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This work presents a numerical study of wood pyrolysis in a parallelepiped carbonizer equipped with a chimney and clay insulation to 
enhance charcoal yield. A thermal energy recovery system, consisting of six steel plates connected by five rods, was integrated to explore 
the potential for electricity generation. Simulation results indicate that the chimney exhaust temperature reaches approximately 350 K, 
making it suitable for drying or biomass preheating. The hot side of the final plate, intended to host a thermoelectric module, can reach 
a temperature of up to 443 K. Under these conditions, the TEG1-PB-12611-6.0 module can generate up to 3.97 W.

1. INTRODUCTION 
In the face of the energy crisis and global warming, biomass 

valorization is emerging as a promising solution [1]. Pyrolysis 
allows for the production of charcoal from agroforestry waste, 
but its yield strongly depends on the proper design of the 
carbonization device. Understanding the physical and 
chemical phenomena involved is therefore essential [2]. 

The heat released during carbonization can be recovered 
for other uses (drying, preheating, electricity generation). 
This study models a parallelepiped carbonization device 
incorporating a heat recovery system made of steel plates and 
rods. The objective is to simulate pyrolysis and 
thermomechanical transfers to optimize the system’s 
configuration. Finally, based on the characteristics of a 
commercially available thermoelectric module (TEG1-PB-
12611-6.0 an estimate of the maximum electrical power that 
the device can generate will be provided. 

2. PRESENTATION OF THE DEVICE STUDIED 
NUMERICALLY 

Figure 1 illustrates the FEM computational domain. 

 
Fig. 1 – Geometry of the carbonizer: (a) 3D model; (b) 2D clipping model 

(front); 2D clipping model (profile). 

The pyrolyzer chamber measures 31 cm in length, 25 cm 
in width, and 28 cm in height, with a total volume of 21.7 l. 
It’s insulated with 20 cm of clay to reduce heat loss and 
maintain temperature [3]. The system includes a 68 cm tall, 
7 cm × 5 cm cross-section chimney for gas release and 
pressure regulation [4]. Six steel plates (14 cm × 14 cm × 0.3 
cm), connected by five 23 cm steel rods, recover heat; their 
air gaps insulate and lower temperatures to safe levels 
(633 K) for thermoelectric modules [5], preventing damage 
from the chamber, which can reach 773 K [6]. 

3. MATHEMATICAL MODEL 

3.1. THE PYROLYSIS CHAMBER 
The COMSOL physical interfaces used to model this 

compartment will be presented. 
3.1.1. REACTION SCHEME 

Carbonization is a thermochemical process that occurs 
between 673 K and 873 K, with minimal oxygen, producing 
charcoal, tar, and gases [7]. In this study, wood decomposes 
into these products, with tar further breaking down into more 
gas and char. Initially described by Shafizadeh et al. [8], this 
model was later adapted by Blasi for wood pyrolysis 
modeling [9]. 

The mass source term 𝑄! 	#
"#
$!∙&

$and the heat source term 

𝑄̇ 	#'
$!$, which represent respectively the generation of 

volatiles and the heat exchange during the pyrolysis, are 
derived from the reaction scheme shown in Fig. 2. 

 
Fig. 2 – Contribution of Chemical Species to the: (a) mass source term;  

(b) heat source term. 

Thus, the mass source term is given by: 
𝑄! = 𝑘(ρ) + 𝑘*ρ) − (𝑘+,+𝑘*,)ρ( , (1) 

and the heat source term is: 
𝑄̇ = −/𝑘(∆ℎ( + 𝑘*∆ℎ* + 𝑘+∆ℎ+2ρ) − 

(𝑘*,∆ℎ*, + 𝑘+,∆ℎ+,)ρ( .                      (2) 
The Arrhenius equation provides the temperature dependence 

of reaction rates: 

𝑘- =	𝐴-e
."#$%.                                   (3) 

In this model, 𝑘-	[s⁻¹] denotes the reaction rate constant, 
𝐴-	[s⁻¹] is the pre-exponential factor, and 𝐸- 	[J/mol] represents 
the activation energy.  

The kinetic parameters, along with the corresponding reaction 
enthalpies, are presented in Table 1. The term ∆ℎ-	[kJ/kg] 
indicates the heat associated with each pyrolysis reaction. 

Table 1 
Model kinetics parameters and heats of pyrolysis [10]. 

Reaction Ai [s-1] Ei [J/mol] Dhi [kJ/kg] 
c 3.27·106 11,700 64 
t 1.08·1010 148,000 64 
g 
c2 
g2 

4.38·109 

1.00·105 

4.28·106 

152,700 
108,000 
108,000 

64 
-42 
-42 
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3.1.2. DARCY’S LAW 
During biomass carbonization, gases and tar are produced 

and flow slowly through the porous bed [11]. This flow is 
modeled using Darcy’s law, assuming laminar, 
incompressible, single-phase flow: 

/0&
/(
+ ∇ ∙ /ρ1𝐮2 = 𝑄!, (4)

where the ideal gas law gives the fluid density: 

ρ1 =
𝑃	 <∑ ω2

𝑀2
2 @

.3

R𝑇 . (5) 

Here ω- is the mass fraction of gaseous species i (gas, tar, 
air) and 𝑀- [kg/mol], their molar weight, which are 
respectively 0.038, 0.11, and 0.029. R = 8.314 J/(K·mol) 
represents the universal ideal gas constant. The relation: 

𝐮 = −
κ
µ∇𝑃,

(6) 

provides Darcy’s velocity, where κ = 5·10-16 m2 is the 
effective permeability of the biomass bed; μ = 3·10-5 kg/(m∙s) 
is the dynamic viscosity of the gas mixture, and ∇𝑃 [Pa/m] 
is the pressure gradient—using eq. (4) to (6), the mass 
conservation can be rewritten in terms of pressure, 
temperature, and mass fraction. 

d𝑃
d𝑡 + ∇ ∙ <−

κ
M𝑃∇𝑃@ =

𝑄!

𝑃	 <∑ ω2
𝑀2

2 @
.3

R𝑇

. (7)
 

The initial pressure is 𝑃4 = 0, relative to the reference 
pressure, P = 1 atm.  

For the chimney holes, the boundary condition is given by 
the law of Hagen-Poiseuille [12]: 

𝑚̇56718+9 = −Nρ
π𝑟:

8µ𝐿𝐴	
𝑃, (8) 

where N = 6 holes on each wall surface 𝐴 (m²); L = 3·10-3 m 
is the length of the hole, each with radius r = 6·10-3 m, and P 
[Pa] is the pressure at the inlet of the hole. Thus, for the wall 
28 cm x 7 cm and the wall 28 cm x 5 cm 𝑚̇3 =
−0.613	[kg/(s ∙ Pa] ∙ 𝑃, respectively 𝑚̇, = −0.858	[kg/
(s ∙ Pa] ∙ 𝑃, (Fig. 3). For the other boundaries, zero flux: −𝐧 ∙
ρ𝐮 = 0. 

 
Fig. 3 – Mass flux exchange between pyrolysis chamber and chimney. 

The pressure diffusion time constant is τ3 =
<'=
>?(

=
46.44	s.  
3.1.3. TRANSPORT OF CONCENTRATED SPECIES IN 

POROUS MEDIA 
This interface models the movement of volatile gases in 

the pyrolysis chamber, including convection, diffusion, and 
chemical reactions. The mass conservation equation for the 
volatile species i (pyrolysis gases, tar, and air) is: 

ερ!
∂ω"
∂t + ∇ ∙ 𝐉𝒊 + ρ!

(𝒖𝒕 ∙ ∇)ω" = 𝑅" , (9) 

where Ji is the diffusion flux described by Flick’s law:  

𝐉𝒊 = −ρ1 ^ε
:
A𝐷-∇ωB −ω-a𝐷2∇ω2)

"

b . (10) 

Where 𝐷- =
34)*!'

5
 are diffusivities and ε = 0.3 the 

porosity of the domain and 𝑅- #
"#
$!∙&

$ is the generation term 
source for the specie i with: 

⎩
⎪
⎨

⎪
⎧𝑅(87 = ρ1

∂ω(

∂𝑡 = 𝑘(ρ) − /k+, + k*,2ρω( ,

R#as = ρ1
∂ω*
∂𝑡 = 𝑘*ρ) + 𝑘*,ρωC.
RDBE = 0.	

(11) 

To model the incoming airflow that supports the 
carbonization process, we define the total velocity as 𝐮( =
𝐮 + 𝐮8-7, where 𝐮	is Darcy’s velocity and 𝐮8-7 the air inlet 
velocity prescribed as: |𝐮8-7| = 0.05$

&
. 

Initially, only air is present in the pyrolysis chamber 
ω*,4 = 0;	ω(,4 = 0;	ω8,4 = 1. 

It is assumed that there is no outward diffusive flux at the 
domain boundary 𝐧 ∙ 𝐉𝒊 = 0. 

The characteristic transport times were estimated for mass 
transfer. The diffusion time constant is τ,G =

<'

H
+
!I#

= 1.06 ∙

10:	𝑠, while the convection time is τ,+ =
H<
6,
= 2.24	s. Since 

τ,+ ≪ τ,Gconvective transport dominates over diffusive 
effects in species migration. 

3.1.4. HEAT TRANSFER IN POROUS MEDIA 
This phenomenon is modeled using the Heat Transfer in 

Porous Media physics interface, which formulates the 
governing equation under transient conditions as follows: 

(ρ𝐶?)JKK
∂𝑇
∂𝑡 + ∇ ∙

(−kJKK∇𝑇) + ρ1𝐶L,1(𝐮 ∙ ∇)𝑇 = 𝑄̇, (12) 

(ρ𝐶?)JKK = ερ1𝐶L,1 + ρM(
𝐶L,)ρ) + 𝐶L,+ρ+

ρ),4
). (13) 

The effective thermal conductivity is  

𝑘JKK = ε𝑘1 + o
𝑘)ρ) + 𝑘+ρ+

ρ),4
p +

13.5σ𝑇A𝑑
𝑒 , (14) 

where kf = 0.0258 W/(m×K) is the thermal conductivity of the 
fluid, σ = 5.67×10-8 W/(m2×K) is the Boltzmann constant, d = 
5×10-5 m is the effective diameter of the pore, and e = 0.95 is 
the emissivity. The specific heat capacity of wood (w); char (c); 
tar (t), and gas (g) are defined as a temperature function [13]: 
𝐶L,) =	1500 + T J/(kg∙K); 𝐶L,+ =	420 + 2´T	J/(kg∙K); 𝐶L,( =
	-100 + 4´T J/(kg∙K); 𝐶L,* =	770 + 0.63xT J/(kg∙K). The 
initial temperature is set to 𝑇4 = 298	𝐾. The thermal 
boundary conditions are illustrated in Figs. 4 and 5. 

The diffusive heat transfer time constant τAG =
<'(0O-).//

".//
≈ 10Q	s is much larger than the convective one 

τA+ =
H<
6,
≈ 2.24	s. This indicates that convective heat 

transfer plays a critical role in ensuring that thermal 
conditions suitable for carbonization, which occurs in a 
porous medium, are reached within practical timescales [14]. 
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Fig. 4 – Thermal boundary conditions: (a) autothermal flux;  

(b) heat exchange between pyrolysis chamber and recovery system (steel 
plates and rods). 

 
Fig. 5 – Thermal boundary conditions: Heat exchange between pyrolysis 

chamber and: (a) the insulating clay; (b) chimney. 

The diffusive heat transfer time constant τAG =
<'(0O-).//

".//
≈ 10Q	s is much larger than the convective one 

τA+ =
H<
6,
≈ 2.24	s. This indicates that convective heat 

transfer plays a critical role in ensuring that thermal 
conditions suitable for carbonization, which occurs in a 
porous medium, are reached within practical timescales [14]. 

3.1.5. DOMAIN ORDINARY DIFFERENTIAL 
EQUATIONS AND DIFFERENTIAL-ALGEBRAIC 

EQUATIONS (DODES AND DAES) 
This interface allows you to define and solve custom 

equations locally. In this study, biomass decomposition is 
modeled using Arrhenius reaction rates, which describe the 
changes in wood (w) and char (c) over time. 

∂ρ)
∂𝑡 = 𝑆) = −/𝑘( + 𝑘* + 𝑘+2ρ) , (15) 

∂ρ+
∂𝑡 = 𝑆+ = 𝑘+ρ) + kR,ρ( . (16) 

The initial solid mass distribution in the domain is set with 
wood density ρS,4 	= 	700 "#

!!, and char density ρR,4 	= 	0. 
The characteristic time associated with the mass loss kinetics 
due to pyrolysis is given by: τ: =

3
(2,T20T21)

≈ 10,	𝑠. This 

characteristic time indicates that the pyrolysis process under 
study proceeds as a relatively slow thermochemical reaction, 
even after the activation temperature is reached [15]. 

3.2. THE INSULATE CLAY LAYER 
Thermal transfer in the solid material clay is modeled, 

considering conduction, internal heat sources, and boundary 
conditions. In transient regime, the equation is: 

(ρ𝐶?)	
∂𝑇
∂𝑡 + ∇ ∙

(−k	∇𝑇) = 0. (17) 

The initial temperature is set to 𝑇4 = 298	K, and the 
applied boundary conditions are illustrated in Fig. 5. (a), 
including natural convection on the outer walls. 

The characteristic time of the heat transfer in the clay is 
defined by τQ =

<'(0O-)	
2	

≈ 10:s indicating a slow diffusion 
of heat through the material. This high value suggests that 
clay provides effective thermal insulation by significantly 
slowing the propagation of heat. 

3.3. THE CHIMNEY 
To describe the physical phenomena occurring within the 

chimney, the Heat Transfer in Fluids interface is coupled 
with the Laminar Flow interface, which governs the fluid 
motion. Those equations are respectively: 

/ρ8-7𝐶?,8-72	[
∂𝑇
∂𝑡 +

(𝐮𝒄 ∙ ∇)𝑇] + ∇ ∙ (−	𝑘8-7∇𝑇) = 0, (18) 

𝝆𝒂𝒊𝒓 z
∂𝐮𝒄
∂𝑡 +

(𝐮𝒄 ∙ ∇)𝐮𝒄{ = −∇𝑝 + µ8-7∇,𝐮𝒄 + 𝐟. (19)	

𝐟 = ρ8-7/1 − β8-7(𝑇 − 𝑇EJK)2𝐠, (20) 
The temperature at the chimney entrance is assumed to be 

equal to the ambient temperature. At the outer, we have 
outflow condition: 

−𝐧 ∙ 𝐪 = 0. 
The characteristic times of diffusive and convection heat 

transfer are respectively: τXG =
<'03#4O-,3#4

23#4
≈ 4 ∙ 10A s and 

τX+ =
<
61
= 1.36	𝑠.  τX+ ≪ τXG . This suggests that the flow 

of pyrolysis gases in the chimney is dominated by convection 
driven by the thermosiphon effect [16]. 

3.4. THE HEAT RECOVERY SYSTEM 
The heat transfer and solid mechanics are coupled to 

deformation caused by temperature changes in steel plates 
and rods. The equilibrium equation governs the quasi-static 
behavior of a solid subjected to thermomechanical loads: 

∇ ∙ 𝐒 = 0, (21) 
where S [ Pa] is the stress tensor given by Hooke’s law: 

𝐒	 = 𝐶: (
1
2
[(∇𝐮	)Y + ∇𝑢	] − α/𝑇 − 𝑇791)	2, (22) 

where C [Pa] is the elasticity tensor; α	[s.3K.3] the linear 
thermal expansion coefficient, and 𝐮	[m] is the displacement 
field.  

• Initial condition: u = 0 (m); Z𝐮
ZC
= 0	 <$

&
@; 

• Boundary conditions: Fixed constraint for the 
exterior plate, u = 0 (m). 

The same equation as (17) governs the heat transfer in the 
system. The boundary condition is shown in Fig. 4. (b). The 
characteristic time of this transfer τ\ =

<'(0O-)	
2	

≈ 10,	s is 
relatively short, indicating that steel is a suitable material for 
heat recovery. 

4. SIMULATION PARAMETERS AND 
COMPUTATIONAL PROCEDURE 

We used a time step of 1 s, slightly below the smallest 
system time constant (1.36 s), to balance accuracy and 
efficiency. The simulation lasted 2 hours (7200 s) to monitor 
the process. Figure 6 illustrates the program workflow, 
encompassing preparation, solving, and analysis. 
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Fig. 6 – Diagram of the program execution procedure. 

5. RESULTS AND DISCUSSION 

5.1. PRESSURE AND TEMPERATURE DISTRIBUTION 
IN THE CARBONIZER 

Figure 7 shows the pressure distribution in the pyrolysis 
chamber after 7200 s. 

 
Fig. 7 – Pressure distribution in the pyrolysis chamber (red = 120 Pa,  

dark blue = 0 Pa) at t = 7200 s. 

The pressure distribution within the carbonizer reveals 
localized high-pressure zones, mainly in the heating regions. 
The maximum local pressure is about 120 Pa relative to 
pressure. Finally, low-pressure zones (20 Pa) are found near 
the gas outlet openings, where the gases escape, indicating a 
natural decompression of the system [17]. At the same time, 
Darcy’s velocity reaches a maximum of 0.002 m/s, with a 
corresponding maximum temperature of 800 K. Gas 
generation during carbonization serves as a mass source in the 
porous medium, thereby increasing fluid density and causing 
a pressure rise under constant-volume conditions [18].  

The pyrolysis gases, as they exit toward the chimney, heat 
up the fluid flowing through it. Figure 8 illustrates the 

temperature distribution within the chimney at t = 7200 s. 

 
Fig. 8 – Temperature distribution in the chimney  
(Yellow = 550 K, purple = 350 K) at t = 7200 s. 

The hottest area, reaching approximately 550 K, is located 
near the pyrolysis zone, also known as the main reaction area. 
On the other hand, cooler regions, with temperatures around 
350 K, are farther from the heat source at the outer edge of the 
chimney. The outlet temperature of 350 K can still be 
beneficial for applications such as preheating air or biomass 
to enhance the pyrolysis process [19], or for drying and other 
low-temperature processes. At 3600 s, the temperature 
reaches approximately 660 K throughout much of the pyrolysis 
chamber as shown in Fig. 9. 

 
Fig. 9 – Temperature distribution in the pyrolysis chamber  

(Yellow = 660 K, purple = 350 K) at t = 3600 s. 

Figure 9 shows a thermal equilibrium at above 660 K due 
to an advanced stage of pyrolysis, with cellulose and 
hemicellulose nearly fully decomposed. The temperature rise 
then slows, reaching about 770 K at 7200 s, due to the 
depletion of reactive components and the slower, less 
exothermic degradation of lignin [20].  

5.2. THERMO-MECHANICAL ANALYSIS OF THE 
PLATE-AND-ROD HEAT RECOVERY STRUCTURE 
Following the carbonizer simulation, the average 

temperature on the directly connected steel plate was evaluated 
and expressed as a polynomial function of time: 

𝑇(𝑡) = 313	[K] + 0.07 <
K
𝑠> ∙ 𝑡 + 4.82 ∙ 10

%& <
K
𝑠'> ∙ 𝑡

' −	

6.687 ∙ 10%(' D)*!E ∙ 𝑡
+. 

The temperature and von Mises stress distribution in the 
heat recovery system at 7200 s are shown in Fig. 10. 
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Fig. 10 – (a) Temperature distribution in heat recovery system at t = 7200 s 
(yellow = 819 K, violet = 395 K); (b) Von Mises Stress distribution in heat 

recovery system at t = 7200 s (white = 0 N/m², red = 6.81 ·107 N/m²). 

A thermal gradient forms from the first to the sixth plate, 
with temperatures decreasing from 819 K to 395 K. On the 
sixth plate, temperatures reach up to 410 K at the rod contacts 
and drop to 395 K at the coolest point, making it suitable for 
thermoelectric use. The highest stresses are concentrated at 
the corners of the sixth heated plate, reaching a maximum of 
6.81·10^7 N/m2. This is due to the mechanical anchoring 
designed for the thermoelectric generator. This maximum 
stress remains well below the steel’s yield strength of 
approximately 25·107 N/m² [21], indicating the system’s 
long-term durability. 

Figure 11 illustrates the evolution of the average 
temperature on the first and sixth plates during the 7200 s 
process, in a configuration where the first five plates are 
spaced 5 cm apart. 
 

 
Fig. 11 – Average temperature evolution on plates 1 and 6  

(5 cm spacing configuration). 

The first plate, directly exposed to the heat flux, quickly 
reaches about 750 K after 60 minutes and then stabilizes up 
to 120 minutes, a behavior consistent with findings by 
Dhaundiyal and al. during acacia wood pyrolysis [22]. In 
contrast, the sixth plate, located at the opposite end, heats up 
more slowly and reaches approximately 400 K after 120 
minutes, indicating a delay in heat transfer through the 
system. 

This temperature is suitable for bismuth telluride 
thermoelectric modules, which can withstand temperatures 
up to 360 °C (633 K). However, since it's well below the 
limit, other configurations could improve performance. For 
instance, replacing the plates with a 23 cm steel bar would 
raise the temperature to approximately 680 K (based on 
simulations). Still, it would increase the system's weight by 
a factor of 12 and exceed the module’s thermal limit. 

 

Fig. 12 – Average temperature evolution on plate 6 (1 cm; 2 cm; 3 cm and 
4cm spacing configuration). 

A better option is to optimize the plate spacing to enhance 
heat transfer while maintaining a lightweight and safe system. 
During the initial setup, the first and middle four plates were 
spaced 5 cm apart. The sixth plate remains fixed at the end, 
but the distances between the first plate (near the pyrolysis 
chamber) and the four middle plates will be adjusted to 1 cm, 
2 cm, 3 cm, and 4 cm, respectively. Figure 12 shows the 
average temperature on the sixth plate for those 
configurations. 

The graph shows that the closer the first five plates are, the 
faster the sixth plate heats up. With a spacing of 1 cm, the 
temperature reaches 443 K after 120 min, compared to 424 K, 
412 K, and 403 K for spacings of 2, 3, and 4 cm, respectively. 
This trend is due to more efficient heat conduction when the 
plates are closer together, allowing better heat recovery from 
the pyrolysis chamber and its transfer to the sixth plate 
(located at the outer end) through the five metal rods. 
Figure 13 shows the variation of maximum temperature (blue 
bar) and maximum von Mises stress (red curve) of the sixth 
plate as a function of the spacing. 

 
Fig. 12 – Maximum temperature and maximum Von Mises stress on Plate 

6 (1 cm; 2 cm; 3 cm; 4 cm and 5 cm spacing configuration). 

As spacing increases from 1 cm to 5 cm, the sixth plate’s 
maximum temperature drops from 467 K to 400 K, and the 
Von Mises stress falls more sharply from 1.8·108 Pa to 
6.8·107 Pa. This indicates reduced thermal expansion and 
mechanical stress. A 2 cm spacing offers the best balance 
between high temperature and moderate stress. 

5.3. OUTPUT POWER AND MATCHED LOAD 
RESISTANCE OF SEEBECK MODULE 

We plan to use the TEG1-PB-12611-6.0 module 
(TECTEG MFR), which supports temperatures up to 633 K 
and delivers approximately 9.5 W under ideal conditions. 
Manufacturer data helped estimate power and optimal 
resistance as a function of hot-side temperature (with the 
cold side at 303 K) [5]. 

𝑃(𝑇) = −10.9474	[W] + 0.0902 <
W
K> ∙ 𝑇 − 

2.907 ∙ 10%, <
W
K'> ∙ 𝑇

' + 3.6875 ∗ 10%- <
W
K+> ∙ 𝑇

+ 

𝑅./01(𝑇) = −1.0878	[Ω] + 0.0101 <
Ω
K> ∙ 𝑇 − 

2.0837 ∙ 10%2 D3)"E ∙ 𝑇
' + 1.5923 ∙ 10%& D3)!E ∗ 𝑇

+. 
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Fig. 13– Matched load output power and matched load resistance for TEG 

(1 cm; 2 cm; 3 cm; 4 cm and 5 cm spacing configuration).  

Within the studied temperature range, the maximum 
electrical power generated by the thermoelectric module 
increases significantly with the hot-side temperature, rising 
from about 2.221 W to 3.968 W as the spacing decreases 
from 5 cm to 1 cm. The optimal load resistance also increases 
slightly, from 0.633 Ω to 0.699 Ω, reflecting the 
temperature's influence on the module’s properties. 

8. CONCLUSION 
This study has enabled a numerical investigation not only 

of the pyrolysis process of wood chips in a parallelepiped 
carbonizer but also of the feasibility of efficiently harnessing 
the thermal energy generated. The results indicate that the 
hot air exiting the chimney reaches a temperature of 
aropproximately50 K, making it suitable for hot-air drying 
applications or for preheating the mass before carbonization. 
Moreover, the maximum temperature recorded on the hot 
side of the sixth steel plate (intended to support a 
thermoelectric module) can reach up to 443 K. Under these 
conditions, the selected TEG1-PB-12611-6.0 module can 
deliver a maximum electrical power of approximately 3.97 
W. These findings confirm the potential for integrating 
energy recovery solutions into pyrolysis systems, 
particularly for decentralized applications in rural areas. 
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