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ABSTRACT: Torrefaction is a thermochemical process where the biomass is subjected to temperatures between 200 
and 300 °C in an inert or partially oxidative atmosphere to promote an energetic upgrade, adding value to this biofuel. 
Heat and mass transfer analysis is a complex transient problem that evolves an anisotropic medium with heterogeneous 
thermophysical properties during torrefaction. In addition, the processes advance with a complex set of degradation 
kinetics, developing endothermic and exothermic reactions that must be understood. Therefore, the present work aims 
to build a numerical model to analyze the thermodegradation kinetics and determine the heat generation within the 
biomass. The numerical modeling was established for Eucalyptus grandis biomass. First, a 0D kinetic model was built 
to predict the mass loss dynamics at one point (0D), applying a consecutive two-step reactions approximation 
discretized by the evolution of five pseudo-components. Second, an analysis of heat generation was established 
considering the solid degradation and organic groups that contemplate the released gases and their specific enthalpy. 
Finally, the processes were simulated considering the entire temperature range of torrefaction 200–300 °C for a 60 min 
treatment. The degradation prediction provided excellent goodness of fit with an R2>0.99 for all treatments. The 
calculated enthalpy of solid and volatile pseudo components formation presented reliable correlations (R2 > 0.99), 
providing the internal energy generation rate. The internal generation rates peaked between 20–40 min of treatment, 
the region where the biomass volatilization rate is maximum. The generation varied between approximately 25–
400 W kg−1 of biomass, considering torrefaction treatment between 200–300 °C.  
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1 INTRODUCTION 
 

The challenges of ensuring energy and environmental 
security arise from the interconnectedness of global 
development and the escalating anthropogenic emissions 
resulting from economic expansion [1]. In response to 
these concerns, Sustainable Development Goal 7 
emphasizes prioritizing clean technology [2]. 

Biomass as a renewable resource has garnered 
significant interest as a suitable feedstock for various 
thermochemical processes, including combustion, 
gasification, and pyrolysis [3–7]. However, raw biomass 
exhibits several undesirable characteristics, such as low 
bulk energy density, high moisture content, rapid moisture 
uptake, and a substantial energy penalty for size reduction 
[8]. Therefore, torrefaction has emerged as a promising 
thermal pre-treatment technique to improve biomass's 
overall properties to solve these challenges [9–13]. In 
addition, the treatment adds more excellent commercial 
value to biomass, creating a more competitive scenario 
among the fuels available on the market.  

Due to the time and temperature ranges of the process 
(200–300 °C) and low CO2 emission, torrefaction presents 
a high potential to be used as upgrading pre-treatment 
within the production chain of this fuel [10,13]. However, 
due to the nature of the procedure, the treatment requires 
energy expenditure and adds costs to the material 
produced. Therefore, prediction models for evaluating the 
thermo-physical properties of biomass during treatment 
are of utmost importance for optimizing the process and 
minimizing energy expenditure and the production cost of 
treated biomass toward continuous reactors designed for 
industrial-scale operation. 

Torrefaction treatment encompasses various physical 
and chemical phenomena within the biomass particles, 
such as convection, diffusion of volatile compounds, and 
external and internal heat transfer [14].  

In the case of sufficiently small particles (2 mm), 
torrefaction generally does not encounter restrictions 
regarding heat and mass transfer [6,7]. Nevertheless, for 
industrial-scale torrefaction, preference is given to larger 
particles (>2 mm) to mitigate the high energy demand 
associated with grinding raw biomass [15–17]. In this 
scenario, significantly more intricate interactions occur 
where heat transfer restrictions lead to a temperature 
gradient within the particle, resulting in uneven chemical 
processes. In addition, the non-uniform heat release from 
exothermic decomposition reactions further enhances the 
process heterogeneity and may potentially trigger a 
thermal runaway [14,18]. 

Previous research has been conducted on torrefaction 
modeling of wood particle scale [8,13,19,20] and main 
wood components [21]. The studies focused on the two-
step mechanism for kinetics description, pseudo-
component evolution throughout torrefaction, and solid 
and volatile components description. However, only a few 
numerical studies assessed the set of degradation reactions 
and evaluated the behavior of the thermophysical 
properties of the biomass along the thermodegradation 
process through the torrefaction route [14,22,23]. 
Therefore, deep mechanisms discussion and insights 
concerning the heat generation prediction within biomass 
during torrefaction are still scarce in the literature.  

In this context, the present work aims to build a Python 
script to analyze the thermodegradation kinetics and 
formulate equations to predict the solid yield, ultima 
composition of torrefied biomass, the composition of 
released volatiles and the heat generation within the 
biomass. 
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2 MATERIAL AND METHODS 
 
2.1 Feedstock 

Micro samples of a Eucalyptus grandis tree, 
investigated in the previous study [8,11,24], served as 
feedstock for the present study. The samples were 
harvested at the University of Brasilia's site for 
lignocellulosic biomass-controlled crops. The 
unprocessed material was crushed, sieved through a 60 
mesh (0.250 mm) screen, and dried at 105 °C. Table I 
present the feedstock properties. 

 
Table I. Proximate and elemental analyses of Eucalyptus 
grandis [8,11]. 
 

Raw material [8,11] Eucalyptus Grandis 
Proximate analysis (%) a 

Fixed carbon  19.02 
Volatile matter  80.9 
Ash 0.08 
Ultimate analysis (%) a 
C 44.28 
H 5.65 
N 0.22 
O b 49.85 
Chemical formula CH1.53 O0.85N0.004 
Calorific (MJ kg–1) 
HHV  18.08 

a Dry basis, b O calculated by difference. 
 

2.2 TGA apparatus and torrefaction procedure 
Torrefaction experiments were performed for 15mg 

samples using an SDT Q600 TGA from TA Instruments 
(relative error was controlled below 3%) [24]. The 
experimental apparatus contemplates a nitrogen steel 
cylinder, a rotameter (N2 flow of 50 mL min-1), a reaction 
unit (SDT Q600), and a torrefaction process control and 
data acquisition computer [24]. 

Torrefaction was performed at five temperatures (210, 
230, 250, 270 and 290 °C, with a holding time of 60 min 
and a linear heating rate of 5 °C min–1 [24]. Before 
torrefaction, the samples were heated from room 
temperature to 105°C and maintained isothermally for 
20min to ensure dry conditions [24].  

The evaluation of thermal degradation behavior 
throughout torrefaction was conducted by comparing the 
dried weight prior to torrefaction (𝑤#) and the weight 
during torrefaction (𝑤$(%)). The solid yield (𝑆() over time 
was determined with Eq. (1) [17,25–27], providing the 
instantaneous mass variation (TGA). 

 

𝑆𝑌 % =
𝑤$(%)
𝑤#

×100 (1) 

 
2.3 Kinetic modeling 

The two-step kinetic model, firstly proposed by [28] 
and further optimized by [8,17,29], was applied to obtain 
kinetic reaction rates (solid (𝑘/, 𝑘0) and volatile (𝑘12, 
𝑘13)) and to predict the thermal degradation behavior. The 
model, uses a first-order mechanism composed by a two-
step consecutive reactions (Eqs. (1) and (2)) and four 
reaction rates constants 𝑘$ (min-1,	𝑖 = 𝐵, 𝐶, 𝑉2, 𝑉3) defined 
by the Arrhenius law [16]. 

 

1st reaction step: 	 𝐴
;< 𝐵

		𝐴
;=< 𝑉2

  (2) 

2nd reaction step: 	 𝐵
;> 𝐶

		𝐵
;=> 𝑉3

 (3) 

 
 In this approach, the torrefaction products are lumped 

into five pseudo-components: solid (feedstock 𝐴, 
intermediate solid 𝐵 and residue 𝐶) and volatiles 𝑉2 and 𝑉3 
[28]. The total volatile is described by the sum of 𝑉2 and 
𝑉3. Meanqhile, the total solid yield is expressed by the sum 
of masses of 𝐴, 𝐵, and 𝐶 [28]. The model was applied by 
fitting numerical profiles to the experimental solid yield 
𝑆(
(?) 𝑡  (obtained with TG equipment) using a fmincon 

minimization function in Matlab® [16]. Detailed model 
can be accessed in previous publications [8,15–17,27,30–
33]. 

 
2.4 Prediction of the solid composition 

The elemental composition of the solid pseudo-
components was defined as a function of the relative 
reaction rates and the elemental composition of the raw 
material [19]. As a simplifying hypothesis, it is assumed 
that the elementary composition of the pseudo-component 
𝐴 is constant and equal to the composition of the material 
in natura. The composition of 𝐵 and 𝐶 defined based on 
the relative reaction rates and the elemental composition 
of the volatiles 𝑉2 and 𝑉3. 

 
2.5 Prediction of the volatile composition 

The model of the elemental composition of the volatile 
pseudo-components was defined according to the 
chemical species volatilized during the torrefaction 
process. Water, acetic acid, formic acid, methanol, lactic 
acid, furfural, hydroxyacetone, carbon dioxide, and carbon 
monoxide are the main chemicals volatilized in this 
process [34]. Water is the most abundant condensable 
chemical species among the non-condensable species, 
CO2 is the dominant chemical volatiles [34]. 

These two hypotheses were used as a relationship 
between the proportions of volatilized chemical species, as 
shown in Eqs. (4–6), where the subscripts 𝑎 to 𝑖 denote 
acetic acid, water, formic acid, methanol, lactic acid, 
furfural, hydroxyacetone, carbon dioxide, and carbon 
monoxide, respectively. 

 
𝑌B < 𝑌D (4) 
𝑌E, 𝑌F, 𝑌G, 𝑌H, 𝑌I, 𝑌J < 𝑌D (5) 
𝑌B < 𝑌$ (6) 

 
Disregarding nitrogen mass fraction in volatile 

compounds and assuming the elemental composition of 
the volatilized pseudo-components is constant throughout 
the treatment, the mass balance of carbon, hydrogen and 
oxygen was defined in Eq. (7), where 𝑌0K , 𝑌LK , 𝑌MK , 
corresponding to the mass of carbon, hydrogen and 
oxygen, normalized by the molar mass of the chemical 
species 𝑛 [8,19].  

The term 𝑌HOPQ  corresponds to the mass of the species 
𝑛, normalized by the total volatilized mass. The terms 𝑌0R , 
𝑌LR  and 𝑌MR  define the mass of carbon, hydrogen and 
oxygen in the raw biomass, the term 𝑌O corresponds to the 
resulting solid mass at the end of treatment, normalized by 
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the initial mass, obtained by simulating mass loss. 𝑌0STU , 
𝑌LSTU  and 𝑌MSTUUVWXVY  correspond to the normalized mass of 
carbon, hydrogen and oxygen obtained from the elemental 
analysis [8]. 
𝑌0Z … 𝑌0Z
𝑌LZ … 𝑌LZ
𝑌MZ … 𝑌MZ

𝑌E
⋮
𝑌$

	= 	
𝑌0R − 𝑌 𝑌0STU
𝑌LR − 𝑌 𝑌LSTU
𝑌MR − 𝑌 𝑌MSTU

 (7) 

 
The solution for Eq. (7) was obtained by the function 

linprog from the SciPy library, supplemented in Python, 
applying the restriction conditions established in Eqs. (4–
6). With the solution of Eq. (7), a new mass balance of the 
volatilized material was defined by Eq. (8) [19].  

 
𝑌1<
32# 𝑌1>

32#

⋮ ⋮
𝑌1<
3_# 𝑌1>

3_#

𝑌E,1< … 𝑌$,1<
𝑌E,1> … 𝑌$,1>

=
𝑌E32# … 𝑌$32#
⋮ … ⋮

𝑌E3_# … 𝑌$3_#
 (8) 

 
The system presented in Eq. (8) was solved using the 

least squares method, and the obtained result defines the 
proportion of chemical species present in the pseudo-
components 𝑉2 and 𝑉3 and, therefore, their elementary 
compositions. 

 
2.6 Prediction of the enthalpy of the reaction 

The enthalpy of the formation of solid fuels can be 
approximated by their higher calorific value [22]. An 
approximation of enthalpy is presented in Eq. (9), where 
𝐻𝐻𝑉, 𝑣b and 𝐻c∘ are the higher calorific value in J	mol–1, 
the number of moles of the product or reactant 𝑗 (mol) and 
the enthalpy of formation of the products or reactants 𝑗 in 
J	mol–1, respectively [35]. 

 

𝐻𝐻𝑉 ≈ 𝑣b𝐻c∘
b UVZgVQSh

− 𝑣b𝐻c∘
b iUTYjkSh

 (9) 

 
Complete combustion can be defined as a reaction 

Eq. (10), where the coefficients 𝑥 and 𝑦 represent the 
number of carbon and hydrogen atoms, respectively [36]. 
With the number of moles defined, the enthalpy of the 
formation of solid pseudo-components can be estimated 
based on their elemental composition, as in Eq. (11). 

 

𝐶n𝐻o𝑂3 +
𝑦 + 4𝑥 − 4

4
𝑂3 ⟶

𝑦
2
𝐻3𝑂 + 𝑥𝐶𝑂3 

 
(10) 

𝐻0uLvM>
∘ ≈ 𝐻𝐻𝑉 +

𝑦
2
𝐻L>M
∘ + 𝑥𝐻0M>  

 
(11) 

The HHV can be described as a function of the 
elemental composition of the biomass, as defined in 
Eq. (12) in J	kg–1 [37]. 

 
𝐻𝐻𝑉 = 10w× 0.3328𝑌0 + 1.1576𝑌L

− 0.0608𝑌M − 0.6875  
 

(12) 

 Therefore, the HHV can be defined for the solid 
pseudo-components 𝐴, 𝐵 and 𝐶, relating the ultimate 
compositions of these pseudo-components.  

The conversion step from 𝐻0uLvM>
∘  in J	 mol–1 to 

𝐻0uLvM>
∘  in J	kg–1 was established by dividing Eq. (11) and 

the molar mass of the solid biomass. Thus, Eq. (13) was 
obtained and the enthalpy of the reaction of the solid 
pseudo-components. 

 

𝐻0uLvM>
∘ ≈ 𝐻𝐻𝑉	 +

1
𝑥 ⋅ 𝑀�� + 𝑦 ⋅ 𝑀�� + 2 ⋅ 𝑀��

𝑦
2
𝐻L>M
∘

+ 𝑥𝐻0M>  
(13) 

2.7 Prediction of the heat release (internal energy) 
Two reaction steps were defined to estimate the energy 

released during the torrefaction process, converted into 
heat. In the first, the 𝐴 pseudo-component is decomposed 
and in the second, 𝐵 [22]. The enthalpy balances for the 
two decomposition reactions are described in Eqs. (11), 
and (12), where 𝛽, 𝜐, 𝛾 and 𝜉 are the relative reaction rates, 
and 𝐻�∘  are the enthalpies of reaction of the 
pseudocomponents 𝑋 = (𝐴, 𝐵, 𝐶, 𝑉2, 𝑉3). 
 
Δ𝐻�,2∘ = 𝛽𝐻/∘ + 𝜐𝐻1<

∘ − 𝐻�∘

𝛽 =
𝒦2

𝒦2 + 𝒦𝒱<

𝜐 =
𝒦𝒱<

𝒦2 + 𝒦𝒱<

 (14) 

Δ𝐻�,3∘ = 𝛾𝐻0∘ + 𝜉𝐻1>
∘ − 𝐻/∘

𝛾 =
𝒦3

𝒦3 + 𝒦𝒱>

𝜉 =
𝒦𝒱>

𝒦3 + 𝒦𝒱>

 (15) 

 
The decomposition rates were defined in terms of the 

normalized masses 𝑌� and 𝑌/, of 𝐴 and 𝐵 by Eqs. (14) and 
(15), respectively [19]. The author also defined the rate of 
energy released 𝑞 as the sum of the products of 𝑟$ and 
Δ𝐻�,$∘ , where 𝑖 is the reaction step , as shown in Eq. (16). 
 
−𝑟2 = 𝑘2 + 𝑘1< 𝑌� 

(16) −𝑟3 = 𝑘3 + 𝑘1> 𝑌/ 
𝑞 = −𝑟2Δ𝐻�,2∘ − 𝑟3Δ𝐻�,3∘  

 
 
3 RESULTS 
 
3.1 Torrefaction  

Figure 1 presents the thermodegradation prediction 
and the experimental data [8] for the five torrefaction 
temperatures (210, 230, 250, 270, and 290 °C).  

As shown in Fig. 1, the results obtained in the mass 
loss simulations are suitable for fitting the experimental 
values observed in [8], which corroborates the validation 
of the observed results. Furthermore, as can be seen, the 
correlation points between the data are close to the perfect 
correlation curves for the five mass loss simulations, with 
an R2 factor of 0.99 for all torrefaction conditions, in both 
mass loss curves (Fig. 1a) and their derivatives (Fig. 1b). 
Figure 2 presents the elemental composition and 
proportion of chemical species in volatile material. 

As depicted in Fig. 2a, in volatile pseudo-component 
𝑉2, water and carbon dioxide constitute over 50% of its 
mass proportion. Previous studies [8] have indicated that 
in the initial stage of the computer simulation, the primary 
devolatilization mechanism is the formation of 𝑉2. By 
considering the findings presented in Fig. 2a, it is evident 
that the formation of 𝑉2 primarily drives the 
devolatilization of water at the process's inception, 
outweighing 𝑉3 as a carbon fixation mechanism in the 
initial process. The results obtained indicate a more 
equitable distribution between the other volatilized 
components present in 𝑉2 and 𝑉3. 

31st European Biomass Conference and Exhibition, 5-8 June 2023, Bologna, Italy

950



 

 
Figure 1: (a) Experimental data (TG profiles) from [8] and 
predicted data. (b) Derivative thermogravimetric (DTG) 
profiles and numerical prediction results. 
  

 
 
Figure 2: Elemental composition and proportion of 
chemical species in volatile material. (a) Volatile 
pseudocomponent 𝑉2, (b) Volatile pseudocomponent 𝑉3. 
 

Fig. 3 depicts the prediction model results for heat 
generation during the torrefaction process, showing a 
continuous exothermic behavior and an increasing energy 
release rate with temperature. The heat release peaks range 
from 25.4 W	kg-1 at 210 °C treatment to 432.1 W	kg-1 at 
290 °C. A similarity is evident between the numerical 
curves of mass loss (Fig. 1b) and released energy (Fig. 3), 
as observed by comparing the two figures. Mass loss and 
energy release peaks coincide in terms of timing. This 
similarity suggests that the released heat is more closely 
associated with the overall mass loss process (volatile 
formation and release) than a specific pseudo-component's 
mass loss. 
 

 
Figure 3: Heat release rate normalized by initial mass of 
torrefied material. 
 
 
4 CONCLUSIONS AND FUTURE DIRECTIONS 
 

In this work, a thermochemical degradation kinetics 
model was developed and validated with a high R2 value 
of 0.99. This model allowed for the evaluation of the 
elemental composition of biomass during torrefaction, 
enabling more accurate projections of energy gains in 
wood subjected to this treatment. The thermophysical 
properties of biomass were modeled using established and 
validated models from the literature, allowing for the 
assessment of specific mass, reaction enthalpies, energy 
release, thermal conductivity, and specific heat at a 
constant pressure throughout the torrefaction process. The 
simulation data was validated against literature data for 
other species. 
 The proposed mathematical model and constraint 
conditions for volatile material prediction provided results 
closely aligned with the literature. Furthermore, this 
contribution enables the determination of chemical 
proportions in volatilized pseudo-components based on 
the specific elemental composition of each torrefied 
biomass. Therefore, enhancing the accuracy of energy 
release predictions during the torrefaction process. 
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