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Abstract: Thermogravimetric analysis (TGA) is a powerful technique and useful method for charac-
terizing biomass as a non-conventional fuel. A TGA apparatus has been utilized to experimentally
investigate the impact of biomass feedstock diversity on the performance of the gasification of
hardwood (HW), softwood (SW) pellets, and refuse-derived fuel (RDF) materials. The solid con-
version rate and the volatile species formation rate have been estimated to quantify the rates of
devolatilization for each material. In addition, the combustion kinetic characteristics of the three
biomass feedstocks were investigated using TGA at different heating rates, and a thermal kinetic
analysis was conducted to describe the gasification process. Therefore, the kinetic parameters have
been evaluated for different thermal reactions and non-isothermal kinetic models that depend on the
relationships between heating rates and temperature profiles. The results show that the amount of
tar content from the RDF was higher than that of pure hardwood and softwood feedstocks. Hence,
tar removal must be part of any process using syngas produced from RDF feedstocks in a gas engine
to produce electricity.
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1. Introduction

Nowadays, human activities are directly or indirectly related to the utilization of
energy of different types. The overall energy demand is growing, due to the rising world
populations with the rise in living standards. Worldwide, the existing conventional energy
resources of fossil fuels such as oil and coal are limited, and their extraction causes a
challenge with global environmental issues. Therefore, the transition to non-conventional
or non-fossil resources of energy, such as renewable energy sources, seems to be very
promising and will play an important role in the energy mix of the future.

The greatest potential renewable energy source for the future is biomass energy be-
cause it has widespread availability after coal and oil, is easy to store and convenient
to transport, and the application of this technology is becoming more ordinary and ac-
cepted. Furthermore, from production to utilization, the cycle chain of CO2 emissions from
biomass fuel is close to zero [1,2]. Therefore, to reduce net global carbon emissions by
2050, the rapid deployment of biomass-based fuels to replace fossil fuels is necessary [3].
Technologies for converting lignocellulosic biomass, such as wood, mainly rely on thermo-
chemical techniques like gasification, combustion, and pyrolysis to produce energy and
biochemicals [4].

Renewable energies provide a better option for fossil fuel replacement for power gen-
eration due to them being more environmentally friendly, carbon neutral, and sustainable.
Woody biomass is a unique replacement fuel for power, heat, and fuel generation, due to
the similarity of biomass fuel characteristics with fossil fuels. The CO2 generated from the
combustion of biomass can be reused for plant growth during photosynthesis. The main
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advantage of using biomass compared to coal is the tendency to produce less CO2, while
reducing emissions of SOX and NOX [5]. Therefore, besides its reliable supply, woody
biomass could play an important role in meeting future renewable fuel standards because
of its relatively low price.

Waste-to-energy strategies are gaining more attention as an opportunity for increasing
renewable energy with a sustainable approach. The production of refuse-derived fuel (RDF)
or solid recovered fuel (SRF) is one of the waste-to-energy strategies that have been utilized
in the past few decades to solve both waste and energy problems simultaneously [6]. RDF
is the segregated high-calorific fraction of processed MSW [7–9]. The use of RDF in thermal
processes has become popular and is starting to receive widespread attention around the
world, as the production of RDF provides a dramatic decrease in space requirements and
effectively utilizes the reusable energy of solid waste [10–12]. Also, it has been stated that
the high energy content of RDF makes it comparable with conventional fossil fuels [13].

Therefore, the objective of this work is to investigate the impact of biomass/feedstock
diversity on torrefaction (hardwood (HW) and softwood (SW) pellets, refuse-derived
fuel (RDF)) by studying solid conversion and volatile species formation through a TGA
apparatus to quantify rates of devolatilization. To achieve this main objective, four tasks
will be employed as follows:

1. The thermal behavior of selected biomass feedstocks (HW, SW, and RDF) will be
experimentally investigated using a thermogravimetric analyzer (TGA);

2. Several parameters such as characteristic reaction temperatures, devolatilization rates,
and mass fractions will be introduced to describe the thermogravimetric data and will
be evaluated for the three feedstocks listed above;

3. A kinetic model, involving first-order independent parallel reactions, will be applied
to data obtained from pyrolysis TGA experiments;

4. Finally, a comparison will be provided between the TGA experimental measurements
and model predictions.

2. Experimental Investigations and Measurements

Experimental measurements are needed to validate the accuracy of any model predic-
tions, and hence, it will be a critical component of model development for the gasification
process. Therefore, in this section, the tested feedstock materials, instruments, applied TGA
technique, and thermal characterization method of samples will be described in detail.

2.1. Feedstock Materials

In this study, pelletized woody biomass and refuse-derived fuel were used to provide
a diversity of biomass feedstock for the gasification process. A TGA apparatus was utilized
to experimentally investigate the impact of biomass/feedstock diversity, as a potential
means of characterizing the thermal decomposition of each material.

The pelletized wood biomass was used in two types, as an oak hardwood and pine
softwood feedstocks. The pellets came in the form of cylindrical granules, approximately
9 mm in diameter and 40–60 mm in length. Before the experiment, some pellets were
cut to both ends of the flush, with a mass of 600 mg, and the others were ground and
sieved to powders with a diameter of less than 0.18 mm. All samples were stored in a
desiccator standby.

Alternatively, refuse-derived fuel (RDF) made from residual waste largely consists
of combustible components, such as plastics, paper, cardboard, textiles, and sometimes
organics, depending on the requirement of the end user. Municipal solid waste (MSW)
is used to manufacture RDF through the application of a combination of processes [14],
which may include sorting, shredding, drying, and densification. Processing MSW into
RDF allows for the recovery of materials like glass and metals, which may be recycled [15],
and helps to divert material from landfills. It may also reduce the concentration of materials
that cause maintenance or pollution issues [16]. In addition to reducing the amount of
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material entering landfills, the production of RDF may reduce the overall production of
greenhouse gases by displacing conventional fossil fuels [15].

2.2. Apparatus and Instrument

The experiments were conducted in an STA-449 F5 Jupiter® thermogravimetric ana-
lyzer (NETZSCH-Gerätebau GmbH, Selb City, Germany), with powder samples weigh-
ing approximately 20 mg, using Nitrogen (N2) as the atmosphere gas at a flow rate of
50 mL/min. The reaction temperature rose to 900 ◦C from the environmental temperature
of about 25 ◦C.

2.3. TGA Method

Thermogravimetric analysis (TGA) is a powerful technique and useful method for
characterizing biomass as non-conventional fuels. An advantage of the TGA technique is
the ability to distinguish between cellulosic components and petroleum-derived compo-
nents that can be found in hardwood and softwood biomass and RDF materials. Therefore,
TGA experiments were performed on 20 mg samples. Analyses were performed three
times to ensure the reliability of the measurements and to obtain robust estimates of kinetic
parameters. The prepared materials were placed in containers, mixed via thorough shaking,
and then the material was scooped out of the container and placed in a TGA sample pan.
The sample masses were confirmed with a precision balance.

A four-stage TGA program was used. In the first stage, the samples were heated from
25 ◦C to 150 C at three different rates of 10 ◦C/min, 20 ◦C/min, and 30 ◦C/min under
nitrogen purge of a flow rate of 50 mL/min. The second stage was conducted isothermally,
where the samples were held at a constant temperature of 150 ◦C for 15 min with a flow
of 50 mL/min of nitrogen gas to drive off any loosely bound moisture. During the third
stage, the temperature was ramped up from 150 ◦C to 900 ◦C at heating rates of 10 ◦C/min,
20 ◦C/min, and 30 ◦C/min. At the end of the ramp stage, the temperature was held
constant at 900 ◦C for 15 min. After that, the gas flow was switched from 50 mL/min of
nitrogen to 50 mL/min of a mixture of about 80 vol.% nitrogen and 20 vol.% oxygen.

2.4. Thermal Characterization of Samples

The physical and chemical properties of biomass vary; hence, it is important to be
able to determine the chemical compositions, as these often affect the characteristics of the
gasification process. Therefore, proximate and ultimate analyses will be performed on the
hardwood, softwood, and RDF samples. Then, the calorific values (lower heat value) of
all the fuels will be determined. All experiments were performed on triplicate samples to
confirm the repeatability of the process and the generated data.

2.4.1. Proximate Analysis

To perform the proximate analysis for the three biomass materials (HW, SW, and RDF),
it is typically assumed that biomass is composed of two types of carbon: volatile and fixed
carbon. In this analysis, first, the moisture content of the samples was determined according
to the American Society for Testing and Materials (ASTM) established procedures. Then,
the volatile matter and ash content were calculated. Finally, the fixed carbon was calculated
by subtracting the sum of the percentages of volatile matter and ash content on a dry basis
from a total of 100% for each sample of the three biomass materials.

2.4.2. Ultimate Analysis

The main chemical elements in biomass materials are carbon (C), oxygen (O), hydrogen
(H), nitrogen (N), and sulfur (S). The chemical analysis of these elements is very important
to calculate the material balance accurately. Thus, the C, H, N, S, and O content of the
samples was determined in the ultimate analysis conducted using the TruSpec Leco CHN
analyzer (Leco, St. Joseph, MI, USA).
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The samples were introduced to the auto sampler of the analyzer and combusted at
900 ◦C, and then the contents of C, N, S, and H were measured simultaneously. Once the
percentages of carbon, nitrogen, hydrogen, sulfur, and ash were determined, the amount
of oxygen was calculated by subtracting the total percentages of the mentioned elements
from one hundred percent. All results were reported on a dry basis.

2.4.3. Calorific Values

The calorific values of the woody biomass and RDF samples were determined ac-
cording to standard test methods by using a Leco AC-500 model bomb calorimeter. The
calorimeter was calibrated before each measurement by using benzoic acid as a standard.

3. Mathematical Kinetics Model

There are several approaches for modelling the complex pyrolysis process. The
simplest one is the empirical model, which employs global kinetics, where the Arrhenius
expression is used to correlate the rates of mass loss with temperature. The pyrolysis process
of biomass thermal decomposition can be generally expressed by the following reaction:

Biomass
k(T)→ Moisture Content + Volatile Matters + Char Contents (1)

where k(T) is the rate constant at temperature T, and volatile matters characterize the sum
of the produced gas and formed tar.

The general expression for the decomposition process of a solid biomass sample is
mainly based on a one-step kinetic equation, in which the rate of reaction can be described
by the following equation [17,18]:

dX
dt

= k(T)· f (X) (2)

where X is the degree of conversion, which represents the decomposed amount of the
sample at time t. It is defined in terms of the change in mass of the sample and can be
stated in the following equation [19]:

X =
mo − mt

mo − m f
(3)

where mo is the initial mass, mf is the final mass, and mt is the instantaneous mass at time
t of the sample analyzed through TGA, while f(X) is a function of X depending on the
reaction mechanism and represents the reaction model.

The temperature dependence of the rate constant is commonly described using the
Arrhenius law [17,20]:

k(T) = Aexp(−Ea/ RT) (4)

where A is the pre-exponential (frequency) factor (min−1), Ea is the apparent activation
energy (kJ mol−1), R is the universal gas constant (J mol−1K−1), and T is the absolute tem-
perature (K). the substitution of Equation (4) into Equation (2) gives the general expression
to calculate the kinetic parameters:

dX
dt

= A· f (X)·exp(−Ea/RT) (5)

To express the conversion function, f(X), for the sold-state reactions, there are various
possibilities [21]. Flynn [22] stated that f(X) follows a simple reaction model of a single-step
process, in which it varies according to the n-th power formula of the remaining mass
fraction, as follows:

f (X) = (1 − X)n (6)
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where n is the reaction order; here, it is considered first-order (n = 1). Combining Equa-
tions (5) and (6), the kinetic equation of decomposition is obtained as follows:

dX
dt

= A·(1 − X)n·exp(−Ea/RT) (7)

Under non-isothermal conditions, in which samples are heated at constant heating
rates, the actual temperature can be expressed as [21]

T = T0 + βt (8)

where T is the temperature at time t, T0 is the initial temperature, and β is the linear heating
rate (◦C/min). Non-isothermal methods are usually common in solid-state kinetics because
they require less experimental data in comparison to isothermal methods. The following
expression can be considered for non-isothermal experiments:

dX/dT = dX/dt·dt/dT (9)

where dX/dT is the non-isothermal reaction rate, dX/dt is the isothermal reaction rate, and
dT/dt is the heating rate (β). Substituting Equation (7) into Equation (9) gives

dX
dT

= (A/β)·(1 − X)n·exp(−Ea/RT) (10)

Equation (10) represents the differential form of the non-isothermal rate law [21].
Various methods have been proposed to process the TGA experimental data: the model-
free method such as the method of Kissinger [23], or iso-conversional methods such as
the method of Friedman [24], the method of Flynn–Wall–Ozawa (FWO) [25,26], and the
method of Kissinger–Akahira–Sunose (KAS) [23,27].

The Kissinger method does not allow for the calculation of activation energy values
at progressive extents of conversion values, but instead assumes a constant apparent
activation energy [28]. Methods such as FWO and KAS are restricted to the use of a linear
variation of the temperature and positive hearing rate [21]. Moreover, they are generated
based on mathematical approximation, which can enhance systematic error. In other words,
the Friedman method can be the best among the four model-free methods to evaluate
kinetic parameters for solid-state reactions [29,30].

Therefore, in this work, kinetic parameters are estimated from non-isothermal experi-
mental data based on the iso-conversional methods of Friedman to analyze and investigate
the thermal behavior of biomass feedstocks. The advantage of the Friedman method is
that it is free from mathematical approximations and is not restricted to the use of a linear
heating rate variation [21].

The expression proposed by Friedman can represented by taking the natural logarithm
of each side in Equation (7) as follows:

ln
(

dX
dt

)
= nln[A(1 − X)]− Ea/RT (11)

By plotting ln(dX/dt) vs. 1000/T at a constant conversion value, the activation energy
(Ea) is determined from the slope, which is equal to −Ea/R and pre-exponential (A) from
the intercept of the line.

4. Results and Discussion
4.1. Proximate and Ultimate Analyses

The average results of the proximate analysis obtained from the triplicate analyses
for the three feedstock materials are given in Table 1. In evaluating the results, the volatile
matter contents of the hardwood and softwood samples were higher than that of the RDF
sample, and accordingly, its fixed carbon contents were lower.
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Table 1. Proximate analysis of three biomass feedstocks.

Sample ID Moisture
Content (%)

Volatile Matter
(%)

Fixed Carbon
(%) Ash (%)

HW 6.06 78.96 14.02 0.96

SW 6.11 78.61 14.37 0.91

RDF 5.45 71.03 9.61 13.91

In addition, the ash content of the samples is important since it determines the amount
of residue that would be left behind upon combustion and the calorific value. In this
respect, RDF has an ash content of 13.91%, and it was high compared to the hardwood and
softwood samples, with very small ash contents of 0.96%, and 0.91%, respectively.

On the other hand, an ultimate analysis, which gave the elemental composition of
the hardwood, softwood, and RDF samples, was conducted, and the calorific values were
determined all in triplicate samples; the results are shown in Table 2.

Table 2. Ultimate analysis of three biomass feedstocks.

ID Carbon
(%)

Hydrogen
(%)

Oxygen
(%)

Nitrogen
(%) Sulfur (%)

Calorific
Value

(kJ/kg)

HW 51.93 5.61 42.00 0.42 0.04 19,230

SW 50.71 5.92 43.00 0.35 0.02 18,301

RDF 56.30 6.93 36.07 0.51 0.19 20,900

The ultimate analysis of the three biomass feedstocks showed that the carbon contents
of hardwood and softwood were close to each other, whereas the carbon content of RDF was
the highest among the three feedstocks studied. The calorific values of the wood samples,
which were 19,230 kJ/kg and 18,301 kJ/kg on a dry basis for the HW and SW, respectively,
were close to each other, and were a little lower than that of the RDF (20,900 kJ/kg) used in
this study. In other words, RDF had the highest calorific value among all the samples due
to its lower volatile matter content (71.03%) and higher carbon content (56.30%). Also, it
was seen that the volatile matter content decreases with an increase in the carbon content
for all materials. Sulfur had the lowest percentage among all the elements measured; in
RDF, the sulfur content was 0.19%, whereas a much lower sulfur content was found in
the HW and SW feedstocks. The nitrogen percentages in the three samples were all lower
than 1%. However, the content of hydrogen was higher in the RDF samples than in the
hardwood and softwood samples, as seen in Table 2. The hydrogen content of the HW and
SW samples may be linked to the high volatile matter content originating from the organic
matter in the biomass.

4.2. Thermal Decomposition Analysis

An assessment of three biomass feedstocks (HW, SW, and RDF) was carried out with
the help of thermogravimetric (TG) and differential thermogravimetric (DTG) methods
at three different heating rates of 10 ◦C/min, 20 ◦C/min, and 30 ◦C/min in a nitrogen
atmosphere. The DTG curve was generated from the first-order derivative of the TGA
curve with respect to temperature. It depicts the highest temperature at which maximum
decomposition occurs in the TGA curves. The TG curves show the fraction of mass
loss taking place over a range of 25 ◦C to 900 ◦C, where this heating temperature range
represents a typical gasification process.

4.3. Thermogravimetric (TG) Analysis

The data of the thermogravimetry (TG) of the three biomass feedstocks at a heating rate
of 10 ◦C/min is shown in Figure 1a, b, and c for HW, SW, and RDF, respectively. The graph
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represents the percent of weight change as a function of time at a given temperature. The
curve shows multi-regions of multistage decomposition, such as drying, devolatilization,
and char formation. The differential scanning calorimetry (DSC) was performed alongside
TGA to verify the identity of the products; this is shown using a secondary y-axis coordinate
in Figure 1a, b, and c for HW, SW, and RDF, respectively. It can also be incorporated into
the TG analyzer to allow for monitoring potential phase changes during the temperature
ramp process.
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(a) Hardwood (HW); (b) Softwood (SW); (c) RDF.

It is observed from Figure 1a–c that there was a change in the weight of the samples
over the heating temperature range of 25–900 ◦C. On average, weight losses of approxi-
mately 77.95%, 76.31%, and 72.11% were recorded at the maximum temperature of 900 ◦C
for HW, SW, and RDF, respectively. This means that about 22.05%, 23.69%, and 27.88% of
char remained at the end of the process for the HW, SW, and RDF, respectively.

As described previously, in the first stage, the samples were heated from 25 ◦C to
150 ◦C at a rate of 10 ◦C/min. In this stage, the mass losses occurring for the first 12.5 min
of the ramp stage were termed as the primary moisture content. The second stage was
conducted isothermally, where the samples were held at a constant temperature of 150 ◦C
for 15 min to drive off any loosely bound moisture, and this mass loss was termed as the
secondary moisture content of the dry sample. The sum of the primary and secondary
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moisture contents was the total moisture content of each biomass sample. Therefore,
from Figure 1a–c, it can be observed that in the drying stage for the three feedstocks at
a temperature of 150 ◦C, there is a slight decay of the weight change of about 6% for the
wood (HW and SW) samples and less than 4% for the RDF sample. This is due to the light
volatilization of the biomass materials that caused a gradual weight loss, which is called
the moisture content of the three feedstock samples at the drying stage.

The results of the TG curves of the three biomass feedstocks at three different heating
rates (10, 20, and 30 ◦C/min) are shown in Figure 2a, b, and c for HW, SW, and RDF,
respectively. The observations and trends in Figure 1 are confirmed by the trends and
quantitative data in Figure 2, with some differences in the RDF curves for temperatures
higher than 350 ◦C.
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During the third stage of the non-isothermal process, the temperature was ramped
up from 150 ◦C to 900 ◦C at a rate of 10 ◦C/min. It can be recognized from Figure 1, after
the temperature increased from 150 ◦C to 500 ◦C, that a significant change in the weight
loss of the three samples was observed due to the thermal decomposition of the biomass
components of each sample. In contrast, there was no significant weight loss for the three
feedstocks that occurred when the temperature was higher than 500 ◦C, mainly because of
the thermal decomposition of the biomass components of each sample. Further increases in
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the temperature led to the conversion of the biomass into a solid, black residue (charcoal)
char with a drastic fall-off in volatile content. This observation corresponded to stage four
at the end of the ramp stage, where the temperature was held constant at 900 ◦C for 15 min.

4.4. Differential Thermogravimetric (DTG) Analysis

In addition, the data of the TG and derivative thermogravimetry (DTG) are plotted
in the same graphs and shown in Figure 3a, b, and c for HW, SW, and RDF, respectively,
where TG represents the mass change as a function of temperature.
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The TG observations from Figure 1 are confirmed by the DTG data of several peaks for
the three biomass feedstocks (HW, SW, and RDF), as shown in Figure 3. The first peak on
the DTG curve in the temperature range of 30–150 ◦C can be attributed to the elimination of
the humidity for the biomass materials. The significant change in weight loss is associated
with the temperature of the peaks from 200 ◦C to 500 ◦C, when the decomposition rate is
high. The down peaks were endothermic reactions at temperatures of 350 ◦C, 370 ◦C, and
320 ◦C for the HW, SW, and RDF, respectively. Other significant down peaks at 325 ◦C and
430 ◦C showed endothermic reactions in the HW and RDF curves, as in Figures 3a and 3c,
respectively. The up peaks are exothermic reactions during the decomposition process and



Energies 2024, 17, 396 10 of 15

those observed in Figure 3a–c at temperatures of 310 ◦C, 320 ◦C, and 380 ◦C for the HW,
SW, and RDF, respectively.

To distinguish and identify the chemical components of the woody biomass mate-
rial (HW and SW) in Figure 3a,b, the pyrolysis process of the lignocellulosic biomass can
be divided into four main regions: moisture and very light volatile component removal
(<150 ◦C); the degradation of hemicellulose (230–360 ◦C); lignin and cellulose decompo-
sition (360–600 ◦C); and lignin degradation (>600 ◦C). The mass loss that occurs after the
introduction of oxygen is termed high-temperature-formed char and ash. Interactions
between organic (hemicellulose, cellulose, and lignin) and inorganic components (ashes) of
different biomass samples can be observed.

The results of the DTG curves of the three biomass feedstocks at three different heating
rates (10, 20, and 30 ◦C/min) are shown in Figure 4a, b, and c for HW, SW, and RDF,
respectively. From both Figures 3 and 4, there is a one-stage reaction that can be realized
with the SW curves and two-stage reactions with the HW and RDF curves. Therefore, the
trends and observations that can be seen in Figure 3 can be confirmed by the trends and
quantitative data in Figure 4.
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To identify the constituents of the RDF material in Figure 3c, the mass loss from 150
◦C to 430 ◦C is termed as cellulosic volatiles. The mass loss from 430 ◦C to 500 ◦C is
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termed as plastic. The mass loss from 500 ◦C until the introduction of oxygen is termed as
high-temperature volatiles. The mass loss that occurs after the introduction of oxygen is
termed as char, and the remaining mass is termed as ash. The sum of the char and cellulosic
volatiles is termed as the cellulosic content. The term cellulosic has been used for simplicity,
but the mass loss to which this term refers is attributable to several biogenic materials
including cellulose, hemicelluloses, lignin, and other natural polymers [31].

4.5. Kinetic Parameter Determination
4.5.1. Activation Energy and Frequency Factor

The results of the TG/DTG experimental data of the biomass feedstocks’ pyrolysis
obtained under non-isothermal conditions (150 ◦C to 900 ◦C) and a nitrogen atmosphere
were used for the kinetic analysis. The iso-conversional method of Friedman was employed
to obtain the activation energy and pre-exponential factor. Using this method, the activation
energy and pre-exponential factor were calculated as a function of conversion, as reported
in Equation (10). The iso-conversional plots of this method are shown in Figure 5a, b, and c
for HW, SW, and RDF, respectively. The kinetic parameters of the activation energy and
pre-exponential factor were found based on the linear regression line and extracted from
the slope and intercept, which is shown in Figure 5.
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Three values of conversion of 0.3, 0.5, and 0.7 of the three biomass feedstocks (HW,
SW, and RDF) were employed in calculating the kinetic parameters based on the Friedman
method. The three selected conversions are characterized by the width of the temperature
ranges, which determine the low, medium, and high degrees of the conversion rates of
0.3, 0.5, and 0.7, respectively. The activation energies extracted from the slope and pre-
exponential factors from the intercept of lines for the three different biomass feedstocks are
shown in Figure 5. The two parameters of the activation energy (Ea) and pre-exponential
factor (A) were found via linear regression and are listed in Table 3. It can be observed from
Table 3 that the values of the activation energies are not one-step mechanisms. They follow
a complex multistep reaction.

Table 3. Calculated kinetic parameters for three biomass feedstocks using the Friedman method.

X (%)
HW SW RDF

Ea
(kJmol−1) A (s−1) Ea

(kJmol−1) A (s−1) Ea
(kJmol−1) A (s−1)

30 78.92 32,316.41 61.01 12,291.18 54.98 5621.37

50 93.62 27,141.05 69.20 10,280.94 60.62 4725.85

70 99.62 22,620.87 77.17 8560.15 69.33 3934.85

Mean 90.72 27,359.44 69.13 10,377.42 61.64 4760.69

The activation energy of HW rises (20.78%) from about 87.92 kJmol−1 at 30% conver-
sion to nearly 99.62 kJmol−1 at 70% conversion, as shown in Table 3. Similar trends were
observed for the SW (20.93%) and RDF (20.70%) samples. These behaviors confirm the
dependence of the activation energy on the extent of conversion. This is because more
energy barriers are required for the decomposition process at high temperatures with
high conversion, and hence, the value of activation energy increases with the progress of
conversion. It means more stable molecules that are harder to break present in this step.

As shown in Table 3, the arithmetic means of the activation energy calculated using
the Friedman method are 90.72, 69.13, and 61.64 kJmol−1, for the HW, SW, and RDF,
respectively. The average correlation coefficient, R2, of the prediction of the activation
energy has been estimated as 0.941, 0.913, and 0.951 for the HW, SW, and RDF, respectively.
In addition, the values of the pre-exponential factor are calculated and reported in Table 3.

4.5.2. Reaction Rate Constant

The reaction rate constant, k(T), describes the reaction velocity as a function of the
absolute temperature, and it can be represented by the Arrhenius equation (Equation (3)).
Therefore, in this study, the values of the rate constant were estimated for a conversion
degree in the range of 0.3 ≤ X ≤ 0.7 using the Arrhenius relationship, as shown in Figure 6a,
b, ; c, for the HW, SW, and RDF, respectively.

The Arrhenius-type plots demonstrated that the chemical rate constant varies as a
negative exponential of the reciprocal absolute temperature, as observed in Figure 6. The
correlation coefficient, R2, of the prediction of the reaction rate constants was estimated at a
conversion of 50% (X = 0.5) as 0.963, 0.961, and 0.955 for the HW, SW, and RDF, respectively.



Energies 2024, 17, 396 13 of 15Energies 2024, 17, x FOR PEER REVIEW 13 of 15 
 

 

(a) (b) 

  
(c) 

 
Figure 6. Constant reaction rate of biomass as a function of temperature. (a) Hardwood (HW); (b) 
Softwood (SW); (c) RDF. 

The Arrhenius-type plots demonstrated that the chemical rate constant varies as a 
negative exponential of the reciprocal absolute temperature, as observed in Figure 6. The 
correlation coefficient, R2, of the prediction of the reaction rate constants was estimated at a 
conversion of 50% (X = 0.5) as 0.963, 0.961, and 0.955 for the HW, SW, and RDF, respectively. 

5. Concluding Remarks 
The following concluding remarks may be drawn from the present study investigating 

and characterizing the thermal decomposition and kinetic parameters of biomass feedstocks: 
1. The pyrolysis kinetics of three biomass feedstocks was carried out using a thermo-

gravimetric analysis (TG) in the temperature range of 25–900 °C, at a heating rate of 
10 °C/min, under a nitrogen atmosphere. It was found that the main pyrolysis process 
occurred in the temperature range of 200–600 °C for the three feedstock biomass samples; 

2. The first derivative thermogravimetry (DTG) of the mass change with temperature 
was plotted on the same TG graph to identify the points at which different mass 
changes occurred, where the decomposition reaction happened during the process 
of temperature ramp between 200 and 600 °C; 

3. The chemical components of the woody biomass (HW and SW) and refuse-derived 
fuel (RDF) materials were identified and distinguished based on their mass losses 
over the temperature range during the non-isothermal decomposition process;  

Figure 6. Constant reaction rate of biomass as a function of temperature. (a) Hardwood (HW); (b)
Softwood (SW); (c) RDF.

5. Concluding Remarks

The following concluding remarks may be drawn from the present study investi-
gating and characterizing the thermal decomposition and kinetic parameters of biomass
feedstocks:

1. The pyrolysis kinetics of three biomass feedstocks was carried out using a thermo-
gravimetric analysis (TG) in the temperature range of 25–900 ◦C, at a heating rate of 10
◦C/min, under a nitrogen atmosphere. It was found that the main pyrolysis process
occurred in the temperature range of 200–600 ◦C for the three feedstock biomass
samples;

2. The first derivative thermogravimetry (DTG) of the mass change with temperature
was plotted on the same TG graph to identify the points at which different mass
changes occurred, where the decomposition reaction happened during the process of
temperature ramp between 200 and 600 ◦C;

3. The chemical components of the woody biomass (HW and SW) and refuse-derived
fuel (RDF) materials were identified and distinguished based on their mass losses
over the temperature range during the non-isothermal decomposition process;

4. In this work, the kinetic parameters and thermal behavior of feedstocks were pre-
sented in terms of Arrhenius parameters and determined by using the Friedman
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method. The activation energy calculated as a function of conversion and re-exponential
factor has been estimated for each biomass material;

5. The present work provides insight into the decomposition characterization of biomass
feedstocks, and the above results can provide useful information to predict the kinetic
parameters of optimizing the gasification process conditions of downdraft gasifier
systems in future research work.
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Nomenclature

A pre-exponential (frequency) factor (s−1)
Ea apparent activation energy (J mol−1)
HHV higher heating value (J/kg−1)
k reaction rate (s−1)
n reaction order (n = 1, first-order reaction)
R universal gas constant (J mol−1 K−1)
R2 correlation coefficient (--)
T temperature (K or ◦C)
t time (s)
X mass fraction (g/g)
Greek letters
β heating rate (◦C/min)
Abbreviations
ASTM American Society for Testing and Materials
DSC differential scanning calorimetry
DTG derivative or differential thermogravimetric
HW hardwood
MSW municipal solid waste
RDF refuse-derived fuel
SRF solid recovered fuel
SW softwood
TG thermogravimetric
TGA thermogravimetric analysis
Subscripts
0 initial condition
f final condition
g gas
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