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Abstract: In this work, the thermochemical properties of municipal solid waste (MSW) are studied
using the torrefaction process as the main method for investigation. Torrefaction experiments were
carried out using an electric laboratory furnace, at temperatures of 200, 250, and 300 ◦C. The residence
time was set to 90 min. Proximate and ultimate analysis were performed on the torrefied MSW
samples and compared with the properties of the raw MSW samples. In addition, the thermal
properties of the obtained torrefied MSW samples were evaluated by thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTG). The following could be stated: the obtained
results showed that mass and energy yields (MY and EY, respectively) decrease with increasing
when torrefaction temperature, while the heating values (HHV) increased under the same conditions
(from 24.3 to 25.1 MJ/kg). Elemental analysis showed an increase in carbon content (C), from
45.7 ± 0.9 to 52.8 ± 1.05 wt.%, and decrease in oxygen content (O), from 45.6 ± 0.9 to 39.5 ± 0.8 wt.%,
when torrefaction temperature is increased, which is consistent with the general definition of the
torrefaction process. In addition, enhancement factors (EFs) and fuel ratios (FRs) were calculated,
which ranged from 1.00 to 1.02 and 0.16 to 0.23, respectively. Some anomalies were observed during
the thermal analysis, which are assumed to be related to the composition of the selected MSW. This
study therefore shows that torrefaction pretreatment can improve the physicochemical properties
of raw MSW to a level comparable to coal, and could contribute to a better understanding of the
conversion of MSW into a valuable, solid biofuel.
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1. Introduction

The current global economic crisis and the resulting high energy prices of fossil fuels,
such as electricity, natural gas, or coal, and subsequent emerging environmental issues
have plunged the recent efforts toward exploring new alternative energy sources. In order
to satisfy energy demands stated in the European Green Deal [1], the European Union (EU)
adopted the target to achieve at least a 32% share of renewable energy sources (RES) by
2030 [2]. Much attention has already been given to wind, solar, hydro, and geothermal
energy sources [3,4], but recently, bioenergy has stepped forward. Currently, biomass
presents almost 60% of RES in the EU, mainly in the cooling and heating sectors (75%).
According to the general definition, biomass is described as organic material that can be
derived from trees, plants, agricultural, or urban wastes [5]. Apart from being carbon
neutral, biomass is the only RES that is practically always available, and can be used in
some thermochemical (pyrolysis, combustion, etc.), chemical (hydrolysis), and biochemical
(fermentation, anaerobic digestion) conversion routes [6–8] to obtain numerous products,
such as bio-oil [9] or syngas [10]. However, some disadvantages, such as high moisture
content, high oxygen content, low bulk density, and poor grindability and so forth, are
limiting the use of biomass as a fuel [11]. Moreover, these problems affect the handling,
transportation, storage, conversion, and costs of raw biomass [12]. To overcome the above
challenges, a suitable pretreatment method is required, and several approaches have already
been proposed, e.g., the torrefaction process [13].
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Torrefaction is a thermochemical conversion process in the presence of minimal oxygen
atmosphere and at a temperature range of 200 to 300 ◦C for 30–60 min and atmospheric
pressure [10]. Torrefaction is of great interest in today’s world as it can improve the
properties of raw biomass to a level that rivals that of coal [14,15]. These include reducing
its moisture content, increasing heating value (HHV), carbon content, and even improving
grindability [16,17]. In addition, torrefied biomass is hydrophobic [18].

Currently, the properties of torrefied biomass have already been extensively studied
worldwide, with most studies focusing on lignocellulosic and non-lignocellulosic biomass,
e.g., herbaceous biomass [19], coffee grounds [20], wood [21], or even sewage sludge [22].
Cahyanti et al. [15], for example, used agricultural and wood wastes (barely straw, cumin
stalks, and forestry wood wastes) from Estonia to investigate the influence of torrefaction
operating parameters on physicochemical properties, chemical composition, ash melting
behavior, and hydrophobicity. The torrefaction process was carried at three different tem-
peratures (i.e., 225, 275, and 300 ◦C) and at two different residence times (i.e., 30 and
60 min) under nitrogen atmosphere (10 L/min). Something similar was investigated by
Mei et al. [23]. Barley straw and vine shoot were subjected to the torrefaction process at
moderate temperature and under air atmosphere conditions to evaluate the influence of the
biomass composition and pretreatment temperature. In addition, the efficiency of the anaer-
obic digestion in terms of biogas and methane production was studied. Zhang et al. [24],
investigated the effect of superheat steam (SHS) torrefaction (i.e., a type of torrefaction that
uses superheat steam as the heat source to torrefy biomass) on improving the properties of
waste from walnut oil production. The properties of the torrefied biomass were investigated
in terms of proximate and ultimate analysis.

Nowadays, developing countries, with good living conditions, are experiencing rapid
population growth and urbanization, leading to a drastic increase in the production of
municipal solid waste (MSW) [25–27]. The term “municipal solid waste” refers to biomass
waste generated by human activities, including plastics, kitchen waste, paper, wood, rubber,
textiles, glass metals, or any other complex components from commercial, industrial, or
residential sectors [28,29]. The amount of solid waste is linearly related to a country’s
GDP, while its composition is influenced by socio-economic background and seasonal
conditions [30]. The current global annual MSW production is approximately 1.9 billion
tons and it is estimated that this number will rise to 3.4 billion tons per year by 2050 [31].
Raw MSW is characterized as a heterogeneous material, with a high moisture content, low
calorific value, and a tough fibrous structure. MSW can cause many serious problems,
including greenhouse gas emissions (GHG), energy instability, and even environmental and
public health problems [32]. It has been stated in the work of Triyono [33] that MSW could
be used for energy purposes, due to its calorific value (HHV) which is about 23 MJ/kg
(dry basis) and is similar to that of sub-bituminous coal. Low awareness of waste recycling,
problems with separate collection, and lack of funding have made it difficult to apply the
technology to the treatment of MSW [30]. Recently, thermochemical technologies, such
as incineration, pyrolysis and gasification have been mentioned as possible ways to treat
MSW, although all face some technical problems such as high moisture content, irregular
size and shape, or mixing of plastics with organic waste. The torrefaction process is an
innovative technology that could be used to convert raw MSW into a high quality solid
fuel [34].

The main objective of this work is to study the effects of torrefaction on the thermo-
chemical properties of MSW from the Republic of Slovenia. The torrefaction temperature
is investigated, together with the proximate and ultimate analysis. In addition, the ther-
mal behavior is discussed. According to the Slovenian Statistical Biro (SURS) more than
12.3 million tons of MSW was collected in the Republic of Slovenia in year 2022, which
is about 30% more than year 2021 [35]. To date, no study on the torrefaction process
of MSW from the Republic of Slovenia has been published, therefore, it is believed that
these results will be of interest for the utilization of MSW for the energy conversion or
production processes.
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2. Materials and Methods
2.1. Materials

In this study, municipal solid waste (MSW) was investigated. The initial selected MSW
was in the heterogeneous form. Before being used in the torrefaction experiment, the MSW
was homogenized, sieved to similar sizes (up to 1 cm) and dried at 105 ± 2 ◦C for 24 h
until mass stabilization. Table 1 presents the properties of the raw MSW sample used in
this study.

Table 1. Properties of MSW (raw).

Elemental Analysis (wt.%, Dry Basis)

C 43.2 ± 0.9
H 8.1 ± 0.16
N 0.78 ± 0.01
O 47.9 ± 0.9
S 0.03 ± 0.0

Proximate Analysis (wt.%, dry basis)

Moisture Content (MC) 44.3 ± 0.9
Volatile Matter (VM) 54.9 ± 1.09
Fixed Carbon Content (FC) 6.7 ± 0.1
Ash Content (Ash) 3.1 ± 0.06

Higher heating value (HHV, MJ/kg) 24.3 ± 0.5

Theoretical higher heating value (HHVt, MJ/kg) 19.6 ± 0.4

2.2. Torrefaction Experimental Setup and Procedure

The schematic diagram of the torrefaction process is shown on Figure 1. A detailed
description of the experimental procedure is given in our previous works [12,36]. The
torrefaction process was performed in an electric laboratory furnace, Bosio type EUP-K
6/1200. About around 50 g of the sample was used each time. Torrefaction was then
carried out at 200, 250, and 300 ◦C and with a residence time of 90 min. A semi-inert
atmosphere was ensured [12,36]. After torrefaction, the MSW samples were removed
from the furnace, respectively, cooled down, and stored in hermetically sealed containers
before being prepared for further analysis. Before each further analysis, the samples were
dried again at 105 ± 2 ◦C for 1 h to constant weight was reached to reduce the moisture
content. Each experimental run was repeated three times to ensure repeatability of the
measurements. The average values are used in the discussion.

 
 

 

 
Thermo 2023, 3, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/thermo 

Article 

The Thermochemical Conversion of Municipal Solid Waste   

by Torrefaction Process 

Maja Ivanovski *, Darko Goričanec and Danijela Urbancl 

Faculty of Chemistry and Chemical Engineering, University of Maribor, Smetanova 17, 2000 Maribor, Slovenia; 

darko.goricanec@um.si (D.G.); danijela.urbancl@um.si (D.U.) 

*  Correspondence: maja.ivanovski@eimv.si 

Abstract: In this work, the thermochemical properties of municipal solid waste (MSW) are studied using the 

torrefaction process as the main method for investigation. Torrefaction experiments were carried out using an electric 

laboratory furnace, at temperatures of 200, 250, and 300 °C. The residence time was set to 90 min. Proximate and 

ultimate analysis were performed on the torrefied MSW samples and compared with the properties of the raw MSW 

samples. In addition, the thermal properties of the obtained torrefied MSW samples were evaluated by 

thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG). The following could be stated: 

the obtained results showed that mass and energy yields (MY and EY, respectively) decrease with increasing when 

torrefaction temperature, while the heating values (HHV) increased under the same conditions (from 24.3 to 25.1 

MJ/kg). Elemental analysis showed an increase in carbon content (C), from 45.7 ± 0.9 to 52.8 ± 1.05 wt.%, and decrease 

in oxygen content (O), from 45.6 ± 0.9 to 39.5 ± 0.8 wt.%, when torrefaction temperature is increased, which is 

consistent with the general definition of the torrefaction process. In addition, enhancement factors (EFs) and fuel 

ratios (FRs) were calculated, which ranged from 1.00 to 1.02 and 0.16 to 0.23, respectively. Some anomalies were 

observed during the thermal analysis, which are assumed to be related to the composition of the selected MSW. This 

study therefore shows that torrefaction pretreatment can improve the physicochemical properties of raw MSW to a 

level comparable to coal, and could contribute to a better understanding of the conversion of MSW into a valuable, 

solid biofuel.   

 Figure 1. Experimental set-up of the torrefaction process.

2.3. Torrefaction Product Analysis
2.3.1. Elemental Analysis

The contents of the elements C, H, N, and S were determined with the elemental
analyzer from Perkin Elmer CHNS/O 2400 (Billerica, MA, USA) according to the interna-
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tional standards UNI EN 15104:2011 (“Solid biofuels—Determination of total content of
carbon, hydrogen, and nitrogen—Instrumental methods”) and UNI EN 15289:2011 (“Solid
biofuels—Determination of total content of sulfur and chlorine”), respectively, while the
content of O was calculated by the difference, as shown in equation below (Equation (1)).

O (%) = 100% − C (%) − H (%) − N (%) − S (%) − Ash (%) (1)

2.3.2. Proximate Analysis

The moisture content (MC), volatile matter (VM), ash content (Ash), and fixed carbon
(FC) content were determined according to the ASTM D7582:2015 (“Standard Test Methods
for Proximate Analysis of Coal and Coke by Macro Thermogravimetric Analysis”) standard.

2.3.3. Heating Value

The heating value (HHV) was measured in an IKA C6000 adiabatic bomb calorimeter
(Isoperibol; Staufen, Germany) according to the UNI EN 14918:2019 (“Solid biofuels—
Determination of calorific value”) and ASTM DIN 51,900 ISO 1928 standards (“Determining
the gross calorific value of solid and liquid fuels”).

2.3.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed with the Mettler Toledo TGA/DSC
3+ STAR System (Greifensee, Switzerland) thermogravimetric analyzer. Thermal conver-
sion was performed under nitrogen atmosphere (25 ◦C, 20 mL/min). All experiments were
performed in an alumina crucible and up to 40 mg of the sample was used in each experi-
ment, respectively. The samples were heated from 25 to 800 ◦C at a constant heating rate,
10 ◦C/min. In addition, derivative thermogravimetric (DTG) curves were examined. Three
identical experiments were performed with each MSW sample to check reproducibility.
The results show that the absolute differences between the three identical experiments are
less than 5%.

3. Results and Discussion
3.1. Mass and Energy Yield

As noted in the work of Doddapaneni et al. [37] mass and energy yields are two most
important parameters for evaluating the performance of the torrefaction process. In this
work, mass (MY) and energy yields (EY) of the selected MSW samples were calculated
using the following Equations (2) and (3). In addition, the enhancement factors (EF) are
calculated (Equation (4)). Furthermore, Figures 2 and 3 also show the mass and energy
yields obtained at different torrefaction conditions. Torrefaction process took place at three
temperatures, i.e., 200 ◦C, 250 ◦C, and 300 ◦C, respectively, and at a residence time of 90 min.

MY (%) =
masstorrefied sample

massraw sample
·100 (2)

EY (%) =

(
MY·

HHVtorrefied sample

HHVraw sample

)
(3)

EF =
HHVtorrefied sample

HHVraw sample
(4)

As expected, MY decreased with an increasing torrefaction temperature. For example,
the average MY for MSW sample torrefied at 200 ◦C was 92.9 ± 1.8 wt.%, but when the
temperature increased from 200 to 250 ◦C, MY decreased to 79.1 ± 1.6 wt.%. A similar
observation was made when the torrefaction temperature increased to 300 ◦C—the obtained
MY decreased to 65.8 ± 1.3 wt.%. It is believed that such a decrease is also the result
of the loss of volatile compounds during the torrefaction process [12]. Moreover, the
average energy yields (EY) were 93.5 ± 1.9%, 79.8 ± 1.6%, and 66.8 ± 1.3% for each
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studied torrefaction temperature, respectively. The calculated EY values corresponded to
the same findings as MY. As the torrefaction temperature increased, EY decreased. The
same results were also confirmed in a considerable number of studies, such as in the
work of Wilk and Magdziarz [38] or Bach et al. [39]. In both studies, it was stated that
torrefaction temperature has a big impact on the physicochemical properties of the torrefied
material. Moreover, regarding the temperature, a significant influence was also made by
the torrefaction (residence) time, the biomass composition, or the particle size. In the study
by Zhu et al. [40] three specific types of MSW (i.e., paper, wood, and PVC) were torrefied
at 300 ◦C for 30 min and then both MY and EY were calculated and compared to the raw
biomass samples. A decrease in both parameters was observed and confirmed. In another
study, Iroba et al. [41], studied different temperature profiles of MSW (woody construction
demolition waste and grass clippings) during microwave-assisted torrefaction. Similar
results as stated previously were observed. Rago et al. [42], also noticed a decrease in MY
of studied biomass and plastic, derived from municipal solid wastes (i.e., mango branches,
waste newspaper, and low-density polyethylene). Municipal solid wastes were torrefied
at 300 ◦C for 30 min and later proximate and ultimate analyses, HHVs, fuel ratio, and
combustibility index were studied. Samad et al. [43], also confirmed that MY and EY are
reduced with an increasing torrefaction temperature. In their work, MSW from Malaysia
was studied. The main objective of their work was to study the effects of torrefaction
temperatures ranging from 240 to 330 ◦C with a residence time of 30 min on two types of
MSW, food waste and wood waste. The torrefied MSWs were characterized in terms of
elemental and proximate analysis and HHV.
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3.2. Ultimate and Proximate Analysis

Table 2 shows the results of the elemental and proximate analysis after the torrefaction
process. The discussion uses the average values, while the results for each experimental
run are presented in the Supplementary Materials (Table S1). The elemental and proximate
analysis of the dry samples were performed as described in our previous papers [12,36,44].
A significant improvement in carbon content of the MSW was observed when the torrefac-
tion temperature was increased for 90 min, from 45.7 ± 0.9 wt.% in the raw sample to
52.9 ± 1.0 wt.% when torrefied at 300 ◦C. At the same time, a noticeable decrease in the
contents of hydrogen, oxygen, and sulfur was observed when increasing the torrefaction
temperature for 90 min. For instance, the hydrogen contents varied between 8.1 ± 0.2 wt.%
(raw sample) and 6.6 ± 0.1 wt.% (torrefied at 300 ◦C), the oxygen contents were in the range
of 47.9 ± 0.9 wt.% (raw sample) and 39.5 ± 0.8 wt.% (torrefied at 300 ◦C), and the sulfur
contents were between 0.03 ± 0 (raw sample) and 0.21 ± 0.0 wt.% (torrefied at 300 ◦C).
The contents of nitrogen increased with when the temperature increased. The values were
in the range from 0.78 ± 0.0 (raw sample) to 0.85 ± 0.0 wt.% (torrefied at 300 ◦C). The
decrease in oxygen content and increase in carbon content may be a result of releasing
the water vapor and the formation of CO and CO2 during the torrefaction process. The
residence time has less influence on carbon, hydrogen, and oxygen contents of torrefied
biomass. Similar observations for other biomasses were found in the literature [44,45].

Table 2. Elemental and proximate analysis of MSW after torrefaction.

T (◦C)
Elemental Analysis (wt.%, Dry Basis) MC (wt.%,

Dry Basis)

Proximate Analysis (wt.%,
Dry Basis) HHV

(MJ/kg)
Theoretical

HHV (MJ/kg)
C H N O S FC VM Ash

200 45.7 ± 0.9 7.9 ± 0.2 0.79 ± 0.0 45.6 ± 0.9 0.03 ± 0.00 44.6 ± 0.9 7.3 ± 0.1 44.1 ± 0.9 3.9 ± 0.1 24.6 ± 0.5 20.4 ± 0.4

250 48.1 ± 0.9 7.3 ± 0.1 0.82 ± 0.0 43.6 ± 0.9 0.28 ± 0.00 41.8 ± 0.8 8.3 ± 0.2 44.6 ± 0.9 5.3 ± 0.1 24.6 ± 5 20.7 ± 0.4

300 52.9 ± 1.0 6.6 ± 0.1 0.85 ± 0.0 39.5 ± 0.8 0.21 ± 0.00 38.7 ± 0.7 10.1 ± 0.2 44.7 ± 0.9 6.6 ± 0.1 25.3 ± 0.5 22.0 ± 0.4

For the calculation of MC, VM, FC and Ash, the following Equations were used
(5)–(8) [46].

MC (wt .%) =

(
A − B
A − C

)
·100 (5)

Ash (wt .%) = (
B − C
A − C

)·100 (6)

VM (wt .%) =
(A − B)− (MC · (A − C))

(A − C) · (100 − MC)
·100 (7)

FC (wt .%) = 100 − MC − AC − VM (8)

where: A is the sum of the crucible mass and sample mass; B is the sum of the crucible
mass and sample mass after drying; and C is the sum of the empty crucible mass.

The ash content increased with an increase in torrefaction temperature because of the
loss of organic matter during the torrefaction process. Additionally, a significant downward
tendency was detected in the VM for the torrefied material when torrefaction temperatures
increased, resulting in high FC content. MC decreased by 87%, from 44.3 ± 0.88 wt.% in
a raw state to 38.7 ± 0.8 wt.% in a torrefied state at 300 ◦C. Similarly, VM was reduced
from 45.9 ± 0.9 wt.% (raw sample) to 44.7 ± 0.9 wt.% (torrefied at 300 ◦C), whereas FC
and ash contents were increased. FC contents increased firstly from 6.7 ± 0.1 wt.% (raw
sample) to 7.34 ± 0.1 wt.% (torrefied at 200 ◦C), then to 8.33 ± 0.2 wt.% (torrefied at 250 ◦C),
and finally to 10.05 ± 0.2 wt.% (torrefied at 300 ◦C). The ash contents were in the range of
3.12 ± 0.1 wt.% (raw sample) to 6.61 ± 0.13 wt.% (torrefied at 300 ◦C) for each torrefaction
temperature, respectively. The values are in a comparable range to other biomass samples
reported in the literature [47,48].
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3.3. Energy Content

Another parameter closely related to EY was examined here—the heating value (HHV).
The HHV measures the heat content based on the gross energy content of the combustible
fuel. The average heating values of selected MSW, raw and torrefied, are also listed in
Tables 1 and 2. The average values are used in the discussion, while the results for each
experimental run are presented in the Supplementary Materials (Table S1). In addition, the
theoretical HHV was calculated based on Equation (S1) from the Supplementary Materials.
The average heating value of raw MSW is 24.3 ± 5 MJ/kg. Previous reported values of raw
MSW are in the range of 35.2 MJ/kg to 38.7 MJ/kg [49]. As expected, the heating value
of MSW increased with an increasing torrefaction temperature. For instance, at 200 ◦C,
the HHV was 24.6 ± 0.5 MJ/kg, at 250 ◦C it was 24.7 ± 0.5 MJ/kg, and at 300 ◦C it was
25.3 ± 0.5 MJ/kg. Doddapaneni et al. [37], stated that the loss of low heating value volatiles
could be the main reason for increased energy content. Similar findings were also reported
by Fu et al. [50].

In addition, the enhancement factor (EF) was calculated based on the Equation (3), and
the following average values were obtained: 1.00 (raw sample), 1.01 (torrefied at 200 ◦C),
1.01 (torrefied at 250 ◦C), and 1.02 (torrefied at 300 ◦C). The enhancement factor reflects
the change in HHV during the torrefaction process [44]. EF increased with the torrefaction
temperature. This could be due to the release of moisture content, increase in carbon
content and decline in oxygen content during torrefaction. The effect of temperature is
generally superior to residence time, but they both have a substantial impact on the final
torrefied product.

The atomic ratios of O/C and H/C were calculated as well. Those ratios indicate the
fuel quality. For example, fuels that have lower ratios of O/C and H/C are classified as high-
ranking [51]. In this work, the average O/C ratio decreased from 1.11 (raw sample), 1.03
(torrefied at 200 ◦C), 0.91 (torrefied at 250 ◦C), to 0.75 (torrefied at 300 ◦C), while the average
H/C ratio decreased from 0.19 (raw sample), 0.18 (torrefied at 200 ◦C), 0.15 (torrefied at
250 ◦C), to 0.13 (torrefied at 300 ◦C). It can easily be observed that the atomic ratio decreases
with an increasing torrefaction temperature. Dehydration takes place during torrefaction,
resulting in the lowest atomic ratio under severe torrefaction conditions. The reason for
this is the removal of light volatiles and water, composed of hydrogen and oxygen during
torrefaction, which ultimately took the lead to retain more carbon content. Similar findings
were reported in our previous work where the torrefaction of woody biomass materials
was studied [12].

3.4. Fuel Ratio

Lastly, fuel ratios (FR) were calculated. For this, Equation (9) was used. Doddapaneni
et al. [37], described the fuel ratio as an index that provides theoretical information about
decomposition efficiency.

FR (wt .%) =
FC
VM

(9)

The average fuel ratio of raw MSW was found to be 0.15, whereas when MSW was
torrefied at 200 ◦C, the fuel ratio was 0.16, at 250 ◦C it was 0.18, and at 300 ◦C it was
0.23. Fuel ratios increased when the torrefaction temperature increased. Hung et al. [52]
observed that the fuel ratio of raw leucaena biomass was 0.2, but after microwave torrefaction
it increased up to 3.7. Sarker et al. [53], reported similar findings—fuel ratios were between
0.4 and 0.8 for torrefied canola residue.

3.5. Thermal Behavior of Biomass

Figures 4 and 5 show the TGA and DTG curves for raw and torrefied MSW samples,
respectively. Figure 4 shows the percentage weight loss as a function of temperature,
while Figure 5 shows the mass loss rate as a function of temperature. The TGA curves
of the samples first looked similar, whereas the DTG profiles revealed more significant
differences. In general, the decomposition process for all samples is divided into three
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phases, except for the sample torrefied at 300 ◦C, which showed some anomalies. The
release of weakly bonded water molecules and hydrolysis was first observed at a stage
called the evaporation or dehydration stage. A significant peak for the raw MSW samples
was observed at around 90 ◦C, corresponding to the moisture evaporation phase. This
phase lasted up to approximately 160 ◦C. For the samples torrefied at 200 ◦C and 250 ◦C,
the decomposition peak was straggled. In the second stage, which takes place between
280 ◦C and 360 ◦C, the decomposition of lighter and heavier fractions of volatile substances
takes place. The weight of raw samples decreased by approximately 25–30%, whereas in
torrefied samples (200 and 250 ◦C), it decreased by approximately 40–45%. The last stage
occurred at temperatures higher than 550 ◦C, and may be connected to the decomposition
of complex organic components. The raw sample and the samples torrefied at 200 ◦C and
300 ◦C also showed a significant peak at around 650–700 ◦C, which could be related to the
decomposition of some inorganic materials such as carbonates [36].
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Figure 5. DTG weight loss rate for raw and torrefied MSW samples.

The thermal curves showed that torrefied materials have an initial decomposition tem-
perature higher than raw material, since torrefaction reduces the thermal stability (except
for the sample torrefied at 300 ◦C). Some anomalies occurred during the thermal analysis
and it is believed this is connected to the composition of the selected MSW samples and their
heterogeneity. Similar observations were found in the work of Abdulyekken et al. [25].
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4. Conclusions

In this study, the physicochemical properties of municipal solid waste (MSW) from the
Republic of Slovenia were investigated. The torrefaction of selected raw MSW was carried
out at three different temperatures (200, 250, and 300 ◦C, respectively) and a residence time
of 90 min. A semi-inert atmosphere was ensured. In the work, the torrefaction temperature
was investigated for mass and energy yields, elemental and proximate contents, heating
values, enhancement factors, and fuel ratios. Additionally, the thermal properties of selected
MSW samples were studied. A thermogravimetric analysis was performed and the samples
were heated at the constant heating rate, 10 ◦C/min, from 25 ◦C to 800 ◦C. The obtained
results confirm the following statement: when the torrefaction temperature is increased,
mass and energy yields decreased, HHV increased, carbon and nitrogen contents increased,
while the oxygen, hydrogen, and sulphur contents also decreased. A similar statement
could be made about moisture contents, volatile matter values, fixed carbon contents, and
ash contents. When the torrefaction temperature increased, moisture and volatile matter
contents decreased, whereas fixed carbon contents and ash contents increased. For the
MSW samples used in this study: the average MY decreased to 65.75 wt.%. and the average
EY decreased to 66.79% for each studied torrefaction temperature, respectively. The heating
values increased from 24.3 to 25.1 MJ/kg. The carbon content increased from 43.2 ± 0.9
to 52.7 ± 1.0 wt.% and the oxygen content decreased from 47.9 ± 0.9 to 39.5 ± 0.8 wt.%.
Under the same conditions, MC decreased from 44.3 ± 0.9 wt.% to 38.7 ± 0.8 wt.% VM
content was reduced from 45.9 ± 0.9 wt.% to 44.3 ± 0.9 wt.%, whereas FC and ash content
increased (from 6.7 ± 0.2 wt.% to 10.1 ± 0.5 wt.% and from 3.1 ± 0.0 wt.% to 6.9 ± 0.1 wt.%,
respectively). Additionally, enhancement factors and fuel ratios were in the range from 1.00
to 1.02 and 0.15 to 0.23, respectively. Some anomalies occurred during the thermal analysis
and it is believed that they are connected to the composition of selected MSW samples and
their heterogeneity.

In conclusion, by using the torrefaction pretreatment, available domestic municipal
waste from the Republic of Slovenia could be converted into a solid biofuel and therefore
be used as an alternative to coal, but further investigation should be conducted, especially
in the terms of investigation the thermal properties. In the future, our research will be
expanded. Samples of municipal solid waste will be mixed with other biomasses and both
physicochemical and thermal properties will be studied regard torrefaction temperature
and time. The kinetics of pyrolysis of the samples will be evaluated in addition, and lastly,
the emissions during the process will be determined.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/thermo3020017/s1. Figure S1: Elemental and Proximate analysis
of MSW after torrefaction for each experimental run; Equation (S1): Equation for calculation the
theoretical HHV values.
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Abbreviations

DTG Derivative thermogravimetric analysis
EF Enhancement factor
EU European Union
EY Energy yield
FC Fixed carbon
FR Fuel ratio
GHG Greenhouse gas emissions
HHV High heating value (MJ kg−1)
MC Moisture content
MSW Municipal solid waste
MY Mass yield
RES Renewable energy sources
SURS Statistical Biro of Slovenia
VM Volatile matter content
TGA Thermogravimetric analysis
T Temperature
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