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A B S T R A C T   

This study investigates the intricate thermal decomposition behavior and combustion characteristics of two 
distinct types of wheat straw pellets (WSP) represented as T1 (100 % wheat straw) and T5 (70 % wheat straw; 10 
% sawdust, 10 % biochar; 10 % bentonite clay). Through a thermogravimetric analyzer (TGA) the pellets un
dergo combustion under varying heating rates (5, 10, and 20 ◦C/min) in an air atmosphere, ranging from 25 to 
1200 ◦C. Differential thermogravimetric and thermogravimetric analyses reveal four distinct stages of decom
position in the biomass components. The results indicate that the optimal combustion heating rate is 20 ◦C/min, 
resulting in the highest reaction rate (~50 %/min) and most substantial mass loss (~55 %) for both T1 and T5 
pellets. Notably, the T5 pellet demonstrates a lower ignition temperature (207 ◦C, at 20 ◦C/min) and higher 
burnout (457 ◦C at 10 ◦C/min) compared to the T1 pellet, indicating its superior suitability for combustion. The 
combustion efficiency ranges from 61.0 to 99 % within the temperature range of 300 to 700 ◦C, similar to coal 
combustion. Additionally, thermodynamic properties (Di, Db, C, and S) suggest the promising potential of WSP as 
a bioenergy feedstock. Furthermore, T1 pellets demonstrate higher ignition temperatures (Ti) than T5, indicative 
of rapid combustion and lower energy potential. burnout temperatures (Tb) revealed intricate results in both 
scenarios. These findings hold significance for the design of gasification or combustion reactors and the industrial 
utilization of WSP biomass. The insights gathered from this study offer valuable guidance for designing and 
enhancing bioenergy systems and fostering sustainable practices in utilizing agricultural residues for energy 
production.   

1. Introduction 

Global warming and anthropogenetic CO2 emissions have drawn 
great attention due to their substantial effects on the ecosystem and 
human civilization [1]. Therefore, global research and development 
efforts have been made to create alternative fuels to decrease fossil fuel 
use and reduce carbon dioxide pollution [2]. Biomass, as it grows, can 
fix atmospheric carbon dioxide [3]. In addition, biomass can be regar
ded as a carbon-neutral fuel and successfully minimizes carbon dioxide 
emissions when burned. Thus, worldwide attention is increasing to 
biomass-based fuel utilization [4]. When biomass is transformed as a 
source of bioenergy, it produces solid, liquid, and gaseous substrates. 
The biomass-to-bioenergy conversion types and products are varied due 
to inherent physiochemical properties. 

In this study, we focused on investigating the thermal decomposition 
characteristics of wheat straw pellets. Wheat straw (WS) is a highly 
promising bioenergy waste due to its global ubiquity, wide availability, 
and lower cost, primarily from field crop cultivation [5]. Notably, wheat 
is the predominant grain industry crop in Australia. As of 2021/22, the 
average wheat yield in the country reached 36.3 million tonnes [6], 
which is estimated at 45.0 million tonnes of wheat residue as crop waste 
(with a grain and straw ratio= 1:1.3). Based on current assessments, WS 
residue holds an annual average energy potential of 146.52 TJ. More
over, Australia has transitioned away from wood pellet manufacturing, 
using it as a renewable energy source [7]. Therefore, producing wheat 
straw pellets and characterizing their combustion properties are 
important for their industrial use as renewable energy sources. 

The properties of biomass fuel are pivotal in determining its practical 
application. A systematic investigation of its properties is imperative to 
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utilize biomass in bioenergy effectively. Fuel selection, consumption 
rates, and reactor design are all contingent on the biomass’s thermal 
behavior and combustion characteristics [8]. In this context, key char
acteristics associated with the thermal decomposition of the fuels, 
including ignition temperatures (Ti), burnout temperatures (Tb), flam
mability index (C), and combustibility index (S), hold significant 
importance. Ignition is the lowest temperature at which a fuel can 
spontaneously ignite in an environment devoid of an external heat 
source [9]. Understanding this parameter is important for ensuring 
safety during storage and transportation, especially when used as an 
industrial fuel. Conversely, the burnout temperatures indicate when the 
fuel is almost entirely depleted, serving as a measure of its burn 
response. Higher burnout temperatures indicate fewer combustible 
components within the fuel [10]. Additionally, the flammability and 
combustibility indices offer valuable insights into combustion perfor
mance. As suggested by Chen, Liu [11], a higher S value signifies a 
swifter and more intense combustion process, while a higher C value 
suggests greater combustion stability [12]. Overall, assessing combus
tion behavior and properties is essential for industrial applications. 

The operational conditions under which fuel is utilized notably 
impact its thermal characteristics. Studies by, Kok and Özgür [13] and 
[14] demonstrate that heating rates significantly influence ignition 
temperatures of biomass fuels like miscanthus and rice husk. Addition
ally, Pan, Jia [15] highlight how identification methods, like the inter
section method, can significantly impact combustion yield. while Ma, Li 
[16] explored the influence of catalysts on ignition and burnout tem
peratures in rice and wheat straw, they did not delve into combustion 
indices or thermal breakdown. Di, Wang [17] observed similar effects of 
catalysts on coal combustion. Researchers like Petrovič, Stergar [18] and 
Kardaś, Kluska [19] have successfully employed thermogravimetric 
analyzers (TGA) to assess the thermal performance and co-combustion 
behavior of blends like wheat straw and sewage sludge, revealing pos
itive interactions at high temperatures [20]. Furthermore, Raza, Mustafa 
[21] used a waste-to-waste approach using TGA alongside FTIR, XRD, 
and DSC to isolate cellulose from date palm waste, highlighting the 
versatility of TGA in biomass research. 

While some research has studied wheat straw pellets as a fuel, a 
comprehensive understanding of their behavior with different additives 
is lacking. In particular, detailed thermogravimetric analysis (TGA) of 
these pellets is scarce. Previous studies might not have investigated the 
full spectrum of additives and their impact on how wheat straw pellets 
decompose and combust, including efficiency and thermal stability. To 
address this gap, this research will employ TGA to meticulously examine 
wheat straw pellets’ thermal decomposition and combustion charac
teristics containing various additives. By systematically analyzing these 
factors, this study aims to bridge the current knowledge gap and provide 
valuable insights. This, in turn, could help industries select the most 

appropriate heating methods and rates, ultimately leading to more ac
curate combustion parameters for biomass applications. 

A large amount of scientific literature is available on wheat straw co- 
combustion, with most studies focusing on combining coal and wheat 
straw [5,22–25]. While this co-combustion presents a promising 
approach that offers a clean and efficient way to utilize coal, it raises 
concerns about nitrogen oxide (NOx) and sulfur dioxide (SO2) emissions 
[26,27]. Some research has explored co-combustion with alternative 
biomass sources like torrefied reeds and poplar wood, but these studies 
have not addressed key factors like combustion efficiency and indicators 
[28] and [29]. Other investigations have focused on specific aspects like 
decomposition behavior during burning or pellet characteristics, 
without examining overall combustion parameters [30] and El-Sayed 
and Khairy [31]. Recent work by Kumar and Nandi [5] delves into the 
combustion characteristics of various blends, including wheat straw, 
highlighting the ongoing exploration in this area [32]. Gageanu, Cuj
bescu [33] they have manufactured various pellets using individual 
additives (wheat straw and rapeseed stalk) and combinations of addi
tives. They observed that pellets made with individual additives had 
lower bulk density and higher ash content than those with multiple 
additives. Similarly, Emami, Tabil [34] they obtained comparable re
sults with pellets made from individual additives, noting that combining 
multiple additives could enhance bulk density, relaxed density, dura
bility, and specific energy content compared to pellets blended with a 
single additive. While research has explored individual additives for 
wheat straw pellets (WSP), a fundamental gap exists in understanding 
how these additives interact with each other and the WSP itself. This 
combined influence on thermal properties remains largely unknown. 
Investigating these interactions is essential, as additives might exhibit 
synergistic or antagonistic effects that significantly impact combustion 
behavior. Understanding WSP decomposition and combustion is para
mount for designing efficient biomass energy systems. This research 
addresses this challenge by examining how different additive combi
nations (Bentonite clay, Sawdust, and Biochar) influence thermal 
behavior. By scrutinizing these interactions and their impact on 
decomposition and combustion, the study offers valuable insights for 
optimizing pellet composition. This focus on additive interaction is the 
key innovation of this research, with the potential to dramatically 
improve biomass-to-energy conversion efficiency. 

Biomass thermal conversion to energy [35] via combustion involves 
intricate physiochemical mechanisms. TGA is a powerful and widely 
used tool for measuring the thermogravimetric (TG) profile, indicating 
mass changes over time or in response to temperature variations [36]. In 
addition, TGA provides valuable insights into various combustion 
characteristics due to its versatile application [37]. The thermogravi
metric (TG) and derivative thermogravimetry (DTG) curves, derived 
from TGA, serve as valuable tools for observing the temperature-time 

Nomenclature 

BC Bentonite Clay 
BD Bulk Density 
BioC Biochar 
C Flammability index 
DTG Derivative Thermogravimetric 
Di Ignition index 
Db Burnout index 
FC Fixed Carbon 
HHV Higher Heating Value 
m Mass 
MC Moisture content 
n Combustion efficiency 
Rp Maximum weight loss rate 

Rv Average weight loss rate 
S Combustibility index 
SD Sawdust 
TG Thermogravimetric 
TGA Thermogravimetric Analyser 
Tb Burnout temperature 
Ti Ignition temperature 
Tp Peak temperature 
tb Burnout time 
ti Ignition time 
tp Peak reaction time 
WS Wheat Straw 
WSP Wheat Straw Pellet 
VM Volatile Matters 
β Heating rate  
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relationship in reaction rates. Furthermore, the TG/DTG profile aids in 
determining the thermokinetic properties of WSP. These properties are 
vital in understanding solid fuel combustion and are integral to 
large-scale industrial reactors’ design, development, and operation [38]. 
Therefore, the primary objectives of this present study are twofold: (a) to 
ascertain the thermal decomposition behavior and (b) to determine 
burning factors (ignition temperature, burnout temperature, flamma
bility indices, and comprehensive combustion index). These parameters 
could use as input data in Computational Fluid Dynamics (CFD) 
modeling for designing a reactor and analyzing the pellets’ energy 
conversion [39]. 

2. Materials and methods 

2.1. Test sample and sample preparation 

Two wheat straw pellets (T1 and T5) were made and used in this 
study with different material combinations (Table 1). In this work, two 
types (treatments) of pellets were used for qualitative analyses. This 
research followed the published article regarding the proportion of 
blenders used and their material characteristics (moisture content and 
particle size). According to Pradhan, Mahajani [40], the moisture range 
is 15 to 23 %, and a particle size of less than 6.5 mm is required for pellet 
processing. In addition, Nazemi, Safavi [41] suggested that 20 % of 
sawdust with wheat straw can enhance pellet strength. Also, additives 
proportion of 0.5 to 5 % (total mass fraction) can improve pellet quality 
[42]. Therefore, the present research considered the raw material 
moisture content to be around 20 %, with particle size not bigger than 2 
mm. Moreover, the bentonite clay, sawdust, starch, glycerol, and bio
char ratio were all set at a 10 % (weight basis) level. Furthermore, in 
pellet production, used biochar enhances the higher heating value, 
bentonite functions as a binding agent, while sawdust contributes to the 
uniform compaction of the structure. 

This investigation focused on wheat straw pellets (T1), identified 
from a previous study as having the lowest quality rating [43]. Seven 
pellet types were created, with only T5 meeting the established suit
ability criteria outlined by ISO standards [44]. Hence, for a compre
hensive analysis, these specific pellets were chosen for examination. 
These cylindrical solid fuels, comprised of wheat straw with and without 
additives, required grinding prior to TGA analysis. However, it was 
needed to grind the samples in preparation for the Thermogravimetric 
analyzer (TGA). The process increased their surface area [43] and 
enhanced the conversion efficiency [45]. 

Subsequently, the samples underwent a 24 h drying period in an 
oven set at 105 ◦C, followed by grinding to achieve an average particle 
size of 1 mm (Fig. 1). The resulting crushed sample was then sieved to 
maintain uniform particle sizes. A dummy test was also conducted at 
each heating rate to mitigate potential systematic errors and establish 
baseline information. To ensure precision in the experiment results, an 
equal sample size (weight) was utilized for each treatment [32], with an 
initial weight of 50 mg for each run. However, it is essential to note that 
the TGA pan had a sample holding capacity of only 8.75~9.75 mg. To 
uphold accuracy, the experiment was replicated thrice, ensuring preci
sion and reproducibility in the analysis. The mean value of the collected 
data was utilized for the current study. 

2.2. Experimental protocol 

Accurately determining wheat straw and additive pellets’ thermal 
decomposition behavior and combustion parameters through thermog
ravimetric analysis (TGA) hinges on adhering to established industry 
standards and protocols [46]. This meticulous process involves several 
well-defined steps: sample preparation, TGA analysis, data collection, 
and in-depth analysis of the results (Fig. 2). First, researchers meticu
lously prepare the wheat straw and additive blends for TGA compati
bility. The experiment then proceeds within the TGA instrument under 
precisely controlled conditions. A standardized procedure guarantees 
consistent data collection, meticulously recording the sample’s mass 
change as the temperature rises. Finally, this data undergoes rigorous 
analysis to extract crucial parameters like activation energy and reaction 
kinetics. Furthermore, strict adherence to safety protocols during 
experimentation is paramount to ensure the researcher’s well-being. 

2.3. TGA experiments 

TGA is the foremost technique for probing into the decomposition 
behavior [21] and kinetics of carbonaceous materials with both tem
perature (non-isothermal) and time (isothermal) [47–49]. In this study, 
the STA 449F3 Jupiter TGA (Erich NETZSCH GmbH & Co. Holding KG, 
Germany) was used to measure and record the dynamics of the constant 
mass loss of the samples with as temperature and time increased [50]. 
The feedstock underwent combustion in the control zone under a pres
sure of 0.1 MP, with air serving as the carrier gas maintained at a steady 
50 ml/min flow rate [51]. The TG and DTG data for the current inves
tigation were obtained using cutting-edge kinetic software NETZSCH 
Proteus 8.0 (NETZSCH-Gerätebau GmbH) for WSP combustion under 
dynamic conditions. This NETZSCH software enables the analysis of 
temperature-dependent chemical processes [52]. 

2.4. Thermogravimetric analysis 

The samples’ combustion reaction rate was determined by analyzing 
the remaining mass distribution and the derivative of mass loss data. 
Moreover, the mass loss data, depicted in TG curves, were utilized to 
determine pseudo-component degradation (lignin, hemicellulose, and 
lignin) [53]. In contrast, the DTG profiles are assessed by DTG profiles 
[54]. To refine the TGA data, a moving average trend line was applied to 
mitigate any noise interference, a common strategy in TG data exami
nation [55,56]. 

The TG/DTG data were collected using the integrated computer at 
linear heating rates of 5, 10, and 20 ◦C/min, covering a temperature 
range from 25 to 800 ◦C. These specific heating rates and temperature 
ranges have been widely adopted in numerous experiments to assess the 
kinetic properties of various biomass samples [57,58]. 

2.5. Combustion characteristic parameters 

The combustion efficiency was assessed using the following eight 
parameters and indices [12,59]. 

(i) ignition temperature (Ti), (ii) burning temperature (Tb), 
(iii) maximum weight loss rate (− Rp), (iv) average weight loss rate 

(− Rv), 
(v) combustibility index (S), (vi) ignition index (Di), 
(vii) flammability index (C). (viii) burnout index (Db) 

2.5.1. Ignition and burnout temperatures 
Examining fuel qualities is important in assessing fuel selection, 

consumption rates, reactor design, and successful application [60]. 
Within this context, ignition and burnout temperatures are pivotal 
properties in bioenergy production. 

Various methods, including intersection, conversion, and deviation, 
can determine a fuel’s ignition and burnout temperatures [61]. Under a 

Table 1 
Experimental sample types and their physical characteristics.  

Pellets Combinations 
(Weight proportion) 

Average 
length, mm 

Mean 
diameter, 
mm 

Bulk 
density, 
Kg/m 

T1 WS (100 %) 22.0 ± 2.32 8.21 ± 0.53 244.79 ±
15.45 

T5 WS (70 %) + SD (10 %) +
BC (10 %) + BioC (10 %) 

37.0 ± 1.32 8.13 ± 0.12 607.40 ±
8.11 

Note: WS= Wheat straw, BC= Bentonite clay, SD= Sawdust and BioC= Biochar. 
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consistent heating rate, the intersection technique determines the igni
tion and burnout temperatures by analyzing TGA and DTG combustion 
profiles [62]. One of the key advantages of this method lies in its 
straightforwardness [63]. Fig. 2 visually represents the intersection 
method for both ignition and burnout temperatures. 

Lu [55] has conducted a comprehensive review of several methods 
(Fig. 2). For the ignition temperature, determined through the inter
section method, the following steps are followed: 

Fig. 1. Photographic illustration of experimental material: wheat straw pellet.  

Fig. 2. Standard thermogravimetric analysis protocol for wheat straw pellets.  

Fig. 3. Intersection method for determining ignition (Ti) and burnout (Tb) temperatures [55].  
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• At Point A, a vertical line is drawn from the first peak of the DTG 
curve, representing the peak value in the DTG curve (Fig. 3). This 
marks the beginning of devolatilization point B.  

• On the TGA curve, a tangent is drawn from A, and a horizontal line is 
extended from B.  

• The ignition temperature (Ti) is established at the intersection of 
these two lines. 

When calculating the burnout temperature of biomass, the single 
peak of a DTG curve was used [64]. It is worth noting that when air is the 
carrier gas, certain biomass species show two distinct peaks in their DTG 
plots [65]. In such cases, the second peak is used to determine the 
burnout temperature rather than the first. Point C on a TG curve, where 
a vertical line from the second peak of the DTG curve intersects the TGA 
curve, is shown in Fig. 3. As the TGA curve progresses to point D, it 
stabilizes. The burnout temperature (Tb) is established at the intersec
tion of a tangent drawn from the TGA curve at C and the horizontal line 
extending from D. 

2.5.2. Combustion efficiency indices 
The Ti, Tb, Rp, and Rv parameters were derived from the TG/DTG 

profile, whereas S, Di, Db, and C were calculated using the equations 
provided in references [50] and [51,66,67]. Higher flammability and 
combustibility indices indicate enhanced combustion and ignition per
formances, respectively—the flammability index, as outlined in the 
reference [68]. 

S =
− Rp × − Rv

Ti
2 × Tb

(1)  

Di =
− Rp

ti × tp
(2)  

Db =
− Rp

Δt1/2 × tp × tb
(3)  

C =
− Rp

Ti
2 (4)  

n =
m110 − me

m100 − mt
× 100% (5) 

Whereas: 

Rp= maximum mass loss rate,%/min 
Rv= average mass loss rate,%/min 
C= flammability index, 10− 4%/(min.◦C2) 
Δt1/2= the time interval of DTG/DTGpeak= 0.5 
n= combustion efficiency,% 
m110= mass loss at 110 ◦C,% 
me=mass loss at any temperature,% 
mt= mass loss end temperature,% 
S= comprehensive combustion index, 10− 7 %2/(min2.◦C3) 
Ti= ignition temperature, ºC 
Tp= peak temperature, ºC 
Tb= burnout temperature, ºC 
ti = ignition time, min 
tp = peak reaction time, min 

tb = burnout time, min 
Di= ignition index, 10− 2 %/min3 

Db = burned-out index, 10− 2 %/min4 

3. Results and discussion 

3.1. Physicochemical analysis 

The chemical analysis of materials is detailed in Table 2 and was 
conducted by established standard techniques, as outlined in the pre
vious study [69]. Typically, materials with higher volatile content are 
more readily ignitable. However, a higher ash content may adversely 
affect thermal degradation stability and slow the burning rate [70]. 
Notably, the volatile content of T1 (75.61 %) was higher than that of T5 
(53.03 %). This discrepancy in volatile content and the combustible fuel 
ratio indicated that T1 pellets were poised to burn and ignite more 
efficiently than T5 [71]. However, the fixed carbon (FC) contents stood 
at 11.10 % for T1 and 31.60 % for T5 (as shown in Table 2), with T5 
having a significantly higher ash content of 11.87 % in contrast to T1 at 
7.09 %. Furthermore, the higher heating value (HHV) of T5, measured at 
19.06 MJ/kg, surpassed that of T1, recorded at 17.024 MJ/kg. Notable, 
the HHVs of the pellet were higher than those of corn cob (16.90 
MJ/kg), rice straw (16.78 MJ/kg), barley straw (15.70 MJ/kg) [72], and 
pine sawdust (16.81 MJ/kg) [73]. However, they were lower than those 
of liquor-industry wastes (19.53 MJ/kg) [74] and sub-bituminous coal 
(25.31 MJ/kg) [75]. These findings underscore the significant potential 
of wheat straw residues as an available biofuel source for combustion 
and emphasize the important considerations required for practically 
utilizing this residue for combustion. 

The nitrogen (N) contents of T1 (0.56 %) and T5 (0.72 %) closely 
resembled those of corn cob (0.70 %) and rice straw (0.63 %) [72], but 
were lower than those found in lignite (1.55 %) [76], sub-bituminous 
coal (1.59 %), and bituminous coal (1.50 %) [75]. At the same time, 
T1 (0.11 %) and T5 (0.21 %) had low sulphur (S) contents compared to 
maize cob (1.30 %), beech wood (0.70 %) [72], lignite (0.89 %) [76], 
sub-bituminous coal (7.14 %), and bituminous coal (0.56 %) [75]. So, it 
is worth noting that the nitrogen and sulphur contents of the WSP were 
notably lower than those of coal, sludge, and specific biomass. This in
dicates the potential for reduced emissions of nitrogen oxides (NOx) and 
sulphur oxides (SOx) during the combustion of WSP. Overall, the 
comprehensive analysis of the physicochemical properties of wheat 
straw pellets, particularly in comparison to coal and other biomass va
rieties, reveals promising combustion, kinetic, and thermodynamic 
characteristics. This suggests a strong potential for further research and 
development of WSP as biofuel. 

As a general observation, wheat straw biomass typically exhibits 
higher ash content than other forms of biomass such as woody, solid 
(pellet, briquette), etc. [69]. However, the ash content of WSP was lower 
than coal’s (22.24 %) [77]. These findings suggest the importance of 
post-combustion residue treatment in practical applications. 

3.2. Decomposition characteristics of WSP 

The thermal properties of wheat straw pellets (T1 and T5) were 
assessed through combustion processes conducted in a TGA under an air 
atmosphere. The TG/DTG profiles for both T1 and T5 pellets are shown 
in Figs. 3–10. Thermal degradation of each wheat straw pellet can be 

Table 2 
Proximate and ultimate analysis results of wheat straw pellets.  

Sample/pellets Proximate analysis,%, as received, dry basis Ultimate analysis,%, dry basis Calorific value (HHV), MJ/kg 

MC VM FC Ash C H N S O* 

T1 6.20 75.61 11.10 7.09 44.32 4.90 0.56 0.11 50.11 17.02 
T5 3.50 53.03 31.60 11.87 45.87 6.30 0.72 0.21 46.90 19.06 

Note: MC= Moisture content; VM= Volatile matters; FC= Fixed carbon; * by difference. 
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categorized into four distinct phases or regions, as indicated by the 
numbered sections in Figs. 3 and 4. The classification aligns with find
ings supported by previous research [54,66,78]. Given that the primary 
components of the samples encompass hemicellulose, cellulose, lignin, 
and extractives [79], these four stages correspond to their release and 
subsequent decomposition, as detailed in Table 3. Notably, the DTG 
profile exhibits a central peak accompanied by several side peaks. These 
side peaks originated from hemicellulose, lignin, and other substances, 
whereas the combustion of cellulose generates a distinct and pro
nounced peak [80]. 

3.2.1. Analysis of TG/DTG profiles for pellet T1   

- At a heating rate of 20 ◦C/min 

The TG/DTG profile at a heating rate of 20 ◦C/min is presented in 
Fig. 3. In the initial Stage (I), the temperature ranges from 25 to 172 ◦C, 
with a peak DTG value of 2.66 %/min occurring at 72 ◦C. At this 20 ◦C/ 
min heating rate, the highest recorded mass loss in this stage was 7 % 
(Table 4). This phase primarily involves the release of moisture from the 
biomass cellular structure and its surface, a phenomenon associated 

Fig. 4. Combustion profile of T1 pellets at different heating rates: (a) TG curve and (b) DTG curves.  
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with the initial combustion stage [82]. As the sample is heated, moisture 
evaporates and escapes, resulting in a marginal reduction in mass. 

The subsequent stage (II) covers a temperature range from 172 to 
332 ◦C, exposing a substantial release of volatiles and a significant mass 
loss. This finding is supported by the work of Xu [83]. Notably, this 
second stage, termed oxidative degradation, is related to the decompo
sition of hemicellulose and cellulose. The peak DTG value for this stage 
was 49.45 %/min. The sample undergoes more rapid and thorough 
combustion in this phase, leading to the most significant weight loss of 
54.15 % at a peak temperature of 297 ◦C (Table 4). This high mass loss is 
attributed to the highest volatile content at this stage [66]. 

In the third Stage, there was an overall weight loss of 22.72 %, with a 
peak temperature recorded at 357 ◦C (Fig. 4). This stage, also known as 
devolatilization, saw weight loss primarily attributed to the volatile 
matter and fixed carbon contents. Therefore, the third stage represents 
lignin and char’s most substantial thermal degradation. The 

temperature variation for this stage was 332 to 409 ◦C, with the highest 
reaction rate reaching 6.33 %/min (Table 4). These findings align with 
other authors’ reports, even when utilizing different biomass types [84]. 
In the final combustion phase (IV), inorganic materials, residual lignin, 
and char underwent combustion and stabilization [71]. This division 
also marked the formation of the final char, which eliminated secondary 
gases. The temperature at which the maximum weight loss (9.42 %) of 
lignin occurred was 442 ◦C, and the temperature range for this step was 
from 409 to 1200 ◦C.   

- At a heating rate of 10 ◦C/min 

In Fig. 4, the TG/DTG curves are displayed. In this instance, four 
stages make up the thermal degradation combustion process. The initial 
Stage (I) observed the temperature ranging from 25 to 172 ◦C, resulting 

Fig. 5. Combustion profile of T5 pellets at different heating rates: (a) TG curve and (b) DTG curves.  
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in a weight loss of 6.66 %. This can be attributed to the evaporation of 
moisture from the WSP. The second stage (II), characterized by the 
thermal degradation of hemicellulose, exhibits a substantial mass loss of 
56.64 % and occurs within the temperature range of 172 and 332 ◦C. 
The third region (III), with a temperature variation of 332 to 409 ◦C, 
corresponds to the breakdown of cellulose, resulting in a weight loss of 
15.74 % and the highest recorded reaction rate of 8.58%/min. This 
observation is supported by Rahib, Elorf [78], who obtained similar 
results using the Argan nutshell as biomass. The final stage (IV) involves 
a weight loss of 13.1 % and entails lignin degradation between 409 and 
1200 ◦C. Lignin decomposes slowly within this temperature range due to 
its complex structure composition. At 1200 ◦C, the remaining sample 
accounted for 7.86 % (Table 4).   

- At a heating rate of 5 ◦C/min 

The thermogravimetric profile (TG/DTG) is shown in Fig. 4. In this 
scenario, the combustion process of biomass thermal degradation con
sists of four zones. The mass loss at the first Stage (I) was 6.96 %, 
observed between 25 and 172 ◦C, which might be the evaporation of 
moisture from the wheat straw pellet. At temperatures between 172 and 
332 ◦C, the second stage, which involves the heat breakdown of hemi
cellulose and has a mass loss of 60.13 % and a quick reaction rate 
(DTGmax) of 9.02 %/min, can be seen. The third stage, which corre
sponds to the breakdown of cellulose, causes a DTGmax of 1.51 %/min 
within the temperature range of 332 to 409 ◦C. In the final Stage (IV), 
there is an 8.23 % mass loss as lignin undergoes breakdown between 409 
and 1200 ◦C. This observation is corroborated by Liu, Pang [85], who 
obtained similar results using different biomass (corn straw powder, 
poplar wood chip and rice husk). Post-combustion, the TG/DTG profiles 
tended to flatten, resulting in a remaining residue content of 7.6 % 
(Table 4). 

Fig. 6. TG and DTG curves for T5 pellets combustion at a constant heating rate (a) 5 ◦C/min; (b) 10 ◦C/min and (c) 20 ◦C/min.  
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3.2.2. Analysis of TG/DTG profiles for pellet T5  

- At a heating rate of 20 ◦C/min 

The DTG profile of the T5 pellet was classified into four distinct 
stages (Fig. 5). The initial Stage (I), encompassed the range of 25 and 
194 ◦C, where the initial combustion occurred. Within this zone of 
moisture loss, the highest DTG recorded was 2.49 %/min, occurring at a 
peak temperature of 72 ◦C, resulting in a mass loss of 6.1 %. The peak in 
the region signifies the degradation of hemicellulose (Table 5). The 
subsequent stage (II), across temperatures from 194 to 297 ◦C, saw the 
most significant decomposition, with an overall weight loss of 60.11 % 
and a peak temperature of roughly 277 ◦C. The maximum reaction rate 
in this region was 54.75 %/min, indicating the decomposition of 

primary cellulose and partial decomposition of hemicellulose and lignin 
at a heating rate of 20 ◦C/min. Therefore, the sample experienced rapid 
combustion within this oxidative region, a finding that aligns with the 
research of Xie, Wei [86]. 

On the other hand, stage III represents the devolatilization of a 
sample occurring within a temperature variation of 297 to 384 ◦C 
(Fig. 5). The maximum reaction rate, at 6.69 %/min, was reached at a 
peak temperature of 307 ◦C, resulting in a weight loss of 11.72 %. Gao, 
Yang [87] noted that primary combustion primarily occurs in stages II 
and III. Moving into phase (IV), the region signifies char combustion and 
the removal of secondary gases across temperatures from 384 to 1200 
◦C. Hameed, Naqvi [88] and Qureshi, Khushk [89] mentioned that 
lignin decomposes at maximum temperatures ranging from 500 to 900 
◦C. Within this stage IV, the highest reaction rate recorded was 2.9 

Fig. 7. TG and DTG curves for T1 pellets combustion at a constant heating rate (a) 5 ◦C/min; (b) 10 ◦C/min and (c) 20 ◦C/min.  
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%/min, occurring at a peak temperature of 407 ◦C and resulting in a 
mass loss of 10.17 % (Table 5). Also, in this final stage, the combustion 
of hemicelluloses and cellulose was almost completely burned, while 
lignin was the predominant component. Therefore, the sample weight 
decreased, albeit with a smaller magnitude than the second and third 
phases. The DTG curves also tended to level off, a finding consistent with 
the research of Liu, Pang [85]. Consequently, after this process, the 
remaining portion of the sample accounted for approximately 11.9 % at 
a temperature of 1200 ◦C for a 20 ◦C/min heating rate.  

- At heating rates of 10 ◦C/min 

The TG/DTG profile for the T5 pellet at a heating rate of 10 ◦C/min is 
shown in Fig. 5. In the second stage (II), a notable peak reaction rate of 
56.59 %/min was observed at a temperature of 347 ◦C. Following the 
combustion, the residual mass was 11.39 % (Table 5). Interestingly, in a 
study conducted by Sait, Hussain [90] investigating the pyrolysis and 
combustion kinetics of Date Palm biomass, a similar TG profile was 
observed, even though the biomass was different. This correlation 
highlights a consistent trend in thermal behaviour across distinct 
biomass sources.  

- At heating rates of 5 ◦C/min 

Fig. 5 presents the thermogravimetric profile (TG/DTG) for T5 pellets 
regardless of heating rates. It is evident from the figure that in region II, 
the highest mass loss was 55.08 % for the 5 ◦C/min heating rate, with 
peak temperatures reaching 277 ◦C. Post-combustion, the residual 
content stood at 11.39 % for 5 ◦C/min (Table 5). These findings closely 
align with other agricultural wastes such as wheat straw and groundnut 
stalk [91]. This similarity indicates a consistent pattern in the thermal 
behaviour of these biomass materials. 

3.3. Effect of heating rate on TG/DTG profile 

The influence of heating rate on the combustion behavior of WSP- 
both T1 and T5 at 5, 10, and 20 ◦C/min is detailed in Tables 4 and 5. The 
results indicate that varying the heating rate from 5 to 20 ◦C/min did not 
significantly alter the temperature ranges within the TG/DTG profiles. 
Nevertheless, an increase in heating rate did lead to shifts in peak 
temperature, resulting in changes in mass loss and maximum reaction 
rates across all treatments and heating rates. This observation aligns 
with the findings of Asadieraghi and Daud [92], who noted that higher 
heating speeds accelerated the decomposition rate, mirroring the out
comes of the current study. 

For the T1 pellet, in region III, peak temperatures were recorded at 
357, 347, and 367 ◦C for heating rates of 20, 10, and 5 ◦C/min, 
respectively. Conversely, in region II, the DTGmax values were 9.02, 

Fig. 8. Comparison of T1 and T5 pellets based on TG curves at a constant heating rate (a) 5 ◦C/min; (b) 10 ◦C/min and (c) 20 ◦C/min.  
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22.99, and 49.45%/min for heating rates of 5, 10, and 20 ◦C/min, 
respectively (as outlined in Table 4). Regarding T5 pellets, the average 
mass loss for the first Stage (I) was 6.1, 6.7, and 6.64 % at heating rates 
of 5, 10, and 20 ◦C/min, respectively. Following combustion, the 
remaining residues accounted for 11.39, 9.49, and 11.9 % for heating 
rates of 5, 10, and 20 ◦C/min, respectively, for the T5 pellet (Table 5). 
These results are consistent with those of other studies [93,94], although 
they employed different biomass sources. In summary, increasing the 
heating rate had a proportional effect on the combustion profile, sug
gesting that escalating the conversion’s heating rate did not yield 
significantly advantageous results. 

3.4. Temperature effect on thermal degradation in the combustion process 

The thermal gravimetric (TG) analysis depicted in Figs 6 and 7 un
derscores the temperature-dependent nature of WSP’s mass loss, with 
the extent of this loss intimately tied to temperature variations. Specif
ically, under the T5 treatment and a heating rate of 20 ◦C/min, the mass 
loss registered at 6.1 % and 60.11 % within the temperature intervals of 
25 to 297 ◦C, 397 to 527 ◦C, respectively. Beyond 527 ◦C, the TG curve 
exhibits a plateau-like profile, retaining 11.9 % of the initial mass under 

the same heating conditions. The T5 pellet shows a parallel trend in mass 
loss, regardless of whether the heating rates are 10 or 5 ◦C/min (see Fig 
6). In contrast, for T1, weight loss was observed at 7 % and 86.29 % over 
the temperature ranges of 25 to 542 ◦C, respectively, using a 20 ◦C/min 
heating rate in an air environment. Nevertheless, weight loss becomes 
practically negligible after surpassing 542 ◦C, signifying a dearth of 
volatile constituents, while a residual mass of 6.71 % remains (Fig 7). 
These empirical findings align seamlessly with the scholarly work of 
Singh, Pandey [93]. 

The DTG profile fluctuation represents variation in the sample 
components [95]. Notably, the DTG profiles show identical peaks and 
several smaller side peaks across all types of pellets, irrespective of the 
applied heating rate. These observed distinctions could likely be 
attributed to elemental variations [96]. The highest peak signifies the 
point of most rapid reaction, occurring approximately within the tem
perature range of 200~325 ◦C. These findings align with prior research 
on using agricultural residues such as castor residue, maize cob, linseed 
stalks, and rice straw [97]. In the initial combustion stage, the decom
position rate is gradual, but as the temperature rises, the conversion rate 
accelerates. Beyond 542 ◦C, the reaction rate experiences a gradual 
decline (Figs. 6 and 7). In summary, it is evident that temperature 

Fig. 9. Comparison of T1 and T5 pellets based on DTG curves during combustion at a constant heating rate (a) 5 ◦C/min; (b) 10 ◦C/min and (c) 20 ◦C/min.  
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consistently influences specific decomposition reaction rates across all 
heating rates. 

3.5. Effect of additive addition in thermal combustion of wheat straw 
pellets 

Fig. 8 provides an illustrative representation of the TG profiles dur
ing the combustion of T1 and T5 pellets. Remarkably, both pellets follow 

a consistent behavior regardless of the applied heating rates. Initially, 
from the ambient temperature to approximately 207 ◦C, the TG curves 
for T1 and T5 almost coincide, regardless of heating rates (Fig. 8). Be
tween 207 to 455 ◦C, it becomes evident that the T5 pellet undergoes a 
relatively higher mass loss, approximately 8 %. Still, this disparity does 
not show significant variation across the range of heating rates. Alter
natively, post 455 ◦C, the T5 pellet experiences a higher mass loss, 
approximately 5 %. Interestingly, all three heating rates followed a 

Fig. 10. TG and DTG curves for T5 pellets at a constant heating rate of 10 ◦C/min.  

Table 3 
Combustion profile regions/phases/stages of wheat straw pellets [81].  

Region/phase I II III IV 

Name Dehydration and 
desorption stage 

Oxidation stage Combustion stage Burnout stage/Char combustion 

Activities Removal of moisture 
from below 110 ◦C 

Removal of volatiles and adsorption/ absorption of 
oxygen, resulting in a mass loss in temperature zone 
110~350 ◦C 

Combustion of volatiles & and carbon 
content in temperature zone 
350~550 ◦C 

Combustion of lignin matter or 
gangues in temperature zone >
550 ◦C 

Degradation 
component 

Hemicellulose Hemicellulose and cellulose Lignin and charring  

Table 4 
Combustion characteristics of T1 pellet at different heating rates.  

Heating rate, ◦C/min Item Stage I Stage II Stage III Stage IV Residue,% 
Trance,◦C 25–172 172–332 332–409 409–1200 

20 Tpeak,◦C 72 297 357 442 6.71 
Mloss,% 7 54.15 22.72 9.42 
DTGmax,%/min 2.66 49.45 6.33 11.37 

10 Tpeak,◦C 62 292 347 447 7.86 
Mloss,% 6.66 56.64 15.74 13.1 
DTGmax,%/min 1.22 22.99 8.58 3.4 

5 Tpeak,◦C 62 282 367 442 7.6 
Mloss,% 6.96 60.13 17.08 8.23 
DTGmax,%.min− 1 0.86 9.02 1.51 1.38 

Note: Trange= Temperature range; Tpeak = Peak/highest temperature; Mloss = Mass loss. 
DTGmax = Maximum Differential Thermogravimetric/ maximum reaction rate. 
Stage I= Mass losses occurred due to the moisture. 
Stage II= Mass losses due to oxidative degradation (i.e., volatile released and then burned). 
Stage III= Mass losses oxidative degradation (decompose of cellulose). 
Stage IV= Mass losses combustion of the remaining char. 
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parallel trend, and adding additives to expert no discernible impact on 
the thermal characteristics. Overall, the mass loss for both pellets re
mains remarkably consistent, indicating that the additive blending does 
not sustainably influence the combustion performance. This aligns with 
the findings in the study conducted by Ríos-Badrán [98], which focused 
on pellets made from rice husk, wheat straw and their blend. 

The influence of additive blending on thermal combustion is eluci
dated through the DTG curve, as depicted in Fig. 9. Notably, the DTG 
profiles exhibit a striking similarity regardless of the applied heating 
rates, suggesting a uniform ash content. Research by Link, Yrjas [99] The 
influence of additive blending on thermal combustion is elucidated 
through the DTG curve, as depicted in Fig. 9. Notably, the DTG profiles 
exhibit a striking similarity regardless of the applied heating rates, 
suggesting a uniform ash content. 

Conversely, the DTGmax temperature was comparatively lower for 
additive blended pellets (T5) than those without additives (T1) at heating 
rates ranging from 5 to 20 ◦C/min. For instance, at a heating rate of 10 
◦C/min, the T5 pellet attains a maximum reaction rate of 32.05 %/min at 
277 ◦C. In contrast, the T1 pellet achieves a DTGmax of 22.99 %/min at 
292 ◦C (refer to Fig. 9b). Interestingly, the DTGmax temperature for T5 
pellets remains constant at 277 ◦C, regardless of the heating rates, 
whereas peak temperatures vary for T1 pellets. Moreover, the DTG 
profiles of T1 and T5 pellets exhibit distinctive peaks, further attesting to 
the impact of additives on enhancing conversion rates and suggesting a 
synergistic effect. Dhyani, Kumar [58] propose that including blending 

materials (such as coal, biomass and others) enhances fuel composition 
and boosts thermal properties. The present study findings concur with 
the research by Dhyani, Kumar [58] underscoring the positive impact of 
additives on wheat straw pellets’ physical and compositional 
characteristics. 

3.6. The ignition and burnout temperatures 

The ignition temperature of biomass is critical in ensuring its safe 
handling during transportation and storage within various industries 
[100]. Conversely, a fuel’s burnout temperature is a crucial indicator of 
its reaction extent and clean fuel [101]. According to [102], fuel com
ponents with lower volatility (hence less flammability) tend to exhibit 
higher burnout temperatures. 

The intersection method was employed to ascertain wheat straw 
pellets’ ignition and burnout temperatures (Figs. 10 and 11). For the T5 
wheat straw pellets, ignition occurred at 277 ◦C, followed by burnout at 
442 ◦C, at a heating rate of 10 ◦C/min (Fig. 10). For the T5 wheat straw 
pellets, ignition occurred at 277 ◦C, followed by burnout at 442 ◦C, at a 
heating rate of 10 ◦C/min. 

Fig. 11 displays a visual representation of the thermal degradation 
progress of wheat straw pellets incorporating an additive blend (T1), 
along with its corresponding derivative curve. The recorded ignition and 
burnout temperatures for T1 pellets were 292 and 442 ◦C respectively, 
with a heating rate of 10 ◦C/min (Fig. 11). A recent study by Lu and 

Table 5 
Combustion characteristics of T5 pellet at different heating rates.  

Heating rate, ◦C/min Item Stage I Stage II Stage III Stage IV Residue,% 
Trance,◦C 25~194 194~297 297~384 384~1200 

20 Tpeak,◦C 72 277 307 407 11.9 
Mloss,% 6.1 60.11 11.72 10.17 
DTGmax,%/min 2.49 54.75 6.69 2.9 

10 Tpeak,◦C 57 277 347 457 9.49 
Mloss,% 6.7 56.59 15.53 11.69 
DTGmax,%/min 1.37 32.05 4.38 1.2 

5 Tpeak,◦C 62 277 362 442 11.39 
Mloss,% 6.64 55.08 17.02 9.87 
DTGmax,%/min 0.96 38.63 1.82 0.29  

Fig. 11. TG and DTG curves for T1 pellets at a constant heating rate of 10 ◦C/min.  
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Chen [55] delved into ignition and burnout temperatures for bamboo 
and sugarcanes using TGA, yielding burnout temperatures of 492 and 
494 ◦C for bamboo and bagasse, respectively. The current investigation 
aligns with the outcomes of Lu and Chen [55]. Notably, the ignition 
point for T1 pellets was consistently higher across all heating rates than 
T5 pellets, while burnout temperatures were generally higher for T5, 
except at 10 ◦C/min. 

Table 6 provides a clear overview of the ignition and burnout tem
peratures across all pellet types, considering the three distinct heating 
rates. Notably, at a heating rate of 10 ◦C/min, two pellets show the 
highest ignition temperatures. Conversely, the T1 pellet demonstrated a 
higher ignition temperature than T5, indicating a notable difference. In 
the context of ignition temperatures, higher heating rates imply a more 
significant threshold for the ignition of the reaction [103]. In this study, 
incorporating additives into the wheat straw matrix may have contrib
uted to an elevated ignition barrier, resulting in higher ignition tem
peratures. Alternatively, the burnout temperature was lowest at 10 
◦C/min among the various heating speeds. It is worth noting that a clear 
inverse relationship exists between ignition and burnout temperatures 
(Table 6). 

3.7. Combustion characteristics indices 

The combustion performance was comprehensively assessed through 
indices, including the Comprehensive Combustion Index (S), Flamma
bility Index (C), Burnout Index (Db), and Ignition Point Index (Di), as 
outlined in Table 6. The combustion was more intense and burned faster 
when the S value was higher [104]. The combustion was more intense 
and burned faster when the S value was higher (Table 6). With the 
higher heating rate, both the flammability (C), ignition point (Di) 
indices, and burnout point (Db) indices sharply increased, but the igni
tion time (ti) and burnout time (tb) decreased. The greater Di value 
showed better ignition performance, and better combustion stability 
was established by the higher C value [10]. These results demonstrated 
that the increased heating rate greatly aided the WSP combustion’s 
ignition and burnout performances. The findings were consistent with 
the research results of Zhang, Liu [12], even though they used cattle 
manure. For heating rates 5 and 10 ◦C/min, the S, Di, and C were higher 
for the T1 pellet than the T5 pellets. Hence, higher heating rates 
enhanced the significant increases in S, Di, and C, indicating the energy 
potentiality of wheat straw pellets. However, for 20 ◦C/min heating 
rated, the Di and C were higher for the T5 pellets than the T1 pellets. 
Galina, Luna [105] investigated the combustion characteristics of Pinus 
rice husk, sugarcane bagasse, and sorghum bagasse at oxy-fuel than air 

atmosphere. They found the same results as the present study. 

3.8. Combustion efficiency of pellets 

In this study, the combustion efficiency of pellets (T1 and T5) was 
assessed across a range of temperature variations from 300 to 700 ◦C, 
utilizing Eq. (5). It is observed from Fig. 12 it is evident that the effi
ciency (ɳ) shows a notable upswing with an increase in temperature. 
Especially for T1, the efficiency surged from 61.23 % to 98.52%, while 
for T5 increased from 69.37 % to 99.14 % as the temperature increased 
from 300 to 700 ◦C. Notably, the combustion efficiency of WSP reached 
an impressive 99 %, similar to coal combustion efficiency (varied from 
98.5 to 99.5 %) [106]. This similarity underscores the potential of wheat 
straw pellets as a viable bioenergy source. This increased efficiency with 
rising temperature can be attributed to higher volatilization of 
combustible material and concurrent combustion of VM and FC. The 
additive blend pellets (T5) showed superior combustibility due to the 
lower moisture content, greater VM, oxygen, and higher levels of FC, 
hydrogen, and ash than T1. Beyond 500 ◦C, both T1 and T5 showed 
comparable efficiency due to the near-complete combustion of (hemi) 
cellulose, as previously noted [12]. Overall, the experimental findings 
suggested that fuel should process higher hydrogen FC content for 
optimal combustion efficiency alongside lower moisture levels. On the 
other hand, higher ash reduces the combustion efficiency by reducing 
the available combustion material in the fuel. 

4. Conclusion and outlook 

This study aimed to identify the degradation stages and assess 
combustion indices for two variants of wheat straw pellets, denoted as 
T1 and T5, using Thermogravimetric Analysis (TGA). The findings can be 
summarised as follows:  

• Wheat straw pellets exhibit higher volatile content and fuel ratio 
than coal. Their low nitrogen (N) and sulphur (S) levels suggest 
reduced NOx and SOx emissions. Their relatively high Higher 
Heating Value (HHV) and lower N/S content indicate their sub
stantial potential as a clean and renewable energy source, albeit with 
distinctions from coal. When employing wheat straw as a biodiesel 
feedstock, attention should be given to slagging and ash deposition 
management. 

• Physicochemical characterization reveals that pellets without addi
tives (T1) have lower heating values than those with additive blends 

Table 6 
Combustion characteristic parameters of wheat straw pellets.  

Sample β Ti Tp Tb - Rp - Rv ti tp tb S Di Db C 

T1 5 251 442 462 60.13 1.25 50.2 88.4 92.4 19.94 1.35 1.47 9.54 
10 292 447 442 56.64 4.40 29.2 44.7 44.2 74.86 4.34 5.73 6.64 
20 267 442 467 54.15 6.78 13.35 22.1 23.35 148.30 18.35 20.99 7.60 

T5 5 233 442 456 38.63 1.02 46.6 88.4 91.2 11.62 0.94 0.96 7.12 
10 277 457 442 33.05 2.32 27.7 45.7 44.2 36.37 2.61 3.27 4.31 
20 207 407 492 54.75 4.03 10.35 20.35 24.6 104.66 25.99 21.87 12.78 

Note:. 
β = heating rate in ◦C/min. 
Rp= maximum mass loss rate,%/min. 
Rv= average mass loss rate,%/min. 
S= comprehensive combustion index, 10− 7 %2/(min2. ◦C3). 
Di= ignition index, 10− 2 %/min3. 
C= flammability index, 10− 4 %/(min. ◦C2). 
Ti= ignition temperature, ºC. 
Tp= peak temperature, ºC. 
Tb= burned-out temperature, ºC. 
ti = ignition time, min. 
tp = peak reaction time, min. 
tb = burnout time, min. 
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(T5), signifying significant enhancements in combustion properties 
through additive blending.  

• The examination of TG/DTG profiles establishes that a heating rate 
of 20 ◦C/min is optimal, as it leads to higher mass loss and reaction 
rates for both pellet types.  

• TG/DTG curves unveil four distinct stages in the degradation of 
Wheat Straw Pellets (WSP): devolatilization, oxidation, combustion, 
and subsequent burnout, leaving behind charred residual lignin.  

• The results from TG analysis indicate that the thermal behaviour of 
WSP remains relatively consistent across different heating rates, 
differing notably from their mixture. The peak mass loss rate (reac
tion rate) shifts to a higher temperature in the DTG curve with 
increasing heating rates without altering the overall curve shape.  

• Combustion parameter analysis reveals that the combustion of T1 
pellets presents more significant challenges than T5. This un
derscores the effectiveness of additive blending in enhancing HHV, 
ignition, and combustion behaviour. 

• Higher heating rates, particularly at 20 ◦C/min, significantly in
crease combustion indices and flammability, underscoring the 
considerable energy potential of wheat straw pellets.  

• WSP’s combustion efficiency reaches an impressive 99 % at 700 ◦C, 
comparable to coal’s (which typically ranges from 98.5 to 99.5 %), 
affirming its status as a promising energy source.  

• The experimental results obtained from this study will be valuable 
for TGA analysis of wheat straw pellets and other types of straw 
biomass, such as rice straw and barley straw.  

• TGA has limitations in characterizing ash. In recognition of this 
constraint, our further investigation incorporates XRF and SEM 
analysis to provide a more comprehensive understanding of ash 
properties. For the identification of gas particles, experimentation 
based on TG-FTIR. 
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