
Citation: Tagne, A.T.; Simo-Tagne,

M.; Kharchi, R.; Ndukwu, M.C.;

Assoumani, N.; Compaoré, A.;

Bennamoun, L.; Rogaume, Y.;

Zoulalian, A. Numerical Study of the

Pyrolysis of Wood Chips for

Biocharcoal Production: Influence of

Chips Geometry and Initial Moisture

Content. Energies 2022, 15, 4098.

https://doi.org/10.3390/en15114098

Academic Editor: David

Chiaramonti

Received: 9 May 2022

Accepted: 30 May 2022

Published: 2 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Numerical Study of the Pyrolysis of Wood Chips for
Biocharcoal Production: Influence of Chips Geometry
and Initial Moisture Content
Ablain Tagne Tagne 1, Merlin Simo-Tagne 2,3,4 , Razika Kharchi 5 , Macmanus Chinenye Ndukwu 6 ,
Nidhoim Assoumani 2 , Aboubakar Compaoré 7, Lyes Bennamoun 8,* , Yann Rogaume 3 and André Zoulalian 9

1 Faculty of Sciences, University of Yaoundé I, Yaoundé P.O. Box 812, Cameroon; tagneablain97@gmail.com
2 Team of Modeling and Simulation in Mechanics and Energetic, Department of Physics, Faculty of Sciences,

Mohammed V University, Av Ibn Battouta, P.O. Box 1014, Rabat 10000, Morocco;
merlin.simo-tagne@educagri.fr or simotagne2002@yahoo.fr (M.S.-T.);
ibadanasni@gmail.com or assoumani.nidhoim@um5r.ac.ma (N.A.)

3 INRAE, LERMAB, ERBE-F, University of Lorraine, 27 Rue Philippe Seguin, CS 60036, 88026 Epinal, France;
yann.rogaume@univ-lorraine.fr

4 Department of Forestry and Agriculture, CFA—CFPPA of Mirecourt, 22 Rue du Docteur Grosjean,
88500 Mirecourt, France

5 Centre de Développement des Energies Renouvelables, CDER, P.O. Box 62, Alger 16340, Algeria;
razkharchi@yahoo.fr

6 Department of Agricultural and Bioresources Engineering, Michael Okpara University of Agriculture,
Umuahia P.M.B. 7267, Nigeria; ndukwumcu@mouau.edu.ng

7 Laboratoire de Physique et de Chimie de l’Environnement (LPCE), Ecole Doctorale Sciences et
Technologie (ED-ST), Université Joseph Ki-Zerbo, Ouagadougou 03 BP 7021, Burkina Faso;
aboubaq_compnet@yahoo.fr

8 Department of Mechanical Engineering, University of New Brunswick, P.O. Box 4400,
Fredericton, NB E3B 5A3, Canada

9 INRAE, LERMAB, ERBE, Faculty of Sciences and Techniques, University of Lorraine, P.O. Box 70239,
54506 Vandœuvre-lès-Nancy, France; andre.zoulalian@univ-lorraine.fr

* Correspondence: lyes.bennamoun@gmail.com

Abstract: This study presents the modeling of wood chips pyrolysis, considering the initial moisture
content and taking into account the near-parallelepiped geometry of common wood chips, which
is not available among the simulated shapes of wood in the literature. The goal is to extend the
research and generate useful data on how different varieties of shapes and initial moisture contents
influence wood chips pyrolysis. The effects of temperature and thickness variation on the pressure of
volatile products, core temperature, and densities of pyrolysis products were studied. The model
was validated with the mass fraction of experimental data obtained from beechwood chips with a
density of 700 kg/m3 and thickness of 10 mm–30 mm at 973.15 K–1273.15 K. The mean absolute error
(MAE) and mean relative error (MRE) values were, respectively, 0.066 and 10.376% at 973.15 K, and
0.065 and 22.632% at 1273.15 K. High temperature favored the rate of biocharcoal production from
the surface to the core, though part of the biocharcoal was lost at the surface.

Keywords: pyrolysis; wood shapes; modeling; heat mass transfer; moisture content; biocharcoal

1. Introduction

Wood products are used in building, packaging, furnishing, energy generation, and
more [1]. Wood is constituted of three main chemical components: cellulose, hemicelluloses,
and lignin. Some studies show that wood composition depends on the origin, maturity,
and species type [2–4]. The composition of wood is also influenced by the type of wood
(hardwood, softwood, pine back, husks, peat, etc.) [5]. During the production of wood
products, a lot of biomass is produced in the form of wood chips, sawdust, ash, and so
on. Wood, as lignocellulosic biomass, is efficient in the production of clean, renewable,
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and sustainable fuels [6,7]. This can be achieved by applying different energy-harnessing
methods. The most common method applied is the controlled thermal decomposition of the
biomass at different temperature ranges to yield biogas, bio-oil, and biocharcoal for different
applications [8,9]. The technologies available to do this include combustion, gasification,
and pyrolysis processes. However, pyrolysis is the only process capable of collectively
producing condensable gas, liquid fuel, and charcoal at a temperature ranging between
400 and 600 ◦C [9,10]. Pyrolysis has been proven to be an efficient conversion process for
producing alternative fuel and biocharcoal with low greenhouse gas emissions [11]. Among
the byproducts of pyrolysis, biocharcoal can be easily utilized in most African countries
for agricultural purposes, since the technology to refine the gas and liquid oil as energy is
lacking. Applications of biocharcoal in the co-firing of plants and metallurgical processes
have also been reported [12,13].

In most cases, the challenge in adopting the pyrolysis method to generate energy and
biocharcoal is the cost of building the plant, which first requires the study of operating pa-
rameters [14]. These parameters are usually generated through costly experimental studies.
The setback is that the data required for optimization purposes are limited in the literature
for different biomass compositions. Nevertheless, the advent of different computational
software has presented powerful tools to numerically simulate all operational conditions,
which can be brought to reality in physical designs of pyrolysis [15]. Several numerical
simulation studies for biomass including wood chips are available in the literature [16,17].
Successful modeling of the process depends on knowledge of the reaction scheme, which
is a complex process. This reaction scheme depends on the mechanism of the heat and
mass transfer between the reactor and the product. The dynamics of heat flux surrounding
the wood chips, as heat is transferred from the surface to the core, are related to their
shape [18,19]. Investigating some possible shapes of wood chips, the authors of [18,19]
showed that the pyrolysis duration and the final mass fraction are shape dependent. The
intra-particle structural dynamics of the wood chips are also affected by the shapes. The
shape of the biomass during pyrolysis can lead to differences in the characteristic length of
the transport phenomenon for heat and mass transfer [20]. However, the authors of [18]
simplified their choice of shapes for ease of numerical simulations. Considering the effect
of the shape of wood chips on heat and mass transport phenomenon and product yield,
Atreya et al. [19] studied cuboids, cylinders, and spherical shapes. They found that the
duration for completion of the pyrolysis processes, mass loss measurement, iso-surface for
internal pressure, and heat generation was highest for spheres and lowest for cubic shapes,
and that these measures are affected by the shortest distance for heat and mass transfer.
Okekunle et al. [18] considered cylindrical, rectangular, equant, and disc-shaped wood
chips in their pyrolysis studies. They observed high biochar yield for rectangular shapes
at a lower temperature. Park et al. [21] considered spherical shapes and observed sample
splitting due to the weakness of the structure and the generation of internal pressure.
However, they suggested that moisture content, which they did not study, might have the
same effects as the internal pressure and structural weakness on the wood chips during
pyrolysis. Although these simplified shapes of wood chips have been studied for ease of
numerical simulations, a closer observation of wood chips can present diverse shapes. In
Africa and some developing countries, wood processing is still dominated by traditional
semi-automatic and economical wood saw methods. As a result, it suffers from positioning
errors, which include non-central alignment of saw pattern and non-parallel direction of
the infeed, thus commonly producing near-parallelepiped-shaped chips [22], as shown in
Figure 1.
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Figure 1. A typical wood chip showing predominant near-parallelepiped shapes [23].

A thorough search of the literature showed that no study has adopted a near-
parallelepiped shape in the numerical simulation of wood chips pyrolysis to study the heat
and mass transport phenomena. This is important, as this shape might be the predominant
shape of wood chips generated in Africa and other countries, and it can be central to the
optimum design of pyrolysis plants in Africa. Therefore, this work aimed to extend the
study of Park et al. [21] and Atreya et al. [19] to include parallelepiped-shaped chips, with
more emphasis on producing more biocharcoal. This will include the influence of initial
moisture content omitted by Park et al. [21], because of its importance in modifying the
thermo-physical properties of the wood [24–27].

2. Model Developments

The multi-reaction approach proposed by Di-Blasi and Russo [28] was used in this
study (Figure 2a). Two scenarios were followed in the simulation process. In the first case,
the wood is considered dry (Figure 2a), while in the second case (Figure 2b), the wood is
considered not dry but humid, and it has a high initial moisture content. The second case is
taken to integrate the suggestion of Park et al. [21]. Vapor is considered to be generated
during the primary reactions. During these reactions, gas, tar, and charcoal are produced.
The secondary reactions allow for the transformation of a part of the produced tar into gas
and biocharcoal.
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Figure 2. Thermo-chemical transformations of Di-Blasi and Russo model (a) without influence of
moisture content, and (b) with influence of moisture content.

In the first case, because the wood is considered completely dry, the drying process is
neglected, and the heat balance and mass conservation equations for solids, gases, steam,
and liquid are written as follows [21,28–30]:
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

(
ρbCpb + ρcCpc + εpor

(
ρgCpg + ρtCpt

))
∂T
∂t = −

(
ρgCpg + ρtCpt

)
u ∂T

∂x + λ ∂2T
∂x2 + Q′′r

∂ρb
∂t = −

(
kc + kg + kt

)
ρb

∂ρc
∂t = kcρb + εporkc2ρt

∂(εporρg)
∂t +

∂(ρgu)
∂x = kgρb + εporkg2ρt

∂(εporρt)
∂t + ∂(ρtu)

∂x = ktρb − εpor
(
kc2 + kg2

)
ρt

(1)

Q′′r = Q′′end + Q′′exo (2)

Q′′end = ρb
(
kg∆hg + kt∆ht + kc∆hc

)
; Q′′exo = εporρt

(
kg2∆hg2 + kc2∆hc2

)
(3)

Parameters ki are given in Table 1. To add the influence of vapor for the second
case, where the wood is not dry, the heat transfer (first equation of the set 1) is modified
as follows:

(
ρbCpb + ρcCpc + εpor

(
ρgCpg + ρtCpt

))∂T
∂t

= −
(
ρgCpg + ρtCpt

)
u

∂T
∂x

+ λ
∂2T
∂x2 + Q′′r − kvρmεporHLv (4)

Table 1. Constants used [28,29].

Parameters Ei (J/mol) Ai(s−1)

k1(s−1) 88.6× 103 5.16× 106

k2(s−1) 112.7× 103 1.48× 1010

k3(s−1) 106.5× 103 2.66× 1010

kg2(s−1) 108× 103 4.28× 106

kc2(s−1) 108× 103 1.00× 106

Mass transfer of vapor is given by:

∂H
∂t

= DH

(
∂2H
∂x2

)
(5)

The boundary equation of humidity is given by:

DH
∂H
∂x
→
n = hm

(
Xeq − H

)→
n 1 (6)

To consider the presence of water in wood, the equilibrium moisture content, Xeq, is
calculated according to the relation of Simpson and TenWolde [31]:

Xeq =
18
A

(
B × RH

1− B × RH
+

C × B × RH + 2× C × D × B2 × RH2

1 + C × B × RH + C × D × B2 × RH2

)
(7)

Coefficients A, B, C, and D are given in Table 2, with T in ◦C. RH is the relative
humidity of air in %/100. To add the influence of moisture in the second case, the mass
conservation Equation (1) in the first case for gas is modified to add water vapor as follows:{

∂ρv
∂t = kvρb

∂ρb
∂t = −

(
kv + kc + kg + kt

)
ρb

(8)
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Table 2. Material properties and kinetic parameters for model equations.

Parameters Values References

ρg ρG + ρt [16]
εpor 1− ρb

1500 [24]
λ ηλb + (1− η)λc + εporλg + σT3d/ε [16]
d 4× 10−5m a [16]
ε 1 [16]
λb 0.1046 W/(m.K) [32]
λc 0.071W/(m.K) [32]
λg 0.025W/(m.K) [32]
σ 5.67× 10−8Js−1m−2K−4 [24]
η ρb/ρb0 [16]

∆hg; ∆ht; ∆hc −418× 103 J/kg [16]
∆hg2; ∆hc2 42× 103 J/kg [16]

Cpb 1400 + 0.3 T [32]
Cpc

(
0.42 + 0.09× 10−3T + 6.85× 10−7T2

)
× 103 [32]

Cpt
(
−0.1 + 4.4× 10−3T− 1.57× 10−6T2

)
× 103 [32]

Cpg
(

0.77 + 6.29× 10−4T− 1.91× 10−7T2
)
× 103 [32]

Kb 1.18× 10−19m2 (tangential) [32]
Kc 1.28× 10−18m2 (radial) [32]
µ 8.5× 10−6 + 0.0296× 10−6 T (kg/(m.s)) [32]

Mg 75× 10−3kg/mol [32]
kv AH2OT

−1
2 exp

(
− EH2O

R.T

)
[4,24–27,33–37]

AH2O 6× 105s−1 K1/2 [4,24–27,33–37]
EH2O 48.22× 103 J.mol−1 [4,24–27,33–37]

A 349 + 1.29Ta + 0.0135Ta
2 [24]

B 0.805 + 0.000736 Ta − 0.00000273 Ta
2 [24]

C 6.27− 0.00938 Ta − 0.000303 Ta
2 [24]

D 1.93 + 0.0407 Ta − 0.000293 Ta
2 [24]

DH exp
(
−9.9 + 9.8Xeq − 4300

Ta

)
[24]

Lv (3335−2.91 T) × 103 (J/kg) [24]
λb

ρb
ρl
(0.2003 + 0.00548H) + 0.02378 (W/(m.K) [24]

Cpb

Cpo+HCpw
1+H +

H
(
−0.06191 + 2.36× 10−4T − 1.33× 10−4H

)
(kJ/(kg. K)

[24]

Cpo 0.1031 + 0.003867T (kJ/(kg. K) [24]
Cpw 4.19 (kJ/(kg. K) [24]

Initial values and boundary equations are described below.
Initial conditions are as follows:
T = To = 293.15 K, ρb = ρbo = 700 kg/m3, ρc = ρt = ρg = 0 kg/m3, u = 0.
The boundary equation of heat transfer is given by:

λ
∂T
∂x
→
n =

(
qi + σ

(
Tfi

4 − Ti=0,max
4
)
+ hconvi(Tai − Ti=0,max)

)→
n 1 (9)

The intensity of the radiative heat flux qi was taken as 0 kW.m−2–45 kW.m−2, depend-
ing on the situation. Parameters, such as activation energies and frequency constant, are
given by Di-Blasi and Russo [28] and Gronli [29] and are presented in Table 1.

Pressure Evolution
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Assuming a perfect gas, the pressure evolution equation gives:

∂

∂t

(
εporP

T

)
=

1
2

∂

∂x

(
K
µT

∂P2

∂x

)
+

Rwg

Mg
(10)

Wg =
∂
[
εpor(ρG + ρt)

]
∂t

+
∂
[
u
(
ρg + ρt

)]
∂x

(11)

The perfect gases constant is given by R = 8.314 J/(mol.K). Using Darcy’s law, the
velocity of total gases (tar + gas) can be estimated. Thus, we have:

u = −K
µ

∂P
∂x

(12)

Intrinsic permeabilities (K) of wood have been taken from Gronli [29] and are given by:

K = ηKb + (1− η)Kc (13)

The material properties and kinetic parameters for all the model equations are pre-
sented in Table 2 below.

Numerical Simulation Procedure
The numerical equations were solved using the finite differences method in Fortran 90,

and the iteration time steps is 0.05 s, and each sample divided in 61 parts. To incorporate
the geometry of the shape in the simulation, the i and j nodes indicating space and time
were used to obtain convergency of the simulated results. The simulation algorithm is
shown in Figure 3.
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Heat transfer is given by:

Tj+1
i = Aj

iT
j
i + Bj

iT
j
i+1 + Cj

iT
j
i−1 + Dj

i (14)

Aj
i = 1 +

[(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)
uj

i −
2λj

i
∆x

]
∆t

∆x
(
ρb

j
iCpb

j
i + ρc

j
iCpc

j
i + εpor

j
i

(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)) (15)

Bj
i =

[
λ

j
i

∆x −
(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)
uj

i

]
∆t

∆x
(
ρb

j
iCpb

j
i + ρc

j
iCpc

j
i + εpor

j
i

(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)) (16)

Cj
i =

λ
j
i∆t(

ρb
j
iCpb

j
i + ρc

j
iCpc

j
i + εpor

j
i

(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

))
(∆x)2

(17)

Dj
i =

Q′′r
j
i∆t(

ρb
j
iCpb

j
i + ρc

j
iCpc

j
i + εpor

j
i

(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)) (18)

When moisture content is considered, only Dj
i is changed to give:

Dj
i =

(
Q′′r

j
i − kv

j
iρm

j
iLv

j
i

)
∆t(

ρb
j
iCpb

j
i + ρc

j
iCpc

j
i + εpor

j
i

(
ρg

j
iCpg

j
i + ρt

j
iCpt

j
i

)) (19)

Mass transfer is given by:

ρb
j+1
i =

[
1−

(
kc

j
i + kg

j
i + kt

j
i

)
∆t
]
ρb

j
i

ρc
j+1
i = ρc

j
i +
[
kc

j
iρ

j
bi + εpor

j
ikc2

j
iρt

j
i

]
∆t

ρg
j+1
i = ∆t

εpor
j+1
i

[
εpor

j
iρg

j
i

∆t +
ρg

j
iu

j
i−ρg

j
i+1uj

i+1
∆x + kg

j
iρb

j
i + εpor

j
ikg2

j
iρt

j
i

]
ρt

j+1
i = ∆t

εpor
j+1
i

[
ρt

j
iεpor

j
i

∆t +
ρt

j
iu

j
i−ρt

j
i+1uj

i+1
∆x + kt

j
iρb

j
i − εpor

j
i

(
kc2

j
i + kg2

j
i

)
ρt

j
i

]
(20)

According to the first adaptation, we have:{
ρb

j+1
i =

[
1−

(
kv

j
i + kc

j
i + kg

j
i + kt

j
i

)
∆t
]
ρb

j
i

ρv
j+1
i = ρv

j
i + kv

j
iρb

j
i∆t

(21)

Pressure evolution is given by:

Pj+1
i = Pj

i

[
1 + Tj+1

i

Tj
i

− εpor
j+1
i

εpor
j
i

+ K∆t
µεpor

j
i(∆x)2

(
Pj

i+1 − 2Pj
i + Pj

i−1 −
(

Pj
i+1 − Pj

i

)
Tj

i+1− Tj
i

Tj
i

)]
+

K∆t
(

Pj
i+1− Pj

i

)2

µεpor
j
i(∆x)2 + R∆t

Mg

Tj
iWg

j
i

εpor
j
i

(22)

Wg
j
i =

εpor
j+1
i

(
ρg

j+1
i + ρt

j+1
i

)
− εpor

j
i

(
ρg

j
i + ρt

j
i

)
∆t

+
uj

i+1

(
ρg

j
i+1 + ρt

j
i+1

)
− uj

i

(
ρg

j
i + ρt

j
i

)
∆x

(23)

The velocity of total gas is given by:

uj
i = −

K
µ

Pj
i+1 − Pj

i
∆x

(24)
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Discretization of a tropical wood sample in parallelepiped form:
At i = 0:

λ
j
0

Tj
1 − Tj

0
∆x

=
[
hconv1 + σ

(
Tj−1

0
2 + T2

f1

)(
Tj−1

0 + Tf1
j−1
)](

Tj
0 − Tf1

j
)
− q1

j (25)

If we have:

hj
cr1 = hconv1 + σ

(
Tj−12

0 + Tj−12

f1

)(
Tj−1

0 + Tf1
j−1
)

(26)

Then:

Tj
0 =

λ
j
0Tj

1 + ∆x.hj
cr1Tf1

j + ∆x.q1
j

λ
j
0 + ∆x.hj

cr1

(27)

Pj
i=0 = Patm = 105Pa and uj

i=0 = 0 m/s (28)

At i = imax:

λ
j
imax

Tj
imax − Tj

imax−1
∆x

= hconv2

(
Tf2

j−1 − Timax
j−1
)
+ σ

(
Tj−14

f2 − Tj−1
fimax

4
)

(29)

If we have:

hj
cr2 = hconv2 + σ

(
Tj−12

imax + Tj−12

f2

)(
Tj−1

imax + Tf2
j−1
)

(30)

Then:

Tj
imax =

λ
j
imaxTj

imax−1 + ∆x.hj
cr2Tf2

j + ∆x.q2
j

λ
j
imax + ∆x.hj

cr2

(31)

Pj
i=imax

= Pj
i=imax−1 and uj

i=imax
= uj

i=imax−1 (32)

When humidity is taken into account, we have:

Hj+1
i = Hj

i +
DH

j
i∆t

(∆x)2

[
Hj

i+1 – 2Hj
i + Hj

i−1

]
(33)

Hj
0 =

DH1
∆x Hj

1 + hm1Xeq
j
1

hm1 +
DH1
∆x

(34)

Hj
N =

DH2
∆x Hj

N−1 + hm2Xeq
j
2

hm2 +
DH2
∆x

(35)

ρb
j
i = ρbo

(
1 + Hj

i

)
(36)

hm1

hcr1
=

hm2

hcr2
=

Da

λa

(
αa

Da

)1/3
(37)

With [4]:

λa = 0.024 W/(m.K); Da = 2.55× 10−5 m2/s; αa = 2.77× 10−5 m2/s (38)

Statistical Analysis
To validate the numerical results, experimental data from Bonnefoy et al. [38] for

beechwood was compared with the numerical results. The mean absolute error and mean
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relative error were used to test the closeness of fit. The mean absolute error and mean
relative error formulas are taken from Simo-Tagne et al. [27], and they are given by:

MAE(−) = 1
N

N

∑
i=1

∣∣∣∣∣ ρbexpi

ρbexp0
− ρbtheoi

ρbexp0

∣∣∣∣∣ (39)

MRE(%) =
100
N

N

∑
i=1

∣∣∣ρbexpi − ρbtheoi

∣∣∣
ρbexpi

(40)

3. Results and Discussions

The numerical data are first validated using experimental data taken from Bon-
nefoy et al. [38] for beechwood. Comparisons between experimental and numerical data are
given in Figure 4. The graphs of simulations with or without moisture content showed the
same qualitative trend as Bonnefoy et al. [38]; however, the mean absolute error and mean
relative error values of simulation with moisture content were lower (Table 3), showing
a closer association and better results with the experimental data, as shown in Figure 4b.
All the mean absolute error values are lower than 0.1, and the mean relative error value
at 973.15 K is close to 10%. When the oven temperature is equal to 1273.15 K, the mean
relative error value is greater than 10%, which might be a result of the high volatility of
the volatile mass fraction. Again, differences can be explained by the geometrical form of
the experimental samples used to generate the experimental data and the parallelepiped
geometry modeled, which can be influenced by the assumptions applied in the numerical
model. In effect, Bonnefoy et al. [38] used cubic wood samples heated on all six sides;
however, in this case, we assumed that the samples were dried and heated on two main
axes. The thermo-physical parameters used in our model might also influence the variation
obtained. The presence of moisture content in the samples decreases the kinetics of thermal
degradation, as shown by the experimental data used [38] and confirmed in previous
works [31]. It took about 100 s to complete the pyrolysis of 30 mm parallelepiped wood at
973.15 K, and about 60 s for 1273.15 K. Comparatively, this time is similar to the pyrolysis
of 20 mm spherical wood chip in the same temperature range, but lower than the time
taken for pyrolysis of 20 mm height and 20 mm diameter cube and cylindrical wood chips,
respectively [16,19]. Comparatively, the pyrolysis of parallelepiped wood is shorter because
of its higher thickness. However, Areya et al. [19] did not state the type of wood they used,
although they stated it was randomly selected.

Table 3. Mean errors depending on whether moisture content in samples is considered or not.

Assumptions
Tf = 973.15 K Tf = 1273.15 K

MAE (-) MRE (%) MAE (-) MRE (%)

Dry wood 0.066 10.376 0.065 22.632
Humid wood (0.25 kg/kg moisture content) 0.028 10.181 0.041 14.735

The temperature evolution is shown in Figure 5. From Figure 5a, the wood core
temperature began to increase after 6 s. However, the influence of the initial moisture
content on the temperature evolution of the product at the wood core was not seen until
30 s of heating. During this period, temperature propagation at the center was slow, and
the reaction was endothermic, leading to high solid mass loss [21]. This corresponds to
the decomposition of high volatiles like cellulose in the primary reaction scheme. After
30 s, the heating front generally increased steeply, but the dried samples with lower initial
moisture content moved up rapidly compared to samples with higher moisture content.
According to Park et al. [21], this exothermic reaction period is when the intermediate solids
are converted to biochar. However, the difference in temperature evolution between the
samples with lower moisture and those with high moisture is because some of the heat is
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absorbed by the moisture for evaporation in the case of samples with high moisture content.
This has also been observed by Pozlon et al. [39]. Thus, the moisture content in the product
decreases the kinetics of the pyrolysis process. Figure 5b shows that moisture content at the
center of the product decreased after 80 s, 90 s, and 98 s for all initial temperatures. Thus,
using the same energy for the process, samples with high initial moisture content have a
kinetic degradation lower than those with lower initial moisture content.

1 

Figure 4. Mass validation of the model using experimental data taken from Bonnefoy et al. [38] at
Tf = 973.15 K and Tf = 1273.15 K for 10 mm thick cubic samples, ρbo = 700 kg/m3: (a) moisture
content in the wood sample is taken into account; (b) moisture content in the wood is not taken
into account.
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Figure 5. Influence of the initial moisture content on the moisture content and temperature in
the middle of the sample. Evolution of the temperature of the center of the sample (a); evo-
lution of the moisture content of the center of the sample (b); thickness = 1 cm, Tf = 973.15 K,
ρbinitial = 700(1 + Hi) kg/m3 q1 = q2 = 0 W/m2.

Figure 6 presents the numerical results for the densities of wood decomposed to
produce charcoal, tar, and gas. The 30 mm thick samples were heated on two sides at
973.15 K and completely pyrolyzed after 900 s. Some part of tar was transformed into
gas and biocharcoal during secondary reactions. At the end of the process, the density
of biocharcoal produced was 600 kg/m3,while the density of tar and gas was 44 kg/m3

and 74 kg/m3, respectively. It is important to note that the gas produced is a mixture of
gas species, as specified by literature [31,40]. After 675 s of the process, the density of tar
becomes constant. Gas and char produced after 675 s are directly due to the decomposition
of the wood. Figure 7 presents the evolution of the temperature of wood when the temper-
ature of the oven is equal to 973.15 K. This evolution increases during the process, but the
internal temperature of the wood remains lower than the temperature of the oven. In effect,
the exterior faces of the samples rapidly reached the value of the temperature of the oven
(Figure 8), but the temperature of the interior parts of the samples increased progressively
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with time, as noticed in the literature [26,31]. This is confirmed in Figure 8, which shows
the variation of temperature with time for the wood sample heated to Tf = 973.15 K, at
both extremities. The pyrolysis front moves from the surface, through which the sample is
heated, towards the center of the sample. The propagation of the conductive wave, through
the heated wood, increases the temperature in the center as time passes. The analysis of the
curve shows a symmetrical evolution to the center, suggesting the possibility of studying
the phenomenon in one half of the sample. From the start of the process to 850 s, the
temperature of the center of the sample increases from 293.15 K to 460 K, but at the surfaces,
the temperature increases from 293.15 K to 925 K. This is due to the low value of the thermal
conductivity of the wood. The pressure distribution of the volatile products is shown in
Figure 9 and varies between 1 to 4.5 p/po. The pressure increases from the surfaces to the
center once the time of the process reaches 375 s. The pressure of gases in the samples is
influenced by the temperature gradients. When the gradients of temperature are neglected,
as shown between 0.01 m and 0.02 m of the samples for time duration lower than 375 s,
the pressure decreases to zero. As time increases, the wood is fully subjected to pyrolysis,
and the pressure increases until it becomes uniform. The reduction of the pressure of the
gas in the wood chips increases the degradation of the wood and the degradation of the
biochar produced during the process. Park et al. [21] obtained similar results for pressure
varying between 1 to 1.6 p/po during pyrolysis of wood biomass at 1180 K. Cai et al. [41]
concluded that the reactivity (or activation energy) of biochar decreases when the pressure
fraction increases to 20 atm, and then increases when the pressure fraction increases to a
higher pressure, up to 15 atm. Thus, to optimize the production of biochar, the pressure
fraction during the process must be low.
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Figure 6. Density variations of wood decomposition, charcoal, tar, and gas productions at
Tf = 973.15 K using samples of 30 mm thickness, ρbo = 700 kg/m3.

Figures 8 and 9 show that the temperature and pressure of volatile products
vary together.

Figure 10 presents the evolution of the velocity of the gas in the sample during the
process when the two main sides of the samples are heated at 973.15 K. We saw that this
evolution is not regular and is lower than 7 × 10−6 m/s. When x = 0.03 m, we assume that
the gradients of velocity and pressure are equal to zero, assuming that the samples are not
permeable on this side. This condition permits the neglect of the flux of volatile products on
this side (x = 0.03 m). Figure 11 presents the distributions of biocharcoal during the process
according to the wood thickness when the temperature of the oven is equal to 973.15 K. The
biochar is produced from the surface to the core of the wood samples. When the process
continues, charcoal is produced in the center but transformed into other products around
the surface of the product. Only 5 mm of each side is destroyed.
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four process times, ρbo = 700 kg/m3.
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Figure 11. Production of biocharcoal density at Tf = 973.15 K using samples of 30 mm thickness at
four process times, ρbo = 700 kg/m3.

In Figures 12–14, the side x = 0.0 m and side x = 0.03 m are respectively heated
at Tf1 = 773.15 K and Tf2 = 973.15 K, but the heat flux density is equal to zero. This non-
symmetrical heating is compared to symmetrical heating when the heat flux density is
equal to zero. Figure 12 presents the wood temperature evolution at 850 s. As shown in
Figure 13, when the temperature increases, the pressure of volatile products also increases
in all thicknesses of the samples. The pressure fraction increases from the surface to the
center. In effect, as showed by Zeng [41], temperature evolution in the product decreases
when the wood pressure increases. Figure 14 shows that when the temperature increases,
the biocharcoal production also increases, but a part of the biocharcoal near the surface is
also transformed into other products, such as ash. Thus, it is clearly important to have a
temperature where the produced biocharcoal is optimal.
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thickness, ρbo = 700 kg/m3. Influence of the contact temperature, t = 850 s.
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Figures 15–17 present the influences of temperature and heat flux density on the
pyrolysis process and the produced biocharcoal. A comparison is done with the case
where the heating is symmetrical and flux heat density is equal to zero. This comparison
is done when the processing time is 850 s. Figure 15 shows that the heat flux density
increases the value of the temperature on all the thicknesses of the sample. This heat flux
density also influences the pressure of the volatile products produced during the pyrolysis
process, as shown in Figure 16. Figure 17 showed that the heat flux density influences
the production of biocharcoal. When the heat flux density increases, the production of
biocharcoal in the inner portion of the sample also increases, but the destruction of the
biocharcoal on the surface of the sample is progressive. Cai et al. [42] had obtained the same
evolutions of the pressure during the pyrolysis process and concluded that to optimize
the production of biochar, the pressure fraction during the process must be weak. Thus,
they found that combustion reactivity decreased during hydro-pyrolysis at pressure up to
40 atm and increased at pressures above 40 atm [42]. Sha et al. [43] had noted the decrease
of combustion reactivity as pressure increases. Thus, it is clear that the parts in Figure 13
where pressure is high (in the center of the product) have more biochar than the parts
where the pressure is weak. Figure 14 confirms this perception, because the density of the
biochar is higher in the center of the product than in the surface where the combustion
process is high. Figures 15–17 confirm the results obtained by Cai et al. [42], Sha et al. [43],
and Van Heek and Mühlen [44] for inert conditions of pyrolysis. Variation of pressure must
be integrated during the pyrolysis process, because many models did not take into account
the effect of pressure during pyrolysis [45].
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4. Conclusions

The model of Di-Blasi and Russo [14] was used to explain the pyrolysis process
of parallelepiped-shaped wood, and the effect of moisture content was studied using
a modified Di-Blasi and Russo model established in this study. Using a modeling and
simulation approach to the pyrolysis process, it was shown that the density of wood
decreases, while densities of gas, charcoal, and tar increase, showing their production.
The average final densities of gas, charcoal, and tar obtained are 74 kg/m3, 600 kg/m3,
and 44 kg/m3, respectively. The pressure of volatile products, temperature, and rates of
production of charcoal, gas, and tar increased from the heated surface to the center of the
sample. The heat flux density increased the degradation of the wood. Results obtained
show that the charcoal produced near the surface can be destroyed when the temperature
of the oven and the heat flux density are not well chosen.
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Nomenclature

Parameters Units Descriptions
Ai 1/s Frequency factor
Cp J/(kg.K) Specific heat
D m2/s Mass diffusivity
E kJ/mol Activation energy
h W/

(
m2.K

)
Convective exchange coefficient

H kg/kg Moisture content
∆h kJ/kg Enthalpy of the reaction
k 1/s Rate constant
Q kJ/kg Heat of pyrolysis
Q′′

r kW/m3 Heat source
RH %/100 Relative humidity
Rg J/mol Perfect gas constant
T K Temperature
Greek letters
ε (-) Emissivity
η (-) The ratio of wood density
κ m2/s Thermal diffusivity
λ W/(m.K) Thermal conductivity
ρ kg/m3 Density

σ W/
(

m2.K4
)

Stefan–Boltzmann constant

subscripts
0 Initial
a Air
b Wood
c Charcoal
g Gas + tar
g Gas
i Component
t Tar
w Water
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