO, (which had similar formation rates), hydrogen forma-
tion rates were highest during both stages of MSW and wood
biomass gasification. Methane was released at a fast rate dur-
ing pyrolysis, but because it was produced so quickly, CH,
was not an essential component of the resultant gas (syngas).

The major syngas component (hydrogen) formed at a
faster rate when the temperature was raised, which also
resulted in a shorter processing time. However, in each
instance, the nature of particular curves remained the same;
i.e., two fundamental processes took place (except CH,,
which was released only during pyrolysis). The following
subsections describe the specific impact of temperature on
gasification reactions.

In general, high temperatures promote gasification by
accelerating secondary hydrocarbon cracking and shifting
processes toward hydrocarbon (C H,,) conversion. This
may be due to the contribution of reforming reactions that
are favored and occur at high temperatures, thus becoming
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Fig.4 Changes in the formation rate of the gaseous products during gasification of wood waste at a 850, b 900, and ¢ 950 °C

dominant at temperatures greater than 800 °C. The com-
position of the resulting gas is determined by the common
reactions that lead to increased synthesis gas yields during
the conversion of tar to synthesis gas.

The following stage involved the development of carbon
conversion degree curves. Figure 6 shows the conversion
degrees for the MSW and wood biomass at 850, 900, and
950 °C. The study of the given curves shows that tempera-
ture has a considerable influence on the degree of conver-
sion. According to a comparative analysis of the samples,
the higher reactivity for both of the analyzed biomass sam-
ples was at 900, especially at 950 °C. In comparison with
wood biomass, the carbon conversion degree for MSW was
slightly higher. These variations in conversion degree and
reactivity could be attributed to the alkali index and the O/C
ratio.

The kinetic curves of the reactions that formed the stud-
ied gases, which were taken from the gasification experi-
ments, made it possible to figure out how much product
gas was made. Figures 7 and 8 show the values found for
1 g of MSW and wood biomass species in ash-free and dry
states, as well as the total gas yields (vol. cm?), and their
shares. An examination of the data presented points to the
fact that, in most cases, the yields of syngas (hydrogen and
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carbon monoxide) increased with increasing temperature.
However, in the case of MSW, which was gasified at 950
°C, carbon dioxide content was slightly higher than carbon
monoxide, but it did not influence the quality of syngas,
which was rich in hydrogen (908.2 vol/cm?).

Lahijani and Zainal (2011) found that as the gasifica-
tion temperature went up, more hydrogen was formed in
both MSW and wood biomass. This started endothermic
methane steam reforming (Egs. 4 and 5) and dry reform-
ing (Eq. 6). The consumption of methane in these three
reactions (Egs. 4, 5, and 6) contributes to the reduction of
the methane composition. Other studies (Liu et al. 2002;
Parthasarathy and Narayanan 2014) also show that higher
temperatures lead to more hydrogen in gas yields. This is
because higher temperatures provide energy for endother-
mic reactions that produce hydrogen, which increases the
amount of hydrogen in the gas yield. At high temperatures,
the water—gas reaction has a greater contribution than the
Boudouard reaction. In addition to high temperatures,
water—gas shift reaction causes an increase in hydrogen
concentration in the syngas and higher temperatures tend
to favor steam reform of methane to CO and H, (Albu-
loushi 2018; Ebrahimi et al. 2020; LeValley et al. 2022).
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CH, + H,0 < CO + 3H,, AH® = +206kJ/mol (@)

CH, + 2H,0 < CO, + 4H,, AH® = +165kJ /mol 6)

CH, + CO, < 2CO + 2H,, AH" = +247k]J /mol (6)

Also, wood biomass produces a lesser amount of H,, CO,
CO,, and CH, compared with MSW due to the lower volatile
matter in wood biomass (32.09%) than in MSW (47.29%),
which contributes to the lower reactivity in gasification
applications (Bach et al. 2019).

The yields of tar and char decrease as the gasification
temperature rises due to an increase in gas production
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(Ponzio et al. 2006; Feng et al. 2011; Cortazar et al.
2018). The larger release of gases during the initial devol-
atilization stage can be explained by the increased amount
of gas produced at higher temperatures, as well as the sec-
ondary reactions that the tar and char undergo (tar crack-
ing and reforming and char gasification) (Bronson et al.
2012; Raet al. 2014; Bates et al. 2017). The composition
of the gas is also influenced by temperature. Typically,
when temperatures rise, H, concentrations rise while CO
and light hydrocarbons tend to decline. However, thermo-
dynamic models have demonstrated that at exceedingly
high reaction temperatures, the H, yield decreases gradu-
ally (Mahishi and Goswami 2007; Avila-Neto et al. 2009).
Hence, it is critically important to control the gasification
temperature to a certain level. Thereby, according to the
overall analysis, it can be inferred that temperature has
a significant impact on enhancing the synthesis gas ratio
(H,+ CO) and concentration.

@ Springer

Conclusion

According to the study, TGA and heat flow curve tests
showed the total weight loss for the decomposition of
MSW (53.2%) and for wood (35%) between temperatures
of 39 and 890 °C. The effect of gasification temperature
on the resultant gases’ composition, particularly on syn-
gas (H,+ CO), was conducted at 850, 900, and 950 °C in
a high-pressure quartz reactor using steam and argon as
gasifying agents. The composition of the syngas is influ-
enced by a number of variables, including gasification
temperature. At higher temperatures for wood gasification,
such as 900 and 950 °C, gas concentrations of H, and CO
increased while CO, and CH, content decreased. As for
the MSW gasification, gas concentrations of H, and CO,
increased, while CH, and CO decreased. If the composi-
tion of the gas would be the priority, 950 °C would be the
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ideal temperature to create the maximum concentration of
syngas under the selected conditions.
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