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Abstract
The goal of this work was to study the thermal decomposition kinetics of two exotic Chilean wildland fuels, namely, Pinus 
Radiata (PR) needles and Eucalyptus Globulus (EG) leaves, by using thermogravimetric analysis (TGA) experiments, and 
the shuffled complex evolution (SCE) technique to estimate kinetic parameters through an inverse optimization process, and 
0D simulations to validate a kinetic model against experimental mass loss rates (MLR). TGA experiments were monitored 
under inert (N2) and oxidative (air) atmospheres at a temperature range from 200 to 600 °C. Analyses were performed at 
four heating rates of 5, 10, 15, and 20 °C min−1. We demonstrated the effectiveness of the SCE algorithm in determining 
solid-phase kinetics parameters by correlating several reaction mechanisms of inert and oxidative decomposition with 
experimental TGA data. Optimized parameters were used in the Gpyro simulation suite to predict MLR. Results show that, 
under inert conditions, the conversion from dry fuel to char can be modeled with a three-step mechanism for both species. 
Under oxidative conditions, the analysis showed that MLR could be predicted with a good fit using a five-step reaction kinetic 
mechanism for EG leaves, and four reactions for PR needles. Finally, a set of kinetic parameters is proposed for thermal 
decomposition models.

Keywords  Wildland fuels · Pyrolysis · Multi-step reaction mechanisms · Thermal decomposition · Thermogravimetric 
analysis · Optimization

1  Introduction

Pinus radiata (PR) and Eucalyptus globulus (EG) are the 
most important forest resources in Chile, with approximately 
2.87 million hectares of these non-indigenous species, 
equivalent to 17.2% of its total forests. Of this area, 68% is 
PR; followed by EG, 23% [1]. This has an enormous energy 
potential but is also an important menace when it is not 
properly managed due to the increasing forest fires over time 

[2]. Wildland fires in Chile have increased in frequency and 
surface burnt in the past four decades, risking human lives 
and property every fire season—especially as more people 
claim wildland areas [3]. These forest species are flammable 
and extremely flammable, which means, they have a high 
susceptibility to ignite [4, 5]. Furthermore, forestry industry 
plays a crucial role in the Chilean economy, being the first 
sector in renewable resources [6]. In this scenario, biomass 
has been also identified as an auspicious option for H2 and 
syngas production, due to its abroad availability, sustainable 
life cycle for CO2, and transportation flexibility [7, 8].

One of the primary energy sources for wildfires is wild-
land fuel litter, the bottom level of the forest, composed of 
dead needles and leaves. Given the percentage of PR and 
EG in Chile, their leaf litter is, under dry conditions, a sig-
nificant contributor to wildland fires. If a fire starts in this 
zone, the thermal decomposition behavior of these litters 
will determine the fire spread [9]. Indeed, sustainable com-
bustion of these detritus is determined by the available quan-
tity of gaseous fuel in the flaming zone, which is controlled 
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by the rate of mass loss (ML) of the solid wildland fuel 
because of being exposed to high radiative heat fluxes. In 
this regard, understanding the thermal decomposition pro-
cess of wildland fuels is decisive for further wildland fire 
safety development [10], and for studying the potential of 
these fuels as alternative energy [11–13].

Traditional kinetic models for wildland fuels—predic-
tions of solid fuel thermal decomposition and gaseous pyrol-
ysis products processes—involve numerous parameters that 
are time-consuming and difficult to measure and made more 
difficult still due to the complexity of fuel composition and 
its influence on fire ignition and spread [14]. Most physically 
based models used a simplified three-step reaction mecha-
nism [15–19]: first, drying of wet wildland fuel (WWF) as 
it converts to dry wildland fuel (DWF) and water vapor; 
second, pyrolysis of DWF as it converts to char and gaseous 
products; and third, char oxidation [20]. In such thermal 
decomposition models, kinetics parameters are estimated 
from experimental data.

Here, experimental data for thermal decomposition stud-
ies usually come from TGA, a tool for preliminary kinetics 
studies in the thermal decomposition of solids [21–23] and 
that can identify individual components and/or intermediate 
species throughout the entire thermal decomposition pro-
cess to improve the understanding of mass loss kinetics [24, 
25]. This method has been used to characterize the thermal 
decomposition of Mediterranean plant species under oxida-
tive conditions and to assess their potential combustibility 
as natural fuels [26, 27]. Furthermore, Gerandi et al. [28] 
used TGA to validate three kinetic mechanisms to predict 
the thermal decomposition of untreated wood plates of oak 
and eucalyptus at matter and material scales. Next, in a study 
modeling biomass pyrolysis kinetics of vegetative species 
using a sequential multi-step reaction model, Burra and 
Gupta [29] used TGA results as input for kinetics param-
eters. Other studies have subjected live and dead wildland 
vegetation from 14 species to TGA at five heating rates 
(from 10 to 30 °C min−1) [30], obtaining pyrolysis kinet-
ics using the Kissinger–Akahira–Sunose (KAS) method as 
a function of conversion. From an energy source perspec-
tive, Cumming and McLaughlin [31] used oxidative TGA 
profiles for an initial evaluation of industrial-scale combus-
tion behavior toward the design and operation of conver-
sion systems [32]. The effect of retardants on pine needles’ 
thermal decomposition was studied by [33] using differential 
thermal analysis (DTG) under a nitrogen atmosphere. These 
researchers compared DTG curves of Pinus halepensis nee-
dles with different quantities of retardant and analyzed curve 
differences, but the authors did not obtain kinetics param-
eters. Wadhwani et al. [34] studied the kinetics of pyrolysis 
of litter materials from pine and eucalyptus forests by using 
TGA experiments under nitrogen, reviewing several models 
to find the most pertinent of the samples studied; the authors 

found that the most suitable reaction model was identified as 
the Johnson–Mehl–Avrami model.

Regarding modeling, genuinely detailed descriptions of 
phenomena in physically based models require many com-
putational resources—further increased when replacing the 
widely used one-step mechanism with any more complex 
thermal decomposition description of wildland fuel. As a 
matter of fact, Benkorichi et al. [20] assessed increasing lev-
els of complexity in predicting the thermal decomposition of 
Pinus pinaster needles under inert and oxidative TGA at four 
heating rates, concluding that, after drying, three-step and 
six-step mechanisms were the minimum to predict pyroly-
sis, under inert and oxidative conditions, respectively. The 
accuracy and uncertainty of multi-step kinetic mechanisms 
were further explored by Richter and Rein [35] who studied 
1 to 12 reaction mechanisms across seven species, finding 
that increasing parameters increased uncertainty but not nec-
essarily accuracy. Thus, several numerical tools have been 
developed to simulate solid pyrolysis, mass loss, and heat 
transport—such as Fire Dynamics Simulator (FDS) pyroly-
sis sub-model [36], Gpyro [37], Thermakin [38], Pyropolis 
[7], or the FireFOAM pyrolysis model [39–41]—there is still 
need to make use of microscale experiments as an initial step 
to test and predict more complex models.

Thus, using the most populous non-native wildland spe-
cies in Chile, this study aims to propose a kinetic framework 
to study the thermochemical conversion of PR needles and 
EG leaves from solid to gaseous fuel assessing the capability 
of multi-step kinetics mechanisms under different atmos-
pheres to predict MLR.

2 � Methods

A set of kinetic parameters were obtained from both empiri-
cal TGA and numerical pyrolysis model predictions, with a 
near-optimal agreement. In this latter, parameters obtained 
were input to the Gpyro pyrolysis model [42] to run simula-
tions of MLR, focusing on thermal decomposition kinetics 
and MLR to represent the velocity at which gaseous fuel 
products are being produced. Sample preparation, charac-
terization, estimation, simulation, and comparisons are dis-
cussed below.

2.1 � Sample preparation

Wildland fuel litter (EG leaves and PR needles) were col-
lected near Valparaíso, Chile (33°03’S, 71°37’W). After 
field sampling, fuel elements were oven-dried at 60 °C for 
24 h. Such drying is a single-step reaction with well-estab-
lished kinetics parameters [20]. Although no further changes 
in mass due to moisture were observed, sample loading of 
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leaves and needles before each test indicated weak moisture 
content (1–3%), likely due to self-rehydration.

2.2 � Physicochemical characterization and TGA​

Elemental analysis of EG leaves and PR needles revealed 
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) ele-
ment weight contents (Thermo Finnigan Flash EA), with 
the weight percent of oxygen (O) determined by difference. 
Proximate analysis was performed according to ASTM 
standards E 1102–84, E 872–82, and E 870–82 for ash, 
volatile matter (VM), and fixed carbon (FC), respectively 
[43]. Next, experimental thermogravimetric data was gen-
erated (TA-Instrument TGA Q50) under non-oxidative 
(nitrogen) and oxidative (air) conditions to evaluate kinet-
ics in purely pyrolytic and oxidative conditions. Pulverized 
samples (22 μL) were conditioned in an open platinum cru-
cible (5000 ± 0.01 mg) at atmospheric pressure (flow rate 
of 40 mL min−1) at four different heating rates (5, 10, 15, 
20 °C min−1).

2.3 � Optimization algorithm and simulation 
methodology

Kinetic parameters were estimated using an automated 
optimization procedure based on evolutionary algorithms, 
following Lautenberger and Fernandez-Pello [44]. The 
shuffled complex evolution (SCE) optimization algorithm 
[45–47] is an evolutionary algorithm that performs a local 
and global search to estimate kinetics parameters, combining 
the competitive complex evolution and the simplex method. 
According to Duan et al. [46], the SCE technique converges 
to a global optimum, being robust, effective, and efficient 
for several applications. This technique was selected for 
this research purposes, following the literature [20, 46–49], 
which evaluated optimization tools using Gpyro; further-
more, of several optimization methods recently evaluated 
for microscale biomass pyrolysis modeling, SCE was con-
firmed as performing better [50]. This inverse problem is 
ill-posed—that is, the solution (the set of kinetic param-
eters) is not necessarily unique nor necessarily stable to 
small changes in the input data—this optimization process 
is meant to be heuristic, not necessarily the absolute optimal 
solution. Regardless, the algorithm presented a near-optimal 
prediction of the experimental data given the constraints of 
the underlying physical model.

Furthermore, such genetic and evolutionary algorithms 
have been widely used in engineering, e.g., SCE applied 
combustion and chemical kinetics optimization problems, 
including heterogeneous [44, 51, 52] and homogeneous 
[52, 53] reaction mechanisms. Additionally, while solu-
tion uniqueness (i.e., the kinetics parameter set) is always 
a concern in inverse problems, it may be abated by using 

four different heating rates as in the present work (5, 10, 
15, and 20 °C min−1). In short, although inverse optimiza-
tion techniques are not free of criticism [55], they remain 
one of the best options for performing the task [50].

In simulating thermal decomposition kinetics, this study 
used Gpyro version 0.8186, an open-source, generalized 
pyrolysis model developed by Lautenberger et al. [37, 42, 
44]. Gpyro can model a zero-dimensional transient mode, 
intended to represent lumped systems with negligible tem-
perature and species gradients, as occurs in ideal TGA 
experiments. Kinetics mechanisms of increasing complex-
ity were assessed under oxidative and inert atmospheres 
[20]. The results show that, for inert and oxidative atmos-
pheres, three-step and six-step mechanisms perform best, 
respectively. These intermediate reactions were used for 
simulations during this study. The kinetic scheme adopted 
in the present study includes the following reactions:

In the previous scheme, we have reactions 1 to 3 (R1 to 
R3) that are used to simulate thermal degradation under 
inert atmospheres. The first step reaction (R1) is related 
to the conversion of the Dry-Specie into an intermediate 
specie called �-Specie and gaseous pyrolysis products. 
Next, another reaction (R2) converts �-Specie to �-Specie. 
Finally, the � Specie goes into the final reaction to form 
char (R3). When thermal degradation is assessed under 
oxidative conditions, reactions R4 and R5 allow account-
ing for oxidative pyrolysis, and reaction R6 assesses char 
oxidation.

While the governing equations in 0D can be used to esti-
mate differential thermogravimetric curves (for a detailed 
explanation, see ref. [56]), we reproduce here the final 
equations.

where m′′ is the mass, m′′
0
 is the initial mass (in t = 0), 𝜔̇′′′

fg
 is 

the reaction rate, � is the average density, and Δz is the grid 
size. Integrating the differential thermogravimetric curve 
yields a thermogravimetric curve:

(1)DWF → �1(a − Specie) +
(
1 − �1

)
Gas

(2)(a − Specie) → �2(� − Specie) + (1 − �2)Gas

(3)(� − Specie) → �3Char + (1 − �3)Gas

(4)(a − Specie) → �4(� − Specie) + (1 − �4)Gas

(5)(� − Specie) → �5Char + (1 − �5)Gas

(6)Char → �6Ash + (1 − �6)Gas

(7)d

dt

(
m��

m��
0

)
=

𝜔̇���
fg
Δz

m��
0

= −
𝜔̇���
fg
Δz

(𝜌Δz)|t=0
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Moreover, the reaction rate ( 𝜔̇′′′
i

 ) is given by:

where A is the pre-exponential factor [s−1]; Ea, activation 
energy [kJ mol−1]; R, universal gas constant; T, temperature 
[°C]; n, reaction order; and mi, mass of reactant i. These 
parameters were calculated for each species under study for 
use in the thermal decomposition model to predict MLR. In 
the case reactions affected by oxygen (O2), the reaction rate 
is proportional to 

(
1 + YO2

)n02 , where YO2
 is the local value 

of oxygen mass fraction in the decomposing solid and n02 is 
the reaction order that controls the oxygen sensitivity of the 
process [37].

3 � Results and discussion

We describe the kinetic behavior of thermal decomposition, 
as determined by MLR, i.e., the velocity at which gaseous 
fuel products are produced. Typically, the first process found 
in the thermal decomposition process of wildland fuels at 
ambient temperature is the drying process, from wet wild-
land fuel (WWF) to dry wildland fuel (DWF). However, 
since the drying process can be described by a single-step 
reaction with well-established kinetic parameters [20]—and 
since the generation of organic decomposition products is 
known to begin at around 200 °C and to attain maximum 
reaction rates between 250 and 450 °C [57, 58]—the results 
studied in the present paper are in the temperature range of 
200–600 °C. The fuel density of EG leaves and PR needles 
was found to be 833 and 719 g/cm3, respectively, confirming 
previous studies [59]. Below, we discuss results for inert and 
oxidative atmospheres: first, we provide an elemental and 
proximal analysis of the species under study. Second, we 
analyze experimental TGA results, present optimized kinetic 
parameters, and then compare the predicted results of MLR 
for each species to the corresponding experimental results. 
Finally, we analyze the predicted reaction rates in terms of 

(8)
m��

m��
0

(t) = 1 −
1

m��
0

∫ t

0
𝜔̇���
fg
(𝜏)Δz(𝜏)d𝜏

(9)𝜔̇���
i

= Aexp
(
−

Ea

RT

)
mn

i

how thermal decomposition is produced for each wildland 
species.

3.1 � Elemental and proximate analysis

Elemental and proximate analyses were conducted to explore 
whether TGA results could be influenced by the inherent 
composition of PR and EG species (Table 1). Proximate 
analysis shows EG leaves have approximately 50% more 
ash than, but only a third of the fixed carbon (FC) of, PR 
needles. The volatile matter (VM) was quite similar for both 
species, with high energy values. Although such volatile 
matter increases fire hazards, it could also be considered an 
alternative suitable for pyrolysis, gasification, or combustion 
processes [60]. However, ash content may increase fouling in 
reactors, instigating higher processing costs, poor combus-
tion, disposal problems, and low energy conversion [61]. 
The possibility of using these wildland fuels as an energy 
source should be further investigated.

Regarding elemental analysis, both species are carbon-
rich and have similar hydrogen (H) content. Sulfur (S) 
content found is less than 0.4, in line with what has been 
reported in the literature [66]. However, the nitrogen (N) 
content of EG is around 50% higher than PR’s.

3.2 � Experimental results under an inert atmosphere

Figure 1 shows mass evolution in EG leaves (a) and PR 
needles (b) under nitrogen as a function of temperature for 
the four different heating rates studied here (5, 10, 15, and 
20 °C min−1). The ML curves are similar for both EG and 
PR species, regardless of heating rate. Between 200 and 
300 °C, approximately 22% of the mass of EG leaves is lost 
(Fig. 1a); at 300–400 °C (where the highest MLR peak is 
found, see Fig. 2a), about 28% of the initial mass is devola-
tilized, to 50% at 400 °C; between 400 and 500 °C, around 
17% of the initial mass is lost; and from 500 to 600 °C, only 
3% of the initial mass is gasified. The residue left at the end 
of the test was about 30% of the initial mass, regardless of 
heating rate; however, the proximate analysis indicated that 
volatile matter is around 80%, so 10% could still be gasified 
after 600 °C if oxygen were available.

Table 1   Comparison of 
elemental and proximate 
analyses with literature data. All 
data is reported in g/100 g of 
dried sample

Wildland fuel Proximate analysis Elemental analysis

VM FC Ash C H O N Ref

EG 81.2 3.7 15.1 51.1 7.3 30.1 1.56 Measured
82.62 16.15 1.23 47.1 6.0 45.43 - [62]
81.1 18.3 0.60 51.0 5.8 45.30 - [63]

PR 80.4 10.0 9.60 49.4 7.4 35 0.96 Measured
72.38 26.12 1.50 48.21 6.57 43.72 - [64]
76.50 14.45 0.89 49.41 7.67 42.19 - [65]
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In the case of PR (Fig.  1b), at a heating rate of 
20 °C min−1, from 200 and 300 °C, 15% of the initial mass 
was lost; between 300 and 400 °C, 35%; from 400 to 500 °C, 
around 15% is devolatilized; and finally, from 500 to 600 °C, 
4% of the initial mass is lost. Approximately 31% of the ini-
tial mass remains at the end of the test. However, at a heat-
ing rate of 5 °C min−1, the mass loss is significantly faster 
between 300 and 500 °C, although not so for EG leaves. 
This result is consistent with ref. [66] since higher heating 
rates may increase char formation, imbuing thermal resist-
ance to heat transfer. For example, between 200 and 300 °C, 
22 and 15% of PR mass is lost for heating rates of 5 and 
20 °C min−1, respectively; and at 400 °C, about 58 and 50% 
of the initial PR mass has been devolatilized for heating rates 
of 5 and 20 °C min−1, respectively. The remaining mass at 
the end of the 5 °C min−1 test is around 27%, versus 31% 
for 20 °C min−1.

Figure 2 plots the derived MLR for EG leaves (a) and 
PR needles (b) as a function of temperature, under an inert 
atmosphere, for the four heating rates. Thermal decomposi-
tion of EG leaves (Fig. 2a) started around 200 °C for every 
heating rate, although the following peak and shoulders are 
more pronounced at higher heating rates. The first shoul-
der, around 270 °C, coincides with 12% ML; the peak, at 
approximately 350 °C, with 60% mass lost, and the second 

shoulder, around 430 °C, where char formation reaches its 
maximum. Shoulders and peaks are likely where lignin liber-
ates volatiles and causes significant ML and MLR.

The presence of shoulders is uncommon for TGA under 
pure pyrolytic conditions. Although the literature reports one 
peak under pure pyrolytic conditions for Eucalyptus leaves 
[63, 64] and two for Eucalyptus sawdust [67], no notice-
able shoulders have been reported. The results in this paper 
may, however, be due to the decomposition of the three main 
biomass components, more closely matching DiBlasi’s [68] 
determined primary and relative contribution to decompo-
sition rates of cellulose, hemicellulose, and lignin. Indeed, 
heating rates at sufficiently slow or moderate temperatures 
induce several zones in the mass loss curves associated 
with component dynamics: hemicelluloses decompose at 
225–325 °C; cellulose at 325–375 °C; and lignin, gradually 
over 250–500 °C [69].

As expected, the heating rate also influenced the effective 
thermal decomposition temperature range. Increased heating 
rates resulted in lower thermal decomposition at higher tem-
peratures, most likely due to the material not fully reaching 
that temperature in a shorter time, a process known as ther-
mal lag [60]. Indeed, the onset of devolatilization consist-
ently shifted to higher values for heating rates of 5, 10, 15, 
and 20 °C min−1, and MLR peaks occurred around 335, 347, 

Fig. 1   Evolution of experimen-
tal thermogravimetric ML as 
a function of the temperature 
under inert atmosphere for a EG 
leaves and b PR needles

Fig. 2   Evolution of the experi-
mental MLR as a function of 
the temperature under an inert 
atmosphere for a EG leaves and 
b PR needles
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356, and 360 °C, respectively. The heating rate had a more 
pronounced effect on absolute peak thermal decomposition 
rates, which increased to 0.36, 0.61. 0.9, and 1.28 at 5, 10, 
15, and 20 °C min−1, respectively.

For PR needles (Fig. 2b), results also show one peak and 
two shoulders between 200 and 450 °C, although the first 
shoulder is significantly less pronounced than in EG. Simi-
larly, increased PR heating rates increase MLR and shift 
peak temperature higher. The first shoulder is between 200 
and 250 °C or 345–370 °C, depending on the heating rate; 
the peak, at around 370 °C; and the second, between 370 and 
410 °C. Between 410 and 530 °C, MLR sharply decreases 
to no devolatilization. Indeed, thermal decomposition rates 
above 530 °C are significantly reduced as in EG leaves, sug-
gesting a limit for inert pyrolysis.

Estimations under an inert atmosphere.
To estimate kinetics parameters (verifiable) to reproduce 

MLR numerically, we used the shuffled complex evolution 
optimization process applied to experimental data, following 

Lautenberg and colleagues [44]. Optimized parameters for 
each species are given in Table 2.

To evaluate these optimized parameters, a simulation of 
the thermal decomposition process was run using the three-
step mechanism for inert atmospheres proposed by Ben-
korichi et al. [20]. This three-step mechanism is detailed in 
reactions R4 to R6.

Figure 3 compares numerical predictions and experimen-
tal results for the evolution of MLR as a function of the 
temperature for EG leaves (a) and PR needles (b) for the 
four heating rates. For EG leaves (Fig. 3a), after the first 
shoulder at 300 °C, the proposed mechanism and optimized 
kinetics parameters appear to agree with the experimental 
data for the four heating rates. Peak magnitudes are also 
well reproduced for 5 and 10 °C min−1. However, at 15 and 
20 °C min−1, peak MLR is slightly underpredicted. Simu-
lations also captured heating rate effects on increased and 
shifted peaks.

The predicted MLR for PR needles (Fig. 3b) also agreed 
well with experimental data, regardless of the heating rate. 
The simulation captured thermal decomposition onset at 
200 °C, the slight shoulder at around 300 °C, the magni-
tude and position of the principal peak at around 350 °C, 
and, while this model failed to capture the second shoulder 
(around 400 °C), it remained in good agreement with the 
final MLR decrease.

By way of example, the predicted three-step mechanism 
reaction rates at a heating rate of 20 °C min−1 are shown in 
Fig. 4a, and b for EG leaves and PR needles, respectively. 
The EG leaf reaction rates (a) suggest that the initial con-
version of DWF to α-eucalyptus is responsible for the first 
shoulder at around 250 °C; the second and most consider-
able, converting α-eucalyptus to β-eucalyptus, closely pre-
dicts the central peak at 350 °C; and the final, β-eucalyptus 

Table 2   Estimated kinetic parameters of different mechanisms under 
an inert atmosphere for EG and PR

Species Reagent Product Kinetics parameters

LogA (s−1) Ea (kJ 
mol−1)

n (-)

EG Dry-eucalyp-
tus

α-eucalyptus 6.58 86.98 4.49

α-eucalyptus β-eucalyptus 9.01 132.7 0.78
β-eucalyptus Char 7.99 127.7 1.97

PR Dry-pine α-pine 8.944 119.564 5.50
α-pine β-pine 9.001 118.841 1.79
β-pine Char 7.999 110.162 3.50

a) b)

Fig. 3   Comparison of experimental and predicted MLR for a EG leaves and b PR needles under inert atmosphere (N2) for the four different 
heating rates
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to char, produces the second shoulder at around 420 °C. All 
reaction rates overlap at around 350 °C and attain similar 
decomposition rates at increasing temperatures. For PR nee-
dles (Fig. 4b), although the first reaction—the conversion of 
DWF into α-pine and gaseous pyrolysis products—begins 
around 200 °C, because it decays at 270 °C, it is not rep-
resentative of the shoulder at 300 °C. Rather, the α-pine 
to β-pine conversion produces the shoulder at around the 
300 °C. The third reaction, β-pine to char, begins around 
300 °C (position of the shoulder), where a complete over-
lap of all three reactions begins. This third reaction sustains 
MLR until peak magnitude at around 370 °C.

3.3 � Experimental results under oxidative 
atmosphere

To explore the oxidative reactivity of species and the effect 
of oxygen on thermal decomposition, the same TGA meth-
odology as before was employed, though now under an oxi-
dative atmosphere (air). Figure 5 shows the mass evolutions 

of EG leaves and PR needles under an oxidative atmosphere 
(air) as a function of the temperature for the four heating 
rates.

Both EG leaves (Fig. 5a) and PR needles (Fig. 5b) have 
similar ML curves at the four heating rates. For EG leaves, 
depending on the heating rate, 5–9% of the mass is lost 
between 200 and 250 °C; between 250 °C and 350 °C, 45% 
of the mass was lost; from 350 to 430 °C, 60% of the initial 
mass (comparable to the inert atmosphere, where char is 
the main species); and between 430 and 470 °C, 25% of 
the initial mass was devolatilized. At the end of the test, the 
residual mass is around 10% of the initial mass, regardless 
of the heating rate.

Figure 5b shows the mass evolution of PR needles under 
air as a function of temperature: between 200 and 250 °C, 
around 3% of the initial mass is devolatilized; from 250 
to 350  °C—and a significant decrease for all heating 
rates—40 to 50% of the mass, for 20 and 5 °C  min−1, 
respectively; between 350 and 420 °C, 70% mass loss; 
and from 420 °C—i.e., the same temperature for complete 

Fig. 4   Predicted reaction rates of a EG leaves and b PR needles under an inert atmosphere for a heating rate of 20 °C/min

Fig. 5   Evolution of mass as a 
function of the temperature dur-
ing the thermal decomposition 
under air for a EG leaves and b 
PR needles for the four heating 
rates



15274	 Biomass Conversion and Biorefinery (2023) 13:15267–15279

1 3

pyrolytic devolatilization—to 470 °C, the char oxidation 
process leaves only 3–5% of the initial mass as residue at 
the end of the test. The difference in mass remaining at 
the end of the test is likely due to the higher presence of 
ash content in EG leaves over PR needles (see Table 1). 
When mass loss under inert and oxidative atmosphere is 
compared (Figs. 1 and 5), there is a second decomposition 
thermal gradient peak between 430 and 470 °C, which can 
be attributed to the oxidation of lignin, pyrolysis, and char, 
and is clearly higher in the experiment under air conditions 
[70, 71].

Figure 6 presents the derived MLR curves as a func-
tion of temperature for the different heating rates under 
oxidative conditions. Similar to results under an inert 
atmosphere, the thermal decomposition process of EG 
leaves and PR needles occur in the same manner, inde-
pendent of the heating rate value. However, the heating 
rate increases MLR intensity under air, confirming the lit-
erature on Eucalyptus leaves [72] and other solid materials 
like plywood [73]—and magnitude. Notably, the whole 
process occurs over two stages, with two peaks: the first, 
between 300 and 350 °C, and the second, between 400 
and 450 °C. Under oxidative conditions, although peak 
temperature timing was independent of species, their mag-
nitude was inverted between species. For EG leaves, the 
maximum peak occurs at around 450 °C, and for PR nee-
dles, at 330 °C. The oxidative process is thus more intense, 
with a lower duration, for EG leaves than for PR needles, 
explaining the additional mass at the end of the test.

For EG leaves (Fig. 6a), regardless of heating rate, MLR 
begins at around 200 °C; increases to a peak at 300 °C 
for 5 °C min−1, and 340 °C, for 20 °C min−1; decreases 
to around 420 °C—where the oxidative process begins 
(Fig. 5a); increases rapidly to the maximal peak at 420 
and 450 °C, depending on heating rate; and finally ends 
at around 500 °C. Figure 6b shows a similar MLR in PR 
needles; however, the magnitudes of the two peaks are 
inverted, reaching maximum in the first peak at around 
340 °C.

3.4 � Estimations under oxidative atmosphere

The same evolutionary optimization method was imple-
mented to obtain kinetics parameters for subsequent simu-
lations to verify against experimental results. The optimiza-
tion process includes the reaction order’s local oxygen mass 
fraction. The optimized parameters obtained for EG leaves 
and PR needles with the SCE method are shown in Table 3.

To assess the six-step mechanism proposed in [74] under 
an oxidative atmosphere, the optimized parameters obtained 
via SCE were used as simulation inputs. The experimental 
and predicted MLR curves are presented in Fig. 7 for EG 
leaves (a) and PR needles (b). The simulated curve for EG 
leaves (Fig. 7a) correctly captures the peak magnitude and 
position for all heating rates between 250 and 350 °C; the 
decrease in MLR up to 380 °C; and, depending on heat-
ing rates, the second peak between 420 and 450 °C. For all 
heating rates except 5 °C min−1, peak MLR magnitude was 
underpredicted. Interestingly, these results come from an 
undefined local oxygen mass fraction reaction order in the 
optimization process; though, outside the scope of the pre-
sent work, future research should conduct sensitivity analy-
ses for oxygen influence on the kinetics mechanism tested.

Figure 7b compares predicted six-step kinetics mecha-
nisms and experimental MLR for PR needles. The entire 
oxidative pyrolysis behavior of these tests was captured. At 
higher heating rates, the occurrence of the first peak is pre-
dicted well—and to a lesser degree, the magnitude; and, at 
lower heating rates, 5 °C min−1, the magnitude is well repro-
duced, but not the position. After the first peak, the model 
fits well with experimental MLR, predicting the valley, the 
second peak at around 450 °C, and the final decrease to the 
end of the test.

Each reaction of the complex mechanisms in simulated 
MLR at a heating rate of 20 °C min−1 is explored for EG 
leaves (Fig. 8a) and PR needles (Fig. 8b). For EG leaves, 
the R1 converting DWF to α-eucalyptus begins at around 
200 °C and is responsible for the first shoulder, but not the 
peak at 340 °C; R2, converting α-eucalyptus to β-eucalyptus, 

Fig. 6   Evolution of MLR as 
a function of the temperature 
during the thermal decomposi-
tion under air for a EG leaves 
and b PR needles for the four 
heating rates
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Table 3   Estimated kinetics 
parameters under oxidative 
atmosphere for EG and PR

Species Atm Reagent Product Kinetics parameters

LogA (s−1) Ea (kJ mol−1) n (-) nO2

EG N2 Dry-eucalyptus α-eucalyptus 8.68 109.99 5.47 (-)
N2 α-eucalyptus β-eucalyptus 9.14 126.52 1.00 (-)
Air α-eucalyptus β-eucalyptus 6.00 119.60 0.16 0.80
N2 β-eucalyptus Char 7.30 121.19 4.69 (-)
Air β-eucalyptus Char 10.91 169.83 1.11 0.14
Air Char Residue 11.03 132.64 3.05 0.47

PR N2 Dry-pine α-pine 8.92 109.83 2.78 1.00
N2 α-pine β-pine 8.85 149.87 1.45 (-)
Air α-pine β-pine 6.59 90.66 0.58 1.18
N2 β-pine Char 5.68 62.29 4.59 (-)
Air β-pine Char 7.85 192.50 2.72 1.10
Air Char Residue 10.51 164.63 0.86 1.24

Fig. 7   Comparison of experi-
mental and predicted MLR for 
a EG leaves and b PR needles 
under oxidative atmosphere (air) 
at four different heating rates

Fig. 8   Evolution of the predicted reaction rates for a EG leaves and b PR needles
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begins around 250 °C; R3, α-eucalyptus to β-eucalyptus, is 
smaller than R2, but helps to attain maximum MLR; and R4 
( (� − Specie) → �4(� − Specie) + (1 − �4)Gas ) is interest-
ingly negligible, reducing the initial mechanism from 6 to 
5 reactions. This char (R5) and residue (R6) production are 
still responsible for the second peak at around 460 °C, with 
a complete overlap from 420 °C to the end of the test.

The PR needle model (Fig. 8b) thus had good agreement 
with just four reactions, and not the six proposed, since R3 
and R5 were utterly negligible. Specifically, R1 goes from 
around 200 to 250 °C, producing α-pine from DWF; fol-
lowed by the production of β-pine (R3) and char (R4), which 
begins around 300 °C. At this temperature, reactions R1, 
R3, and R4 overlap and produce the first and main peak 
around 330 °C. Notably, contributions from R2 (conversion 
of α-pine to β-pine under O2) and R5 (conversion of β-pine 
to Char under air) are negligible. The char reaction (R6) 
oxidation nearly produces the second peak by itself at around 
450 °C. A complete study on the effects of oxygen on reac-
tion rates is recommended.

That means that in the presence of oxygen, the production 
of the intermediate species ( � − Specie ) decreased at higher 
temperatures and is only formed by the ( � − Specie ) in R3. 
Effectively, this performance of the complex mechanism is 
part of the calculation result, as the one used in the present 
study was developed by the analysis of the gas emissions 
recorded with a FTIR spectrometer at the outlet of the TGA 
device [74]. Similar results were found in [75] for the study 
of treated plywood where two additional oxidative reac-
tions were needed to describe the thermal decomposition of 
the material. It could be explained according to the organic 
composition of these wildland fuels, the shares of cellulose, 
hemicellulose, and lignin that may influence the phenom-
enon behavior. For the case of Pinus radiata (PR) needles, 
the mass of dry pine (DWF) decreases to form � − Pine (R1), 
which in turn will decompose to form � − Pine (R2 and R4). 
Finally, wildland fuel is reduced after char and residue for-
mation. Here, � − Pine is formed by � − Pine under oxida-
tive conditions (R4) one order of magnitude higher than in 
R2 under inert conditions. The reaction rates set found in 
this study for PR are qualitatively similar to those found in 
[20] for Mediterranean Pinus Pinaster.

4 � Concluding remarks

The thermal decomposition kinetics behaviors of two Chil-
ean wildland fuels, EG leaves and PR needles, were studied 
at different heating rates under two different inert and oxi-
dative atmosphere conditions (N2 and air) via TGA experi-
ments. The SCE algorithm method was used to determine 
solid-phase thermal decomposition and oxidative kinetics 
parameters by correlating several reaction mechanisms 

under each atmosphere condition. A three-step mecha-
nism for these two species for inert conditions with a set 
of 9 kinetic parameters for both was able to predict the 
thermal decomposition behavior. Results under oxidative 
atmospheres differed by species. The six-reaction oxidative 
mechanism proposed by Fateh et al. [74] was assessed for 
Mediterranean pine (Pinus pinaster) and tested previously 
by Benkorichi et al. [20] to simulate the thermal decom-
position of species studied in the present work but found 
that a single-step mechanism can describe char oxidation, 
regardless of the species. The results of the present study 
show that the experimental TGA for thermal decomposition 
under oxidative conditions can be predicted with a good fit 
using five reactions for EG leaves and four reactions for PR 
needles. From the optimization process carried out with the 
SCE method, we consequently propose a set of 18 and 15 
kinetics parameters for EG leaves and PR needles’ thermal 
decomposition process, respectively. These results can be 
useful for minimizing computational resources in numeri-
cal simulations of pyrolysis or biomass oxidation. Further 
studies are necessary to extend the optimization of kinetic 
parameters for native and endemic species, in order to gener-
ate new forest strategies in the near future.
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