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Abstract

The challenges of this work focus on better understanding combustion characteristics and their importance to fire hazard
by performing thermogravimetric analysis (TGA). The ultimate goal is to provide a methodology for determining the most
relevant indices for a robust fire hazard classification of the species. One of the principles of this methodology is the use
of a linear regression method for determining the indices and the activation energy. To achieve this scope, chemical, ther-
mal and kinetic analysis will be performed. Nine combustion indices were calculated and compared to assess combustion
characteristics such as ignition, combustion and burnout. Experiments were carried out at three heating rates of 10, 15 and
20 °C min~! under air atmosphere. A selection of forest materials frequently devastated by wildfire, i.e., Quercus pubescens
(QP), Quercus suber (QS), Olea europaea (OE) and Genista Salzmannii needles (GSN), were studied. The TG-DTG curves
have shown that the combustion process consists of two stages: devolatilization and char oxidation. The whole process was
controlled by the release of volatile gases. According to the relative linearized (RL) index of spontaneous ignition, the sam-
ples were ordered as follows: OE > GSN > QS > QP. OE appears to be the most reactive and prone to spontaneous ignition
compared to the other samples. The same order was achieved for the combustion characteristic index and, approximately, for
the integrated flammability. On the other hand, the average E, at the low temperature stage of the combustion process was
low for GSN (147 +9 kJ mol™") and OE (159 +4 kJ mol~!) and high for QP (179 + 14 kJ mol~!) and QS (174 + 3 kJ mol ™).
Finally, this work provides valuable insight into the relationship between chemical properties and combustion indices and
the components that make some indices more effective than others.
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Abbreviations ICTAC International confederation for thermal
BCI Burnout characteristic index (% min~) analysis and calorimetry
C Flammability (% min~! °C~?) KAS Kissinger—Akahira—Sunose
CCI Combustion characteristic index (1 min~2 LHV Low heating value (MJ kg‘l)
°C73) M Mass loss in each stage
CSI Combustion stability index (% min~! °C~2) OE Olea europaea L.
DI Devolatilization index for combustion (1 QP Quercus pubescens Willd
min~! °C~?) QS Quercus suber L.
DDTG Second derivative mass loss (% min2) R Reactivity (% min~' °C™)
DTG Derivative of thermogravimetry (% min™") R jevolatitization  Reactivity during devolatilization stage (%
DTG, Maximum combustion rate (% min™") min~! °C™)
DTG, can Mean combustion rate (% min~") R ar oxidation  Reactivity during char oxidation stage (%
DTG, yqer  Combustion rate of shoulder (% min~") min~! °C™1)
DTG ey Combustion rate of peak (% min~") RL indices  Relative linearized indices
E, Apparent activation energy (kJ mol~") S; Index of flammability in the stage i
FC Fixed carbon (mass%) SII Spontaneous ignition index
FWO Flynn—Wall-Ozawa S, Integrated flammability
GSN Genista Salzmannii DC. Needles TGA or TG  Thermogravimetric analysis
HHV High heating value (MJ kg™) T, Burnout temperature (°C)
ICI Ignition characteristic index (% min™) fy Corresponding time of 7 (min)
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ToTGmax Corresponding temperature of DTG, (°C)
'DTGmax Corresponding time of DTG, (min)
T, Pyrolysis initiation temperature (°C)

pi
Iy Pyrolysis initiation time (min)

T peax Peak temperature (°C)

TR Temperature range

T houlder Shoulder temperature (°C)

T, Initial temperature of volatile release (°C)

t, Corresponding time of T, (min)

VM Volatile matter (mass%)

a Conversion degree

B Heating rate (°C min™')

ATy, Temperature range at the half value of
DTG,,,, (°C)

Aty Time range at the half value of DTG,
(min)

Introduction

Over the last decade, climate change has increased global
temperatures and caused severe and prolonged droughts,
creating an environment that is more prone to wildfires
[1, 2]. Forest fires are recognized as an important source
of air pollutants with multiple impacts on the environ-
ment (global carbon balance, forest wildlife, biodiversity,
and ecosystems), economic activity and people's health at
local, regional and global levels. Fires start and spread due
to three main factors that form the fire triangle: vegetative
fuel, weather conditions, and topography [3]. Given the
complex interplay of these factors, the only effective action
that can be managed seems to be related to vegetation. This
may explain the strategies developed to decrease fuel loads
in forests to mitigate fire hazards and reduce costs of fuel
reduction treatments by including biomass energy removal
options [4, 5]. However, the ability to quantify the fire char-
acteristics of vegetative fuels, including fire risk and fire
behavior, is still limited. This is in part due to great vari-
ations in fire behavior, involving both chemical reactions
and physical processes, in different plant populations. The
burning of plant species during wildfires entails a series of
complex processes. It begins with dehydration and oxida-
tive pyrolysis, with the release and ignition of combustible
gases, followed by oxidation of the char formed, and ends
with residual combustion and ash formation. Moreover, the
high thermal reactivity of plant-based fuels at low tempera-
tures can result in self-ignition problems, requiring extra
safety measures [6]. Consequently, the thermal decomposi-
tion behavior of natural fuels is important to understand the
spread and management of forest fires.

Thermoanalytical techniques (TG-DTG) play an impor-
tant role in the evaluation of vegetative fuels by determin-
ing combustion characteristics and kinetic parameters that

are important to explain the ongoing processes [7, §]. In
the field of renewable energy sources, several studies have
investigated the combustion behavior and performance of
biomass materials using the TG-DTG method. They use
many characteristic indices of reactivity, ignitability, flam-
mability, combustibility and burnout [9-16]. In wildfire
situations, combustion characteristics can also help guide
the safe management and fire protection of these species.
Some articles have used TG-DTG to classify plant spe-
cies according to their index of combustion. For instance,
Zhang et al. [17] calculated the flammability index of com-
mon grassland species and categorized them based on their
ignitability, combustibility and sustainability. Anderson
[18] and Liodakis and Kakardakis [19] also investigated
the flammability index of forest species. Xie et al. [20]
studied the fire hazard levels of three straw powders by
TGA and cone calorimetry. The two systems present the
same classification of the biomass studied according to the
risk assessment. Manic et al. [21] proposed a method for
assessing the self-ignition trend of biomass materials. The
authors developed a thermogravimetric spontaneous com-
bustion index based on TG-DTG results with slow heating
rates. Kumar Mohalik et al. [22] used thermogravimet-
ric and differential scanning calorimeter (TGA and DSC)
techniques and physicochemical characterization to deter-
mine the spontaneous combustion behavior of coal. The
authors suggest four classification groups in accordance
with the susceptibility to spontaneous combustion. Gen-
erally, literature research focuses on one specific index,
phenomenon or process (i.e., flammability or ignition), but
to our knowledge, no study has identified relevant indices
and suggested their use for planning purposes against for-
est fire risk.

With respect to kinetic analysis, the activation energy
(E,) represents the smallest amount of energy required to
undergo a specific chemical reaction. This is a very impor-
tant parameter to evaluate the potential for spontaneous com-
bustion of different types of solid fuels. Shu et al. [23] used
TGA to study the thermal decomposition kinetics of various
forest waste fuels. The authors evaluate the combustibility
potential of dead-surface fuels based on the ignition index
and activation energy values. Liu et al. [24] investigated the
characteristics and kinetics of the pyrolysis and combus-
tion of three biomasses. The authors found that the results
from the auto-ignition experiments matched the activation
energy and the comprehensive combustion index results.
Garcia Torrent et al. [25] examined the impact of biomass
composition on susceptibility to spontaneous combustion.
They used a hazard diagram based on activation energy and
typical temperatures to classify the spontaneous combustion
of biomass materials. Other studies have also used TGA and
DSC to characterize combustion processes and kinetics and
link them to flammability and fire resistance [26, 27].
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To date, research in the literature shows that the relation-
ship between the chemical composition of the fuel, combus-
tion characteristics, and kinetics has not been well inves-
tigated. Few researchers have used activation energy data
to discuss the self-ignition propensity of plant species. In
addition, the combustion indices have been partially stud-
ied to support fire research and landscape management, and
thus, they require optimization to be considered for forest
fire management.

The aim of this study is to propose a new method, includ-
ing a set of relevant indices and factors, for a reliable clas-
sification of forest fuels toward wildland fire risk. So, the
thermal decomposition behavior of four forest materials was
studied by using TGA under an oxidative atmosphere at 10,
15 and 20 °C min~'. Moreover, a comprehensive set of com-
bustion characteristic indices were calculated for the three
heating rates. A comparison study was provided in order
to evaluate the spontaneous combustion propensity of the
materials tested. Furthermore, a model-free method (KAS)
was used to estimate the apparent activation energy. Overall,
this study provides valuable insights into the factors affect-
ing the wildland fire risk of biomass fuels. The comprehen-
sive set of combustion characteristic indices calculated in
this study can help in the reliable classification of biomass
fuels. The comparison study and use of model-free methods
also enhance the accuracy and reliability of the findings.

Materials and methods
Test samples

Four vegetative fuels were used in this work: Quercus
pubescens Willd (IPNI': 326,376-2)-QP-, Quercus suber
L. (IPNI: 297,685-1) -QS-, Olea europaea L. (IPNI:
610,675-1) -OE-, and Genista salzmannii DC. (IPNI:
496,324-1) -GSN-. These species were selected for various
reasons. First, they are very widely distributed in the Medi-
terranean region, which is recognized as a forest fire dan-
ger zone. Additionally, Genista salzmannii L. was recently
point out to cause high-intensity fires when exposed to fire in
field-scale experiments [28]. Finally, two types of Quercus
were selected to see if the method is sensitive enough for
similar plant species. Samples were collected in different
mountain forests of Corsica (France) in the areas of Letia
(42°11'39.84"N/8°52'23.19"E), Corte (42°17'8.01"N/9°
920.87"E) and Lucciana (42°32'49.67"N/ 9°24'54.08"E).
Fig. S1 in the supplementary section shows the sampling
points on the map of Corsica. Once the materials were
obtained, leaves and twigs or needles smaller than 2 mm

! International Plant Name Index.
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in diameter were selected from each species. Each sample
was oven dried at 60 °C for approximately 24 h, crushed
(by using a Lab mill model PX-MFC 90 D) and sieved to
get a particle size of less than 100 pm. The final samples
were obtained from well-mixed and homogenized leaves and
twigs (or needles in case of GSN) and stored in plastic tubes
for analysis.

Proximate and ultimate analysis

Proximate analysis was carried out according to the pro-
cedure outlined in our previous study [29]. The ultimate
analysis (total content of C, H, N, S and O) was performed
by the Aix-Marseille University Spectropole using a Flash
EA 1112 series Thermo-Finnigan analyzer. Each experiment
was carried out at least twice. After the experiments, the fuel
ratio (FC/VM) and the O/C and H/C ratios were calculated
for all samples. Moreover, the energy content (HHV and
LHYV) was calculated using the methodology described in
reference [30].

TG analysis

The combustion experiments were performed using a Perki-
nElmer TGA 8000 analyzer with an accuracy of 0.001 mg.
Sample mass loss was measured as a function of tempera-
ture by the Pyris software manager. The TG analyzer was
calibrated for mass loss, temperature, and sensitivity before
experimentation. Sample temperature, which is monitored
by a thermocouple, did not show any systematic deviation
from the preset linear temperature programs. In each experi-
ment, milled samples weighing around 5+ 0.2 mg were
placed in a ceramic crucible and heated (with an accuracy
of +2 °C) from room temperature to 1000 °C until no further
mass change was observed. The combustion atmosphere was
air with a flow rate of 30 mL min~'. A low mass and parti-
cle size of less than 100 pm for each sample was chosen to
eliminate the effects of side reactions and mitigate heat and
mass transfer limitations [14, 31]. In general, the proper-
ties of the TG-DTG (that is, the peak/shoulder temperature
and the maximum mass loss rate) are affected by changes in
heating rate, particularly during the devolatilization stage
[9, 13]. Otherwise, in our previous study [32], the calculated
combustion parameters based on the TG-DTG properties
were not affected by particle size changes (crushed versus
intact state) at low heating rates (20 °C min~"). For this
reason, three slow heating rates of 10, 15 and 20 °C min~!
were chosen to distinguish the characteristics of each process
and promote homogenous ignition [33]. Finally, the thermal
behavior of xylan (from Birch wood), cellulose (microgran-
ular) and lignin (organosolv) provided by Sigma-Aldrich
were investigated at a typical heating rate of 15 °C min~!
for comparison purposes. All experiments were performed
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three times. For each sample, 3 runs were performed under
the same experimental conditions, and the reproducibility
was confirmed by a good agreement between the obtained
mass loss curves (accuracy +2%).

Combustion characteristic indices

In this work, combustion indices were used to evaluate the
ignitability, combustibility, and thermal stability of the
samples. The set of selected thermal indices is composed
of the following: thermal reactivity (R), ignitability indices
(C, DI, and ICI), combustibility indices (CCI, CSI and
BCI), spontaneous combustion index (SII) and the integrated
flammability index (S,). Table 1 lists their definitions, their
implications for fire risk and their calculation formulas. All
these indices require the knowledge of typical temperature
parameters based on the TG-DTG data, including pyrolysis
(or oxidative pyrolysis) initiation temperature (T; ), maxi-
mum mass loss rate temperature (TDTG max), burnout tem-
perature (Tb), their corresponding times (7, Ip1G max @nd
t,), maximum and mean rates of mass loss (DTG,,,, and
DTG,,..,) and temperature and time interval at the half value
of DTG,,,, in the descending and the rising part of the peak
(AT and At, respectively).

The procedure for determining these parameters is visual-
ized in Fig. 1. Since ignition in plant species occurs shortly
after initial mass loss, 7); was determined by the graphical
approach used in the Refs. [42]. A simple change was made
in the first stage of the procedure. A vertical line across the
first pronounced shoulder (instead of the DTG peak) was
created upward to meet the TG oblique line. The second
derivative mass loss curve (DDTG) was used to deter-
mine the most prominent shoulder position (Fig. 1). This
modification was intended to determine the lowest ignition/
combustion temperature for the fuel. We consider this to be
an improved representation of sensitivity to inflammation.
Finally, T\, was defined when the DTG curve reached 0.1%/
min after the carbonization reaction [43].

Concerning the assessment of the SII, a simple and fast
method was investigated. The approach adopted is based on
that of Ref. [21]. From the onset of thermal decomposition
to the first DTG peak (usually DTG,,,, during devolatiliza-
tion), the specific characteristic temperatures identified were
T, (the initial temperature of volatile releases), Ty, Tghouider
(the most prominent shoulder if applicable), and 7}, The
T, was determined when the mass loss rate reached 0.1%/
min after removal of the residual water (Fig. 1). The linear
regression between the specific characteristic temperatures
and the corresponding DTG values gives a linear equation
for each heating rate. The resulting slopes can be considered
for a second linear regression as a function of heating rate. A
new linear equation can be determined for each sample. The
slope of the last equation was considered SII.

Kinetic analysis
Activation energy determination

The kinetics of combustion of solid plant species under non-
isothermal conditions can be characterized according to the
Arrhenius theory. Using a linear heating rate, the kinetic
equation can be expressed as follows:

dae _ Aw S

7= @ (10)

where o is the conversion degree
(o= (my —my)/(my—mg)), Tis the absolute temperature
(K), B is the heating rate (K min~"), A is the pre-exponential
factor, E is the activation energy, R is the ideal gas constant
that is defined as 8.314 J mol™. K and f{«) represent the dif-
ferential form of the reaction model.

According to the recommendations of the ICTAC [44,
45], the iso-conversional methods provide a better esti-
mate of activation energy. The Kissinger—Akahira—Sunose
(KAS) method was developed using the integration and
application of the Coats—Redfern approximation. The KAS
method is regarded as more accurate for £, values than the
Flynn—Wall-Ozawa (FWO) method due to its better approxi-
mation of the temperature integral [44, 46]. The model is
based on Eq. (11):

1 p =1 Au'R E‘d((x)
(F) () - (7)o

The slope obtained by plotting In(/T?) versus 1/T gives
the values of activation energy [8].

Numerical method for kinetic validation

A numerical method which allows the calculation of the
solid temperature at different conversion degrees was applied
to improve the kinetic parameters previously obtained. Leroy
et al. [47] has already used this approach in the context of
forest fires with similar experimental conditions.

The Mathematica® Package (Wolfram, 2003): "Solve"
was used in order to provide the explicit formulas for solving
the nonlinear Eq. 11. This function gives the complete set of
possible solutions (see Eq. 12):

Ea(oz) /R

100 (Ey))?/R) (12)
)

W represents the "product log” function giving the
solution for w in z=we". The function can be viewed as a

T(a) = —
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Fig. 1 Procedure for determining characteristic temperature/param-
eters during combustion

generalization of a logarithm. To calculate the temperature
for specific cases, only the real solution is retained. The val-
ues of Ey, andb=([In (A, - R/E,,) — Ing(a)] ) at different
conversion degree are those previously calculated perform-
ing KAS method. T(«) is then the temperature reached by
the solid at a specific conversion degree, i.e., specific E,,,
and b for the heating rate g. In Sect. "Kinetic validation",
the results of temperature vs. conversion degree computed
from Eq. 12 at different values of § are presented to ensure

the reliability of the kinetic study.

Complete methodology

Based on chemical, thermal and kinetic analyses, the objec-
tive was to identify the most relevant parameters regarding
the fire risk. It seemed unwise to take each parameter inde-
pendently without correlating them. It was therefore neces-
sary to develop a method of harmonization to highlight the
relationships between each parameter and compare them.
This method comes in two main steps. The first consists of
an analytical method in which the parameters obtained serve
as inputs for the calculations of the combustion indices. This
step is also an opportunity to confirm the processes observed
in TGA using chemical data. Then, the linear regression
between combustion indices and heating rates (except for
SSI, see Sect. "Combustion characteristic indices") gives a
linear equation for each sample. Slopes were taken as moder-
ate values for these indices.

The second stage of the methodology presented itself as
a comprehensive study, for which a comparison of the com-
bustion characteristic indices was analyzed and discussed
for the investigated species. This stage is completed by a
kinetic analysis that provides the activation energy. All the
parameters allow robust classification of the selected species
toward wildland fire risk management. The flow diagram of
the whole methodology is presented in Fig. 2.

Experimental data (TG-DTG-DDTG)
Heating rates : 10 - 15 - 20 °C min™'

Analytical study

Determination of combustion parameters
(DTGpeak’ DTG DTGmax‘ DTGmean‘ Tpeak’ Tshouldev’
T T T Toty byt At

r
|

|

|

|

|

: DTGmax’ b’ "pi’ "DTGmax’ 1/2? M)

| v

: Calculation of combustion characteristic indices
: (R, C, DI, ICI, CCI, CSI, BCI, SSI, S)
|

|

|

|

|

|

|

|

|

|

|

|

|

|

shoulder,

comb’

]

Combustion index linearization

The goal is to overcome the effects of heating rates and
provide moderate values for these indices

)

Database

This study allows comparison with other
vegetative fuels under the same
operating conditions

Comprehensive study

Comparison of the dimensionless relative linearized indices

This gives a better visibility and a brief overview of the
combustion behavior of each sample

] ]

Chemical properties Kinetic analysis

Correlation with apparent
activation energy

|

|

|

|

|

|

|

|

|

|

: Correlation with fuel properties
| (H/C, O/C, VM/FC...)
|
|
|
|
|
|
|
|
|
|
|

N N

Classification of vegetative fuels

This study allows a detailed discussion
of the samples studied and enhances the
accuracy and reliability of

the results

Fig.2 Flow diagram of the methodology followed for assessing com-
bustion characteristic indices

Results and discussion
Characterization of vegetative fuels

Proximate and ultimate analyses were performed to char-
acterize different plant fuels. The measured values for each
sample are listed in Table 2. The results show that the tested
vegetative fuels contain large amounts of volatile com-
pounds. High levels of volatiles increase the emission rate
of combustible gases, accelerating the ignition process. As
a result, the fuel becomes more reactive during oxidative
pyrolysis. In this case, OE may be the most reactive and
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Table 2 Proximate and ultimate

. Vegetative fuels
analysis of samples

Proximate analysis (mass

Ultimate analysis (mass % on dry ash free Energy content

% on dry basis) basis) MlJ/kg)

VM FC Ash C H N S (¢} HHV  LHV
QP 7623 17.65 6.12 49.11 637 133 0.02 43.17 2004 1745
QS 80.92 16.11 297 4923 6.08 128 0.04 4338 19.83 17.31
OE 81.69 1343 488 4885 674 146 0.05 4290 2047 17.78
GSN [29, 32] 7795 20.11 194 5199 687 198 003 39.12 2210 19.29

Where VM, FC, HHV and LHV are volatile matter, fixed carbon, high heating value and low heating value.
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Fig.3 Van Krevelen diagram (a) and fuel ratio (b) for the studied plant species

ignitable material compared to other samples. The QP with
a higher ash content tends to produce more dust in a fire.
Moreover, all samples contain relatively low nitrogen and
sulfur contents. This is desirable considering NO, and SO,
emissions to the atmosphere. In addition, the Van Krev-
elen diagram (Fig. 3a) shows that all samples examined fall
within the typical biomass range. The OE with higher O/C
and H/C may present higher smoke and vapor losses due to
oxidation excess [48]. The GSN has a higher calorific value
than other samples. This is due to the higher fuel ratio (see
Fig. 3b) and the lower O/C ratio and ash content of GSN.
Fixed carbon contributes more to heat release than vola-
tiles, so a higher FC/VM ratio increases the energy content
of fuels [49]. Finally, the thermal decomposition behavior
should be investigated to rank the materials tested accord-
ing to their reactivity, ignitability and flammability indices.

Analysis of TG-DTG profiles

The TGA and derivative thermogravimetric (DTG) curves
for the combustion of four plant species at three heating rates
of 10, 15 and 20 °C min~! are shown in Fig. 4a. DTG curves
were compared with those of xylan, cellulose and lignin (in
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Fig. 4b) in order to identify and explain the different mecha-
nisms of thermal decomposition. Comparisons were made
based on the combustion stage and the temperature range of
each component. Once the moisture is released (T < 150 °C),
the combustion process at the three heating rates consists
all of (1) devolatilization and (2) char oxidation. The differ-
ences in the peak positions and heights of the four samples
(Fig. 4a) were mainly due to the distribution of biomass
components. The three main components of vegetative fuels
were hemicellulose, cellulose and lignin [50]. Volatiles are
the principal products of hemicellulose and cellulose during
oxidative pyrolysis, whereas char is the main product of the
decomposition of lignin [51]. At the end of the combustion
process (T > 680 °C), a continuous region corresponding to
the non-combustible residue (ash) was observed. Table 3
summarizes detailed information about the TG-DTG prop-
erties of the investigated materials. Obviously, the heating
rate affected the characteristic temperature and the mass
loss rate. Heat lag and heat transfer limitations caused the
reaction temperature to shift laterally to higher values with
increasing heating rate [52]. A high heating rate also leads
to a rapid degradation of the lignocellulosic component of
the sample.
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Table 3 Main TG-DTG characteristics
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Figure 4b clearly shows that xylan was the most degrada-
ble, followed by cellulose, while lignin was the least degra-
dable (high decomposition temperature). It appears that
the main DTG peaks associated with xylan and cellulose
degradation (Fig. 4b) coincide with the shoulders and DTG
peaks detected in stage 1 of Fig. 4a. Thus, the degradation
of hemicellulose was responsible for the shoulder, and the
peak appeared due to the degradation of cellulose. The same
behavior was reported by Liu et al. [11]. Similarly, the main
peak of degradation of lignin corresponds to the char oxida-
tion zone (stage 2). In addition, the mass loss rate of lignin
was less than that of cellulose and xylan. This is consist-
ent with the results of the samples examined, since the rate
of mass loss during char oxidation was smaller than that
during devolatilization. Finally, the last combustible lignin
fraction was oxidized at high temperatures (530-680 °C).
This was due to the high thermal stability and the presence
of aromatic compounds, which required high temperatures
to achieve full oxidation [12].

Comparing the first stages of thermal degradation of the
four samples, it can be observed that the devolatilization
stage initiated earlier for OE. This may be explained by the
more volatile content of OE in comparison with QP, QS and
GSN (Table 2). In addition, the peak oxidation temperature
of QS-char was lower than that of other samples (see Table.
3). This can reflect the potentially high reactivity of QS-char
and the high burnout properties of this sample. Furthermore,
char combustion (stage 2) of all samples was slower com-
pared to devolatilization (stage 1). For GSN, the char com-
bustion peak shifts to higher temperatures (Table 3). This
can be explained by the highest carbon content and fixed
carbon in the material. Nevertheless, the highest DTG,
of char burning is obtained for OE due to the lowest fixed
carbon.

Analytical study of the combustion characteristic
indices

Vegetative fuels are highly reactive substances. These mate-
rials, particularly dead surface combustibles that accumu-
late on the forest floor, may present a significant fire hazard.
For this reason, ranking the relative ignition risk of these
species can assist in forest fire management planning. Fol-
lowing the procedure described above in Sect. "Combustion
characteristic indices", Fig. S2 (a) shows the linearization
plots of the identified characteristic temperatures and their
mass loss rate (DTG) of the samples studied. In this case,
Ty, Tpis Tohoutder (the largest shoulder, particularly in OE),
and T, were selected. DTG values were linearly related
to the selected temperature (R?>> 0.9 for all heating rates).
The relation between the slopes obtained in Fig. S2 (a) and
the heating rates is illustrated in Fig. S2 (b). The R? for all
samples was greater than 0.98, indicating a high degree of



Study on the combustion indices of forest species using thermogravimetric analysis

12929

a
@
" QP
r ® QS
_ sl ¢ OE
%) * GSN
e | -
= e
€ 6 //
X
0\2 - & “ pr
g =7
mg ~ Linearization plots
4r “"u Slope = 0,2863 ; R¢ = 0,9792
® Slope = 0,2839 ; R? = 0,9958
r + Slope = 0,4059 ; R? = 0,9990
* Slope = 0,2706 ; R? = 0,9997
2 1 1 1
10 15 20
0.2
= QP
r ® QS
¢ . o $
O 0.15F 0
° * GSN [y
£ - M
S
2 0.1F
g :
O 3
=
& .
0.05 Linearization plots
= Slope = 0,0066 ; R? = 0,9947
® Slope = 0,0066 ; R? = 0,9827
i + Slope = 0,0700 ; R? = 0,9993
* Slope = 0,0664 ; R? = 0,9995
0 1 1 1
10 15 20
© |
= QP *
| e Qs
¢ 08F ¢ OE
O | ]
3 L * GSN
E 0.6 :
£0 Y
- i [ ]
>
o 04Fr
-
X 3 ] i izati
O Linearization plots
O 0.2+ L] m Slope = 0,0531 ; R? = 0,9996
: ® Slope = 0,0622 ; R? = 1,0000
L + Slope = 0,0644 ; R? = 0,9969
* Slope = 0,0617 ; R? = 0,9917
0 1 1 1
10 15 20
G
| = QP
°
25k Qs .
| ¢+ OE
EN oL * GSN °
L ]
g
815 *
3 °
5 L
& | .
® | Linearization plots
i m Slope = 0,1220 ; R? = 1,0000
0.5 @ Slope = 0,1353 ; R? = 1,0000
¢ Slope =0,1728 ; R? = 0,9946
I * Slope = 0,1208 ; R? = 0,9940
0 1 1 1
10 15 20

Heating rates/°C min

DI*10%/1 min' °C2

CSI*107%/% min‘* °C2

* 6
SChar oxidation 1 O

0, in-1 o1
RDevoIali ation/A) min C

INd
(&

15

0.5

11

10

0.35

0.3

* & o nm

QP N
Qs

OE

GSN o

. ]
*
Linearization plots
! m Slope = 0,2310 ; R? = 0,9695
® Slope = 0,2278; R? =
+ Slope = 0,3510 ; R* = 0,9999
* Slope = 0,2287 ; R =0,
1 1 1
10 15 20
= QP 2
® QS *
+ OE .
* GSN -
*
L 2
*
Linearization plots
m Slope = 0,1137 ; R? = 0,9984
® Slope = 0,1107 ; R? = 0,9944
+ Slope = 0,185 ; R? = 0,9845
* Slope = 0,1119 ; R? = 0,9963
1 1 1
10 15 20
= QP
® QS °
¢ OE "
* GSN
° Linearization plots
' m Slope = 0,4002 ; R? = 0,9977
® Slope = 0,4010 ; R? = 0,9859
+ Slope = 0,4266 ; R? = 0,9998
* Slope = 0,3905 ; R? = 1,0000
1 1 1
10 15 20
m QP
® QS
+ OE ¢
* GSN
]
¢ *
°
]
*
* . . .
° Linearization plots
» m Slope = 0,0152 ; R? = 0,9982
® Slope = 0,0197 ; R? = 1,0000
+ Slope = 0,0177 ; R* = 0,9996
* Slope = 0,0131 ; R? = 0,9984
1 1 1
10 15 20

Heating rates/°C min™

/% min °C!

Char oxidation’

R,

n

S *10°

-
n

et
2

1.5

0.5

= QP
® QS
¢ OE
* GSN ¢
°
* [
°
n *
L 4
' *
* Linearization plots
= Slope = 0,0553 ; R? = 0,9998
® Slope = 0,0561; R? = 0,9979
+ Slope = 0,0506 ; R? = 0,9860
* Slope = 0,0419 ; R® = 0,9986
'} 1 1
10 15 20
m QP
® QS s
¢ OE ]
* GSN
Linearization plots
= Slope = 0,5316 ; R? = 0,9810
® Slope = 0,5581 ; R? = 0,9861
L] + Slope = 0,5775 ; R? = 0,9756
* Slope = 0,5353 ; R? = 0,9765
1 1 1
10 15 20
= QP
® Qs o
¢ OE
»
* GSN
*
°
]
¢ . -
Linearization plots
L ] m Slope = 0,3135 ; R? = 0,9475
® Slope = 0,3719 ; R? = 0,9685
¢ Slope = 0,2377 ; R* = -
* Slope = 0,3110 ; R? = 0,947
1 1 1
10 15 20
u QP
® QS .
+ OE
* GSN
°
[ |
*
°
»
. Linearization plots
' m Slope = 0,0802 ; R? = 1,0000
® Slope = 0,0866 ; R? = 1,0000
+ Slope = 0,1193 ; R? = 0,9943
* Slope = 0,0788 ; R? = 0,9950
1 1 1
10 15 20

Heating rates/°C min™

Fig.5 The relationship between combustion indices and heating rates: a reactivity, b ignitability, ¢ combustibility and burnout and d integrated

flammability

@ Springer



12930

Y. Rahib et al.

(@)
—8— QP

—— QS RL-R

—te— GSN 0.9

RL-S, RL-ICI

RL-SII RL-CCI

RL-BCI

(b)
—8— QP
—8— QS

e GSN

RL-S _RL-DI

RL-R

Devolatilization

RL-S

Devolatilization

RL-R

char

Fig.6 Radar charts of the global (a) and local (b) RL indices for the
studied forest species

confidence in the calculation of the SII. Using the slopes in
Fig. S2 (b), the SII values were 0.0017, 0.0020, 0.0024 and
0.0020 for QP, QS, OE and GSN, respectively. Therefore,
the ignition potential of OE was slightly higher than that of
other samples and could be easily burned. Extreme caution
should be taken, especially in the summer and after olive
harvesting, as the surface dead OE fuel that accumulates on
the forest soil can easily ignite.

@ Springer

The other combustion indices of reactivity (R,
RDevolalilization and Rchar oxidation)’ ignitability (C, DI and ICI)s
combustibility (CCI, CSI), burnout (BCI) and integrated
ﬂammability (Sn’ SDevolalilization and Schar oxidation) were cal-
culated. These indices depend on TG-DTG parameters
and characteristic temperatures (listed in Table S1), which
in turn are not fundamental properties of the fuel [53].
Table S1 shows that various characteristic temperatures and
DTG values shift to a higher range with increasing heating
rate. Figure 5a—d clearly shows that all combustion indi-
ces also shift to higher values as the heating rate increases,
demonstrating that the higher heating rates can enhance the
thermal reactivity, flammability, and combustibility of the
samples. The linearized curves shown in Fig. 5a—d depict the
relationship between the combustion indices and the three
different heating rates.

By plotting the curves in this way, it is possible to observe
how the combustion indices change as the heating rate
increases. This can be useful for understanding the behavior
of the materials being studied and predicting how they will
behave under different conditions. Each combustion index
of the studied species increases proportionally with heating
rate. A good linearity was observed with all linear correla-
tion coefficients (R?) greater than 0.9. The resulting slopes
will be used to accurately compare the combustion behavior
of the investigated samples.

Comprehensive study of the combustion
characteristic indices

Radar charts were used to compare the most relevant com-
bustion indices based on the slopes obtained in Fig. 5. In
this section, these slopes were called relative linearized (RL)
indices. The results are presented in Fig. 6 in the form of
global (a) and local (b) RL indices. All parameters were
dimensionless for better visibility. This gives a brief over-
view of the combustion behavior of each sample.

Here, as the same behavior was observed in the RL-ICI
and RL-CSI rankings, only RL-ICI was retained for com-
parison purposes. From Fig. 6a, all OE indices, apart from
RL-BCI, were higher than those of QP, QS and GSN, indi-
cating that OE was the most reactive, ignitable and com-
bustible material. These differences are primarily related to
the chemical properties of the samples. During devolatiliza-
tion, the higher volatile component of OE (see Table 2) and
its early release, along with the higher H/C ratio (Fig. 3),
contributed to a faster heat release during combustion. As
a result, reactivity, ignition and combustion performances
were higher in this sample. This behavior was also reported
by Garcia Torrent et al. [25], confirming that a higher pro-
pensity to self-ignite was observed in biomasses with a
higher H/C ratio. Figure 6b also proves these findings by
analyzing the local characteristics of the RL indices (C, DI,
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S'RDevolatilization and SDevolatilization) of the devolatilization
stage. This figure shows higher oxidative pyrolysis perfor-
mances for the OE sample. Moreover, the lower RL-BCI of
OE implies a lower burning reactivity of fixed carbon. This
is reflected by the low reactivity of OE char, which rank
immediately before GSN (Fig. 6b). In addition, GSN with
a low O/C ratio has the lowest reactivity and flammability
(RL-R_,,, and RL-S ., respectively) during the oxidation
stage of char. This can be explained by the fact that the low
oxygen content of GSN reduces the rates of devolatilization
and char oxidation. Furthermore, the near combustion index
values for QP, QS and OE during devolatilization could be
linked to the equal O/C ratios obtained for these samples.
The same was also the case for the whole process in terms
of RL-R, RL-ICI and RL-S,. On the other hand, we can
generally see from Fig. 6a that the RL indices of QP show
the narrowest hexagon. This may be attributed to the high
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ash content (6.12 mass%) of QP, which can affect oxygen
diffusion and heat transfer [54].

Kinetic analysis
Activation energy determination

Activation energy (E) means the minimum amount of energy
needed to initiate a chemical reaction. Based on the KAS
method, the apparent activation energy (E,) was calculated
at different conversion degrees (o), as shown in Fig. 7. The
results showed higher R? (except for QP with a=0.05-0.15)
and provided reliable values for E, (see linearized plot in
Fig. S3).

A low E, -value may indicate an early initiation of the
reaction, but risk assessment based only on E, has not been
shown to be valid for biomass [25]. For this reason, the dis-
cussion of kinetic analysis of selected plant species will be
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Fig. 8 Experimental (line) and simulated (dashed line) curves using the kinetic data calculated from KAS method

related to their chemical properties and combustion indi-
ces. The average E, values associated with initial thermal
decomposition (red square), devolatilization and char oxi-
dation are listed in Fig. 7. In the early stages of combus-
tion (¢=0.1 to 0.25), E, was found in the following order
of magnitude: E, (QP)>E, (QS)>E, (OE)>E, (GSN). At
this stage, GSN and OE have much lower E,, implying that
less energy is required to initiate hemicellulose degradation
in these two species than for QP and QS. In addition, OE
starts the thermal decomposition with a decrease in E,. This
indicates that the energy barrier prior to ignition was weak.
Compared to GSN, OE has the highest H/C ratio and the
lowest fuel ratio (FC/VM), leading to severe volatile emis-
sions. This may explain the delay in ignition of GSN (longer
reaction time and slower combustion rate) despite the low
E, value (see Fig. 6a). As a result, we found that the rank-
ings obtained by RL-SII (OE > GSN > QS > QP) and RL-
CCI (OE > GSN > QS > QP) complied with the above results
and explanations. In addition, the E, variation trend with o
for QP and QS was the same. QP and QS have the nearest
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E, values, which can reflect similarities in lignocellulosic
composition. After devolatilization (a > 0.65), the E, of QP,
QS and GSN were significantly reduced in the oxidation
stage of char. However, E, for oxidation of OE char shows
an increase at (¢ =0.75) and then, decreases gradually. In
this case, the energy barrier to be overcome during char oxi-
dation was more important for OE than for other samples.
This means a slower OE response and a great delay in fixed
carbon combustion. This behavior fully supports the lowest
burnout performance (RL-BCI) of the OE sample shown
in Fig. 6a.

Kinetic validation

Eq. 12 allows the calculation of E,, and b for the whole
process at 10, 15 and 20 °C min~'. These values can be used
to accurately describe the dependence of conversion degree
on temperature for different heating rates. The numerical
results were plotted and compared to those of the experi-
ments in Fig. 8.
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As shown in Fig. 8, the simulated plots were consistent
with the experimental ones. These results were supported by
good correlation coefficients of the slopes obtained with the
KAS method, thereby ensuring reliable kinetic parameters.

Closing remarks

An in-depth analysis of the above results enables us to con-
clude that the chemical properties (particularly the FC/VM
and H/C ratios, the ash content, etc.) and the apparent activa-
tion energy have an acceptable correlation with the combus-
tion indices.

The study investigated the burning characteristics of
different plant species using various combustion indices,
including apparent activation energy, to understand their
fire risk and combustion activity. The results showed that
OE had a higher level of fire risk and combustion activity
compared to GSN, QP, and QS.

However, the main objective was to provide a simple
analytical tool to compare the spontaneous combustion of
various plant species. The study acknowledged the difficulty
in reaching a global consensus for selecting relevant com-
bustion indices for fire risk assessment due to the complex
multiphase reactions of these species. Overall, this work
provides useful information on the burning characteristics
of different plant species and their potential fire risk.

In the present work, further analysis of Fig. 6a shows a
notable assessment of the studied plant species for RL-R,
RL-BCI, RL-SII and RL-Sn. Otherwise, the rankings of
the other RL indices (ICI, CCI, CSI, C and DI) were very
close and sometimes inseparable (in the case of RL-DI and
RL-C). This behavior restricts the use of these indices to
provide reliable classification of plant species. Based on
the above results and observations, we believe that RL-SII
and RL-Sn can provide a precise classification of the risk
of spontaneous ignition/combustion. In addition, RL-R
can be used as a preliminary index to estimate the pyroly-
sis activity, and RL-BCI can be used to estimate the char
burning activity. From a kinetic analysis point of view, the
result was consistent with classification by RL indices.
Among the samples investigated, the high stability of GSN
was visualized by the low amplitude level of fluctuations
in E,. This means that once ignited, the GSN may react
quickly and burn out. Similarly, the reason for the lower
RL-BCI in OE was visualized in the slight increase in E,
values at @ =0.75 due to the reactivation of char burning.
Finally, the presented kinetic data are also important for
modeling wildland fires.

Conclusions

Four plant species were evaluated using proximate and
ultimate data, thermal decomposition behavior, combus-
tion characteristic indices and kinetic analysis. The main
combustion process was controlled by the devolatiliza-
tion step, which consumed about 57-62% of the mass
loss. Thermal degradation behavior was evaluated from
the TG-DTG curves, providing information on reactivity,
spontaneous ignition, flammability/combustibility and
burnout. Except for RL-BCI, all other RL indices were
found to be significantly higher in OE than in other sam-
ples. The relevant RL indices of the devolatilization stage
show the same behavior. This made OE more reactive,
easier to burn and hence, more prone to fire. Furthermore,
the lower RL-BCI of OE indicated a slow fixed carbon
burning reaction. This was also evident considering the
associated char oxidation indices, where OE was under-
classified in comparison with QP and QS. Meanwhile, the
apparent activation energy (E,) was determined using the
FWO and KAS methods. In the early stages of combus-
tion (o & 0.1 —0.25), the average E, values for GSN and
OE were lower than QP and QS. Thus, less energy was
required for GSN and OE to begin the combustion process.
The higher ignition performance of OE, compared to GSN,
was related to the higher H/C ratio and the early decrease
in E, at the onset of combustion (o =0.05 —0.15). Finally,
the RL-SII and RL-S, indices were selected as appropri-
ate parameters for classifying spontaneous combustion
risk. Further work should address other plant species in
order to offer a comprehensive database of fuels to support
fire management. Moreover, the proposed methodology
herein can also be useful for other applications, such as
the safe storage of biofuels or the use of these biomateri-
als as a source of energy. For example, GSN with a lower
activation energy, a low ash content and a high calorific
value may be good candidates for direct combustion. OE
with high volatile compounds, a high H/C ratio and rela-
tively low fixed carbon content point to a high potential
for anaerobic digestion.
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