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Abstract: In this paper, the thermal behavior of large pieces of wood pyrolysis has been modeled. Two
mathematical models coupling heat transfer equations to chemical kinetics were used to predict the
pyrolytic degradation of a 25 mm radius wood sample, assumed to be dry in the first model and wet
in the second, when heated to 973.15 K. The reactions involved in the pyrolysis process are assumed
to be endothermic. The diffusion of bounded water during the process is taken into account in the
second model, where the heat transfer equation has been coupled to that of the diffusion of moisture.
This model, although simple, provides more information on the drying and pyrolysis processes
during the heating of wood, which is its originality. It can therefore be advantageously used to
calculate the temperature distribution in a pyrolysis bed. The equations of the two models, discretized
by an explicit finite difference method, were solved numerically by a program written in Python. The
validation of both models against experimental work in the literature is satisfactory. The two models
allow examination of the temperature profile in the radial direction of wood samples and highlighting
of the effect of temperature on some thermal, physical and physicochemical characteristics.

Keywords: carbonization; pyrolysis; numerical modeling; Python; cylindrical symmetry; wood

1. Introduction

Renewable energies are of growing importance from an environmental point of view
as a substitute for fossil fuels. These renewable energies use inexhaustible sources of energy
of natural origin such as the sun, the wind, without forgetting the biomass which in the
energy field of this document, will concern only the products of vegetable origin, or more
precisely the wood. Wood from tropical forests is the object of a strong attraction both in
tropical and temperate countries [1]. This wood is used not only to satisfy the construction
needs of buildings, works of art and furniture, but also for the production of energy [1].

Africa is currently experiencing a period of sustained economic growth and transfor-
mation, with a rapidly increasing population and growing and diversifying economies. To
be sustainable, such growth requires massive investment in the energy sector. In Africa,
fossil fuels are scarce, costly to exploit as a source of energy or for the production of raw
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materials and have a negative environmental impact (greenhouse gas emissions). Good
governance and improved access to energy are undoubtedly the challenges that Africa
must overcome to maintain its economic growth. The use of traditional biomass is preva-
lent in Africa, where it is burned directly for cooking and lighting in the residential sector
or, to a lesser extent, in the industrial sector. This has negative consequences not only
for the health of the population but also for the environment [2]. The main source of
traditional biomass on the African continent is fuelwood or firewood with a total forest
stock estimated at 130 billion tons in 2010 spread over Central Africa and parts of Southern
Africa [2]. However, the amount of wood available each year, without risk of deforestation,
is much smaller. It would therefore be beneficial to exploit the little biomass-wood available
to produce maximum heat by using advanced techniques such as combustion and pyrolysis
to obtain secondary products such as biochar, bio-oil and gas whose calorific values are
much higher than that of wood.

The energy situation in Comoros is characterized by a close dependence on two
energy sources: wood and petroleum products. Wood fuels and petroleum products
make up 57% and 41% respectively of the country’s energy mix; the remaining 2% comes
from electricity [3]. Wood energy is mainly used for domestic cooking (93%) and for
the distillation of ylang-ylang flower (7%) [3]. The wood collected is used in traditional
equipment with low energy efficiency and from which harmful fumes are emitted. The
petroleum products consumed in the country are all imported and are used mainly for
transport, electricity production and domestic use. Renewable energy, particularly solar
photovoltaic energy, is gradually entering the market, but its share of the energy mix
remains negligible compared with conventional energy sources.

The Comoros archipelago, due to its geographical position and geological situation
(volcanic archipelago), is subject to various natural hazards, such as cyclones, floods,
volcanic eruptions, etc., which lead to the destruction of infrastructure and threaten the
archipelago with extinction. The massive collection of firewood and the unbridled con-
sumption of fossil fuels contribute significantly to the increase in the frequency and intensity
of these natural hazards. Dependence on fuelwood, exacerbated by population growth, is
leading to the degradation of large areas of forest habitat, which in turn leads to landslides.
It is estimated that only 3.4% of the original forest cover remains. Land degradation has
reached 57%, and desertification continues. The country has no more cultivable space.
Possible expansion of agriculture can only be undertaken at the expense of the remaining
forest areas [4]. In 2010, a report by the Food and Agriculture Organization of the United
Nations (FAO) on the assessment of the country’s forest resources (Mayotte not included)
sounded the alarm: the area of natural forests in the country has decreased from 10,372 ha
in 1990 to 1612 ha in 2010 [5]. As for fossil fuels, problems related to global warming are
attributed to greenhouse gas emissions from their unbridled consumption.

We are therefore in the context where biomass energy, in this case wood, which is
a renewable energy, is used in the country but its regeneration and consumption are
not planned in a sustainable way; fossil fuels, with their heavy pollution, complete the
grim picture. The question arises as to how to reduce dependence on firewood and
how to control the consumption of fossil fuels. The use of thermochemical conversion
processes, such as pyrolysis, to convert biomass into bio-oil, charcoal and gas would reduce
this dependence and move away from fossil fuels. Pyrolysis products can be used to
produce heat, electricity and can even be used as a transportation fuel after an upgrade or
combination with fossil fuels.

The design and optimization of pyrolysis/combustion plants require the control of
their fundamental processes. Several simultaneous reactions occur rapidly during pyrolysis,
including dehydration, depolymerization, decarboxylation, char formation, and others [6].
Due to the complexity of biomass, a large number of studies have been conducted that
address the pyrolysis process in various kinetic approaches often coupled, to provide a
more real description, to heat and mass transfer phenomena.
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Many authors have simply considered a global reaction, converting wood into volatile
products and charcoal [7–10], while others have used kinetic models involving two or more
parallel or successive, irreversible, first-order reactions [11–13]. Most of these works were
carried out on small wood samples and do not include, with a few exceptions, the effect
of the water content of the wood. They assume initially dry wood samples. However,
initially dry wood generally has at best an equilibrium moisture content of between
0.08 and 0.1 kg/kg in North Africa and between 0.2 and 0.12 kg/kg in Sub-Saharan Africa.
It would therefore be somewhat incorrect to study pyrolysis from an anhydrous state of
the wood.

In addition, when pyrolysis is conducted on small particles of low mass, physical
limitations are overcome, chemical kinetics being the only limiting step. On the other
hand, for massive samples, relevant to applications that are artisanal as well as industrial,
coupling between the chemical kinetics and the physical limitations takes place. It is
therefore necessary to take into account, during process modelling, the complex nature
of wood (anisotropy, hygroscopy, etc.), the coupling between chemical kinetics, the heat
transfer and the mass transfer which take place during the pyrolysis process.

Furthermore, experimental and theoretical studies have been carried out for large wet
biomass particles by Shen et al. [12] and Chan et al. [14]. They translated the evaporation of
bounded water during the heating process into a chemical drying reaction. Saastamoinen
and Richard [15] proposed a mathematical model to evaluate the drying and pyrolysis of
wood samples. They found that for large particles, drying and pyrolysis overlap during
thermal decomposition, and that moisture in the particles significantly delays pyrolysis
and reduces its rate. Furthermore, the volatile materials released during the pyrolysis
process can lead to convective heat transfer near the surface, thus delaying the passage of
the conductive wave into the solid [15,16].

Taking into account previous studies in literature reviews, and in order to optimize
the heat treatment, we proposed, in this work, to model the thermal behavior of a large
piece of tropical wood subjected to pyrolysis.

2. Materials and Methods

a Assumptions

To model the pyrolysis of solid wood samples, a number of assumptions must be
made. For the purpose of this study, we will assume that:

• The studied sample is of cylindrical geometry, of infinite length, heated through its
surface by convection and radiation;

• Samples are directly exposed to the heat fixed numerically, thus the heating rates
are neglected.

• Pyrolysis does not generate any change in the volume of the sample and the latter is
considered isotropic;

• For simplicity, heat is assumed to be transmitted inside the solid particle by
conduction only;

• The heat and mass transfer of the volatile products and the vapor inside the solid
are ignored;

• The volatile products and the vapor leave the solid as soon as they are produced. They
are in thermal equilibrium with the solid matrix and therefore the rate of solid mass
loss is taken as the mass flux of the volatiles;

• Secondary reactions of the volatile products are not taken into account;
• The chemical reactions of pyrolysis are described by the Arrhenius law of first order.

b Setting in equation of the pyrolysis of wood

We propose to establish the equations that govern the pyrolysis of a cylindrical wood
sample. The study of the process will be undertaken by means of two kinetic approaches:
a uni-reactionary approach and a multi-reactionary one. The first is a global reaction,
developing uniformly in the particle and converting the wood into volatile products and
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charcoal. The second, proposed by Shen et al. [12], is a one-step multi-reaction model
formed by three competitive reactions (one reaction for the drying step and two others
composing the pyrolysis step).

Based on the above assumptions, let us establish the material and energy balances.
Uni-reactional approach [7]:
In this approach, wood is assumed to decompose into charcoal and volatile products in

a single, endothermic, irreversible reaction of order 1. In addition to the assumptions made
above, the physical properties of the sample, including Cp and λ are assumed to be constant.
The energy balance translating the heat accumulation, coming from the contribution of the
diffusive heat flow and the reactions over time is coupled to the material balance which is
the speed of the reaction. Bamford et al. [7] are written as follows (model 1):

• Heat balance

ρCb
∂T
∂t

=
λ

r
∂

∂r

(
r

∂T
∂r

)
− Q

∂ρ

∂t
(1)

• Mass balance

− ∂ρ

∂t
= Aρe−E/RgT (2)

Multi-reactional approach [12]:
In this approach, we consider all the phenomena that take place during the pyrolysis

process of a wet wood sample, including the formation of water vapor, gases and char-
coal [12]. The reactions involved in the process are characterized by three rate constants
(associated with the formation of charcoal, gases and steam) obeying the Arrhenius law.
For this second model, in addition to the coupling between heat transfer and chemical
kinetics, we have taken into account the diffusion of bounded water during the heating
process. This has allowed us to follow the spatio-temporal evolution of the humidity and
to evaluate its influence. The heat balance and mass conservation equations for solids,
gases, steam and liquid are written as follows (model 2):

• Heat balance

∂T(ρiCpi)

∂t
=
λ

r
∂

∂r

(
r

∂T
∂r

)
+ Qr (3)

where:
(ρiCpi) = ρbCb + ρcCc + ρlCl (4)

Qr = k1ρb

[
∆h0

1 + (Cc − Cb)(T − T0)
]
+ k2ρb

[
∆h0

2 +
(
Cg − Cb

)
(T − T0)

]
+ k3ρl

[
∆h0

3 + (Cv − Cl)(T − T0)
]

(5)

λ, in (W/m. K), is the thermal conductivity of the solid. It is calculated, taking into
account the effect of moisture (H) and carbonaceous residue (λc), as follows:

λ = ηλc + (1 − η)λb (6)

with:
η =

ρc
ρc + ρb

(7)

λb = 0.166 + 0.396H (8)

The humidity (H) is obtained by solving the following equation:

∂H
∂t

=
Dh
r

∂

∂r

(
r

∂H
∂r

)
(9)
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Dh, is the mass diffusion coefficient, and is expressed in [m2/s]. It is calculated
as follows:

Dh = exp
(
−9.9 + 9.8χeq −

4300
Ta

)
(10)

χeq, is the moisture content at equilibrium. It is calculated according to the relation of
Simpson and TenWolde taken from Simo-Tagne [17]:

χeq =
18
A

(
B × RH

1 − B × RH
+

C × B × RH + 2 × C × D × B2 × RH2

1 + C × B × RH + C × D × B2 × RH2

)
(11)

where RH is the relative humidity (%/100) and the parameters A, B, C and D are calculated
as follows:

A = 349 + 1.29Ta + 0.0135Ta
2 (12)

B = 0.805 + 0.000736Ta − 0.00000273Ta
2 (13)

C = 6.27 − 0.00938Ta − 0.000303Ta
2 (14)

D = 1.93 + 0.0407Ta − 0.000293Ta
2 (15)

with Ta, the temperature of the surrounding air expressed in (◦C).

• Mass balances of wood, charcoal, gas, liquid and steam:



∂ρb
∂t = −(k1 + k2)ρb

∂ρc
∂t = k1ρb

∂ρg
∂t = k2ρb

∂ρl
∂t = −k3ρl
∂ρv
∂t = k3ρl

(16)

• Initial and boundary conditions

The initial and boundary conditions of the problem are:

- At t = 0,

ρ = ω0 and H = H0 (17)

T is equal to the ambient air temperature. The density of the gases and steam is
initially 0 kg/m3.

- Due to the cylindrical symmetry, the condition at the center gives:

(
∂T
∂r

)
r=0, t>0

= 0(
∂H
∂r

)
r=0, t>0

= 0
(18)

- At the surface of the sample, in r = R, we have:

λ
(

∂T
∂r

)
r=R, t>0

= hc(Tf − T) + εσ
(

Tf
4 − T4

)
Dh

(
∂H
∂r

)
r=R, t>0

= hm

(
χeq − H

) (19)

with:

hm = hc
Da

λa

(
αa

Da

)1/3
(20)

Under these conditions, the equations including the moisture content of the wood
are associated with the multi-reaction approach. To solve the equations established in this
study, we propose to use the explicit finite difference method. The differentiation scheme
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used is centered. The fictitious node approach has been used to discretize the boundary
conditions [18]. The obtained equations were solved numerically by a program written
in Python.

c Numerical values of the model constants

The numerical values of the parameters used in this work are summarized in the
Table 1. In the absence of Comorian wood samples, the parameters (thermo-physical and
kinetic) used in this study were all taken from the literature. To discretize all equations
obtained above, a global explicit scheme has been used using the finite differences method.
Thus, the uni-reactional approach gives:{

Tn+1
i = A1

n
i Tn

i + A2
n
i Tn

i+1 + A3
n
i Tn

i−1 + A4
n
i

ρn+1
i = ρn

i

(
1 − A∆texp

(
− E

RTn
i

)) (21)

with:
A1

n
i = 1 − 2κ

(
∆t

∆r2

)
A2

n
i = κ∆t

(
1

∆r2 +
1

2ri∆r

)
A3

n
i = κ∆t

(
1

∆r2 − 1
2ri∆r

)
A4

n
i = κ∆t

(
Q
λ

)(
ρn

i Aexp
(
− E

RTn
i

))
κ = λ

ρCb

(22)

Table 1. Numerical data of constants used.

Parameters Numerical Values Reference

Uni-Reactionary Approach

λ (W.m−1.K−1 ) 10.5 × 10−5 [19]
ε 0.8 [12]

ω0 (kg.m−3) 650 [19]
Cb (J.kg−1.K−1) 1.46 [19]
hc (W.m−2.K−1) 20 [13]

Q (kJ.kg−1) −418 [20]
A (s−1) 1.0 × 108 [9]

E (kJ.mol−1) 125.4 [9]

Multi-reaction approach

Pyrolysis reaction Drying reaction

k1(s−1) k2(s−1) k3(s−1)
Ai (s−1) 1.38 × 105 1.44 × 104 5.13 × 106 [12,20]

Ei (kJ.mol−1) 106.5 88.6 88 [12,20]
∆h0

i (kJ.kg−1) −420 −420 −2440 [12]

Cp (J.kg−1.K−1)

Cb = 1950
Cc = 1390
Cg = 2400
Cl = 4180
Cv = 1580

[12]

κa (m2.s−1) 2.77 × 10−5

In this work

λc (W.m−1.K−1 ) 0.105
λa (W.m−1.K−1 ) 0.024

Da (m2.s−1) 2.55 × 10−5

H0 (kg.kg−1) 0.2
RH (%⁄100) 0.3
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In the case of multi reactional approach, we have:

Tn+1
i = A11

n
i Tn

i + A12
n
i Tn

i+1 + A13
n
i Tn

i−1 + A14
n
i

ρb
n+1
i = ρb

n
i

[
1 − ∆t

(
A1 exp

(
− E1

RTn
i

)
+ A2 exp

(
− E2

RTn
i

))]
ρc

n+1
i = ρc

n
i + ρb

n
i A1∆texp

(
− E1

RTn
i

)
ρg

n+1
i = ρg

n
i + ρb

n
i A2∆texp

(
− E2

RTn
i

)
ρl

n+1
i = ρl

n
i

(
1 − A3∆texp

(
− E3

RTn
i

))
ρv

n+1
i = ρv

n
i + ρl

n
i A3∆texp

(
− E3

RTn
i

)
(23)

with:

A11
n
i =

2(ρb
n
i Cb+ρc

n
i Cc+ρl

n
i Cl)−(ρb

n+1
i Cb+ρc

n+1
i Cc+ρl

n+1
i Cl)−2λ

(
∆t

∆r2

)
ρb

n
i Cb+ρc

n
i Cc+ρl

n
i Cl

A12
n
i =

λ∆t
(

1
∆r2 +

1
2ri∆r

)
ρb

n
i Cb+ρc

n
i Cc+ρl

n
i Cl

A13
n
i =

λ∆t
(

1
∆r2 −

1
2ri∆r

)
ρb

n
i Cb+ρc

n
i Cc+ρl

n
i Cl

A14
n
i =

Qr
n
i ∆t

ρb
n
i Cb+ρc

n
i Cc+ρl

n
i Cl

(24)

To have moisture content in the position i, we have:

Hn+1
i = B11

n
i Hn

i + B12
n
i Hn

i+1 + B13
n
i Hn

i−1 (25)

with:
B11

n
i = 1 − 2Dh

(
∆t

∆r2

)
B12

n
i = Dh∆t

(
1

∆r2 +
1

2ri∆r

)
B13

n
i = Dh∆t

(
1

∆r2 − 1
2ri∆r

) (26)

Equations given as boundary conditions have also been discretized. At the axis level
(r = 0), we have:

Case of uni-reactional approach:

Tn
1 = Tn

−1 (27)

i = −1, is a fictive position with a fictive temperature Tn
−1 located at the left of the

axis. Using Equation (21) with i = 0, we have:

Tn+1
0 = B1

n
0 Tn

0 + B2
n
0 Tn

1 + B3
n
0 (28)

where:
B1

n
0 = 1 − 2κ

(
∆t

∆r2

)
B2

n
0 = 2κ

(
∆t

∆r2

)
B3

n
0 = κ∆t

(
Q
λ

)(
ρn

0 Aexp
(
− E

RTn
0

)) (29)

For the exterior surface (r = R for i = m), we have:

Tn
m+1 − Tn

m−1 =
2∆r
λ

(
hc(Tf − Tn

m) + εσ
(

Tf
4 − Tn

m
4
))

= f(Tn
m) (30)

i = m + 1, is a fictitious node at the fictitious temperature Tn
m+1 located at the right

of the radial axis. Replacing the expression for Tn
m+1 in the equation (Equation (21)), for

i = m, we obtain:
Tn

m = C1
n
mTn

m + C2
n
mTn

m−1 + C3
n
m (31)
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with:

C1
n
m = 1 − 2κ

(
∆t

∆r2

)
C2

n
m = 2κ

(
∆t

∆r2

)
C3

n
m = κ∆t

λ

(
Qρn

mAexp
(
− E

RTn
m

))
+ κ∆t

(
1

∆r2 +
1

2rm∆r

)
f(Tn

m)

(32)

In the case of multi reactional approach, boundary equations are given by:
Humidity:

Hn+1
0 = C11

n
0 Hn

0 + C12
n
0 Hn

1 (33)

Hn
m = D11

n
mHn

m−1 + D12
n
mHn

m−1 + D13
n
m (34)

with:
C11

n
0 = 1 − 2Dh

(
∆t

∆r2

)
C12

n
0 = 2Dh

(
∆t

∆r2

)
D11

n
m = 1 − 2Dh∆t

[
1

∆r2 +
hm
Dh

(
1

∆r +
1

2rm

)]
D12

n
m = 2Dh

(
∆t

∆r2

)
D13

n
m = 2hm∆t

(
1

∆r +
1

2rm

)
χeq

n
m

(35)

Temperature:
Tn+1

0 = E11
n
0 Tn

0 + E12
n
0 Tn

1 + E13
n
0 (36)

Tn+1
m = F11

n
mTn

m + F12
n
i Tn

i−1 + F13
n
i (37)

with:

E11
n
0 =

2(ρb
n
0 Cb+ρc

n
0 Cc+ρl

n
0 Cl)−(ρb

n+1
0 Cb+ρc

n+1
0 Cc+ρl

n+1
0 Cl)−2λ

(
∆t

∆r2

)
ρb

n
0 Cb+ρc

n
0 Cc+ρl

n
0 Cl

E12
n
0 =

2λ
(

∆t
∆r2

)
ρb

n
0 Cb+ρc

n
0 Cc+ρl

n
0 Cl

E13
n
0 =

Qr
n
0 ∆t

ρb
n
0 Cb+ρc

n
0 Cc+ρl
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3. Results and Discussion

Based on the mathematical formulation of the pyrolysis process of solid wood sam-
ples, established in the previous sections, Python language has been used to generate
numerical results. This model allowed us to examine the impact of the oven temperature,
the heat conduction, the moisture content and the particle size on the pyrolysis process of a
cylindrical wood sample.

Validation of the Model

The pyrolysis model was validated against the experiments of Larfeldt et al. [21]. The
latter presented measurements of temperature distribution and mass loss on dry, solid
wood cylindrical samples during pyrolysis in an inert atmosphere heated to 973.15 K. They
considered cylindrical birch wood samples with a radius of 25 mm, a length of 300 mm
and an average density of 410 kg/m3. Figure 1 presents the wood temperature evolutions
at the surface (r = 25 mm), at 5 mm, and 15 mm to the axis of the cylindrical wood. In
general, temperature increases from the surface to the center because parts near the surface
are more heated than parts far from the surface. Model 1 (one-reactional model) gives
acceptable results that are more satisfactory than model 2 (multi-reactional model).



Sustainability 2021, 13, 13892 9 of 23Sustainability 2021, 13, x FOR PEER REVIEW  10  of  25 
 

 

Figure 1. Wood temperature evolutions versus time of process for a cylindrical wood sample and 

validation using model 1, model 2 and experimental data taken from Larfeldt et al. [21]. 

Figure 2 shows relative density evolution versus time of process. Model 1 gives more 

satisfactory results than Model 2. Humidity in wood explains the poor results given by 

Model 2. In effect, when humidity is taken into account, water content absorbs an amount 

of energy and decreases the kinetics of the process as observed by several researchers [22]. 

In addition, the distance between experimental data and the models are presented in Fig‐

ures 1 and 2 and can be explained by empirical data used in Models 1 and 2. Activation 

energy and frequency coefficients used are not specified to the studied wood. Thus, con‐

stants for the activation energies of production charcoal, gases and water vapor must be 

determined according to each wood type in order to have a good representation of exper‐

imental data. Also, all thermodynamic parameters, such as specific heat mass, enthalpy 

and thermal conductivity must be obtained after precise experiments. Using Figure 2, it is 

clear that thermodynamic parameters used for theoretical data must be obtained with ex‐

perimental data. Figures 3 and 4 present evolutions of temperature and relative density 

of the cylindrical wood using inverse method. We found the values of A and E parameters 

to have theoretical curves near to the experimental curves given by Model 1. Thus, it was 

observed that when A and E are respectively equal to 1 × 105 s−1 and 127.4 kJ/kg, experi‐

mental and  theoretical curves of  the wood’s relative density are close  to each other. A 

space step of 0.05 s has been used. In effect, Di‐Blasi et al. [23] show that pyrolysis reaction 

heat depends on the produced char and the type of studied materials. Using a cylindrical 

temperate sample of 3 cm diameter, Preau [24] found that temperatures of all parts of the 

sample increase until they reach the value of the oven (400 °C), this value is reached after 

1000 s. At 1.5 cm diameter,  the oven  temperature  (420 °C)  is obtained after 400 s  [25]. 

Influences of the heating rates experimentally considered can also increase this distance, 

as revealed in literature reviews [25,26]. 

Figure 1. Wood temperature evolutions versus time of process for a cylindrical wood sample and validation using model 1,
model 2 and experimental data taken from Larfeldt et al. [21].

Figure 2 shows relative density evolution versus time of process. Model 1 gives
more satisfactory results than Model 2. Humidity in wood explains the poor results
given by Model 2. In effect, when humidity is taken into account, water content absorbs
an amount of energy and decreases the kinetics of the process as observed by several
researchers [22]. In addition, the distance between experimental data and the models are
presented in Figures 1 and 2 and can be explained by empirical data used in Models 1 and 2.
Activation energy and frequency coefficients used are not specified to the studied wood.
Thus, constants for the activation energies of production charcoal, gases and water vapor
must be determined according to each wood type in order to have a good representation
of experimental data. Also, all thermodynamic parameters, such as specific heat mass,
enthalpy and thermal conductivity must be obtained after precise experiments. Using
Figure 2, it is clear that thermodynamic parameters used for theoretical data must be
obtained with experimental data. Figures 3 and 4 present evolutions of temperature and
relative density of the cylindrical wood using inverse method. We found the values of
A and E parameters to have theoretical curves near to the experimental curves given by
Model 1. Thus, it was observed that when A and E are respectively equal to 1 × 105 s−1 and
127.4 kJ/kg, experimental and theoretical curves of the wood’s relative density are close
to each other. A space step of 0.05 s has been used. In effect, Di-Blasi et al. [23] show that
pyrolysis reaction heat depends on the produced char and the type of studied materials.
Using a cylindrical temperate sample of 3 cm diameter, Preau [24] found that temperatures
of all parts of the sample increase until they reach the value of the oven (400 ◦C), this value
is reached after 1000 s. At 1.5 cm diameter, the oven temperature (420 ◦C) is obtained after
400 s [25]. Influences of the heating rates experimentally considered can also increase this
distance, as revealed in literature reviews [25,26].

Figure 5 presents the heat mass gradients when the temperatures in the oven are
673.15 K and 973.15 K. In a given time of the process and at the same distance of the
center of the cylindrical wood sample, temperature is high when the oven temperature
increases. From surface to the center, temperature decreases. When the process takes
longer, internal parts of the cylindrical wood are hotter and the temperature increases.
The thermal degradation of wood will begin from the surface to the center of samples.
The average temperature increases with the duration of the process, but the limit of this
evolution is near the temperature of the oven and this is because of the endothermic
nature of the pyrolysis reaction, assumed in our simulation. During the first hour of
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the process, Figure 6 shows that the rate of temperature evolution increases with the
temperature of the oven (source), and with the duration of the process.
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Figure 7 presents the evolution of the wood’s relative density at 673.15 K and 973.15 K.
After 600 s, only 5 mm of the wood is degraded when the temperature of the oven is equal
to 673.15 K (see Figure 7a). At 973.15 K, 10 mm of wood is degraded, with 5 mm entirely
degraded (see Figure 7b). A high heating temperature accelerates the degradation process.
Using a low radius of wood particles with integration of the oxidation of char, Benkoussas
et al. obtained the similar variations [27].
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Figure 8 shows that the thermal degradation of wood proceeds progressively from
the surface to the center. Velocity of degradation is high with the oven temperature. The
propagation of the pyrolysis front through the non-pyrolyzed solid is shown in Figure 8
where the spatial evolution of the pyrolysis reaction rate, at various times and for a heating
temperature of 673.15 K and 973.15 K, is represented. The reaction rate increases rapidly,
reaches a maximum and then decreases to zero. Thus, volatiles are initially produced
rapidly; the rate of production slows as the pyrolysis process continues. Figure 9 shows
that the average velocity of degradation increases during the start of the process but some
times decreases during the process. In effect, during the degradation, wood thermal
capacity decreases when wood average temperature is near the temperature of the source.
Figure 10 presents the wood conversion rate versus the duration of the process. It shows
that wood is progressively transformed to other components during the process. After
60 min, 57% of the wood has been transformed when the oven temperature is equal to
Tf = 673.15 K. At 973.15 K, cylindrical wood is totally transformed after 40 min. The
conversion should vary from 0 at the beginning of the pyrolysis to 1 at the end. As the
sample is considered dry, no latency period, which would be due to moisture evaporation,
is to be noted in both cases. However, at low heating temperatures, the conversion increases
slowly due to the fact that the temperature of the sample has not reached the temperature of
the beginning of pyrolysis; during this time, the sample is only heated but no degradation
takes place.
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Along with Preau, Figure 11 permits the conclusion that sample temperature increases
rapidly with a low diameter and an increasing temperature is influenced by the value of
the diameter of samples [24].

Figure 11 presents the influence of the size of cylindrical wood on the evolution of
temperature (Figure 11a) and wood conversion rate (Figure 11b) at Tf = 973.15 K. When
the mass of wood increases, temperature takes time to heat all of the product. After 1000 s,
all cylindrical wood of 15 mm radius is totally transformed, 2500 s are needed to totally
transform a cylindrical wood with 25 mm of radius, while after 3000 s cylindrical wood
with a radius higher than 35 mm is not totally transformed. The temperature increases
more rapidly with small diameter samples as observed by Preau [24] in his experiments on
the pyrolysis of solid wood samples.

Figure 12 presents the influence of initial moisture content on the surface temperature
of cylindrical wood versus the duration of the process using Model 2 (multi-reactional
model) at Tf = 973.15 K, R = 25 mm, RH = 0.3. When the wood is in non-hygroscopic
domain (moisture content higher than 30%), free water is rapidly dried on the surface and
evolutions of temperature at the surface of the cylindrical wood are almost the same. In
hygroscopic domain (moisture content lower than 30%), the surface of the wood heated
rapidly. However, after 400 s all curves align because the effects of the initial moisture
content have been cancelled. Figure 13 shows that average moisture content in the cylindri-
cal wood decreases exponentially and all curves align after 400 s. The samples are totally
dried after 800 s. Figure 14 shows the distribution of temperature during the process at
five positions of the cylindrical wood using Model 2. It is clear that wood samples will
degrade progressively from the surface to the center because temperature takes time to
heat internal parts of the cylindrical wood. After 500 s, the temperature of the surface is
near the temperature of the source (973.15 K) but the temperature at the center has not
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changed. After 3500 s, the temperature of the position located at 10 mm to the axis of the
cylindrical wood is equal to 750 K. Literature also shows similar experimental results [24].
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Figure 15 shows that the cylindrical wood surface rapidly equaled the equilibrium
moisture content. Internal parts of the wood are heated rapidly when temperature of the
source was high. When Tf = 673.15 K, the axial part of the wood had 0.175 kg/kg moisture
content after 600 s duration (Figure 15a). After 1200 s, the axial part of the wood was equal
to 0.015 kg/kg (Figure 15b). It is clear from these curves that high heating temperatures
accelerate the drying process. Figure 16 shows that after 600 s, the temperature of parts
located at 10 mm of the axis have the same temperature as at the start of the process. Thus,
variation of moisture content near the axis presented in Figure 15 is not explained by an
increase in the temperature. However, as found by Di Blasi et al. [22], the presence of
moisture slows down the pyrolysis process to the point that near the center, the temperature
remains constant at its initial value during the evaporation of moisture. Once the drying
process is over, in which case the region near the center has reached the equilibrium
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moisture content, this temperature increases. Indeed, a significant amount of energy is
used for the evaporation of the water contained in the wood and only a small amount is
transferred to the virgin wood. When the temperature at the surface of the sample reaches
about 500 K, the pyrolysis reaction starts and a layer of charcoal forms near the surface,
while the temperature in the center remains constant at its initial value. It can therefore be
concluded that drying and pyrolysis take place successively, at high heating temperatures,
at the same positions along the radius of the pyrolyzed solid wood sample.
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Figure 17 shows that the rate of temperature increase is high when the temperature of
the source increases. This average temperature continues to increase until the temperature
of all parts of the wood is near to that of the source Tf. Figure 18 shows that the density of
wood decreases progressively. When the temperature of the source is equal to 673.15 K,
wood density starts to decrease after 10 min. When Tf = 973.15 K, the density of the
wood decreases after the first seconds of the process. In effect, Figure 16 shows that after
10 min of the process at Tf = 673.15 K, some millimeters of the wood’s surface reaches a
temperature equal to 500 K, the temperature from which charcoal is produced [22]. When
Tf = 973.15 K, a part of the sample reaches 500 K at 150 s, thus charcoal is produced
rapidly. Figures 19 and 20 show that when the wood density decreases, charcoal and
gas are directly produced. Figure 19a,b show that during slow pyrolysis (Figure 19a),
the density of charcoal obtained is lower than that obtained during the fast pyrolysis
(Figure 19b). Values of densities found are not far from those obtained by Teixeira et al. [28]
using wood pellets and wood chips at 700 ◦C. Figure 20 shows that the gas obtained has a
density greater than 10 kg/m3 after the first minutes of the process. Thus, it is possible to
have some gas in a liquid state in order to justify the great value of gas density obtained.
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As showed in the literature, gas produced by the wood pyrolysis process is a mixture of
many known gases such as CO, CH4, C, CO2, H2, H2O and O2 [28]. In the liquid state, it
is possible that these gases give a high density value. In addition, it has been shown that
fast and slow pyrolysis give 13% and 35% of gas, respectively, near the solid products ratio
given by the process [29]. Commandré et al. [30] confirm this ratio of gas density obtained
during pyrolysis process and show experimentally that this ratio can reach up to 40%.
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Works of Widiyannita et al. and Charvet et al. permit us to notice that the percentage
of each component given by the pyrolysis depends on the product used [31,32].

Vapor and liquid states are highly related. In effect, Figures 21 and 22 show that the
evolutions of these two pyrolysis products are directly opposite because the concentration
of vapor is influenced by the pressure and temperature of liquid water in the cylindrical
wood. Thus, liquid density firstly decreases (Figure 21) in order to produce the liquid
vapor (Figure 22). It has been seen that during the process, liquid in the wood is firstly
transformed to gas (steam). If this gas is not evacuated to the system, it is transformed to a
liquid form again (see Figure 22).
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Figure 23 presents the wood conversion rate versus duration of the process in the
two studied temperatures. It is clear that when the temperature of the source increases,
wood is degraded rapidly. Thus, charcoal, gas and water vapor are also rapidly produced
(Figures 24–26). At 673.15 K, the average velocity of charcoal production increases pro-
gressively until 0.025 kg/(m3.s) and oscillates near this value. When Tf = 973.15 K, a great
variation is presented during the first 10 min of the process before reaching a stability near
0.1 kg/(m3.s). These two variations are also seen during production of gas and water vapor.
At a given temperature, water vapor is more rapidly produced than charcoal, and charcoal
more rapidly produced than gas (Figures 24–26).
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RH = 0.3%/100, R = 25 mm and Ho = 20%.
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The influence of wood pyrolysis temperature is clearly presented in Figure 23. The in-
creasing temperature increases the wood conversion and changes the physical morphology
of the charcoal (volume, form), thus the charcoal density as shown by Ananias et al., Hanif
et al. and Arous et al. [33–35].

4. Conclusions

In this work, we have mathematically modeled the pyrolysis process of large pieces of
wood using two kinetic models: a uni-reactionary and a multi-reactionary one step model.
In the absence of Comorian wood samples, the parameters (thermo-physical and kinetic)
used in this study were all extracted from the literature. The mathematical formulation of
the model was used as a basis to develop a numerical model in Python.

The suggested numerical model has allowed us to follow the evolution of the pyrolysis
reaction and to better understand the influence of the oven temperature, the particle size
and the water content of the wood in the pyrolytic conversion process. We note that
during the pyrolysis of solid wood samples, the drying and pyrolysis reactions take place
successively. The water content is a factor that slows down the pyrolysis process and it
is therefore recommended to use dry samples. The oven temperature has a significant
influence on the temperature profile and the reaction rates; a high oven temperature
reduces the drying and conversion time while it increases the rate of the production of
volatile products. A wet wood sample has no obvious drying behavior at high heating
temperatures. The size of the particles is also a factor influencing the process, which can
longer or shorter depending on the size of the sample.

Among the two studied models in this work, the multi-reaction model better describes
the process because it takes into account the effect of the water content and allows us to
follow the evolution of various substances produced during the pyrolysis. This model,
which is simple and does not require a long calculation time, can be used to calculate the
temperature distribution in a pyrolysis bed.

However, since water content, furnace temperature and particle size are not the only
factors to be controlled for an efficient and optimal pyrolysis, further studies are needed to
better understand the process.

In order to specify the results of this study to Comorian wood samples, it is rec-
ommended that in future work, an extensive experimental measurement campaign be
carried out to determine frequency factors, densities, thermal and mass conductivities,
gas permeability, activation energies, desorption isotherms, among others, so that the
numerical results of pyrolysis/combustion are more specific to Comorian woods and sub-
sequently, to dimension pyrolysis/combustion/gasification equipment taking into account
the specificity of these woods. Influence of the heating rates must be also studied in order
to describe progressively very well all thermophysical processes.
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Nomenclature

Parameters Units Descriptions
Latin letters
A 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 Conversion
κ m2/s Thermal diffusivity
λ W/(m.K) Thermal conductivity
ρ kg/m3 Density

σ W/
(

m2.K4
)

Stefan-Boltzmann constant

χeq kg/kg Equilibrium moisture content
Indices
0 Initial
a Air
b Wood
c Charcoal
g Gas
h Wet
i Component
t Tar
moy average
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