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a b s t r a c t

In gasification of biomass, coal and blended biomass and coal, there are two steps including an initial

pyrolysis process followed by gasification of solid char. The latter process is a slow process and thus

dominates the whole gasification. In our previous paper (Xu et al., in press), the differences between

steam gasification of biomass chars and that of coal chars have experimentally been investigated and

the results show that these differences are mainly due to the difference in microstructures of these two

fuels. In this work, a mathematical model of char gasification is developed based on reaction kinetics

and gas transportation of both the producer gas and the gasification agent (steam). The model also

includes mass conservation equations for each of the gas components and solid carbon involved in the

gasification process. This has resulted in a set of highly nonlinear differential equations which have

been solved using a numerical technique to predict gas production rate, gas compositions and carbon

consumption rate during the gasification.

The developed mathematical model is validated using experimental results reported in previous

paper (Xu et al., in press), and close agreement between the simulation results and the experimental

values have been observed. From the modelling, it has been confirmed that the char gasification is

mainly determined by the characteristics of char matrix including the exposed surface area and the

micro-pore size. The former determines intrinsic reaction rate and the latter influences the intra-

particle mass transportation. Biomass char has more amorphous structure, thus the intrinsic reaction

rate is enhanced. For coal char, the larger pore size enables the high transport rate of the gasification

agent (water vapour) into the char particles but the resultant gases have higher resistance to transfer

through compact clusters. For simulation of the blended biomass and coal, the blend properties were

determined based on the blend proportion of each fuel. The close agreement between the simulation

results and experimental data suggests that the approach in this work can adequately quantify the

gasification kinetics and the gas composition.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The process of solid fuel gasification within a fluidized bed
reactor can be divided into two main steps after the initial short
drying: (1) fast pyrolysis of the raw materials and (2) subsequent
gasification of resultant chars. The former is a short process
generating solid char and volatile gases. The latter consists of a
series of heterogeneous reactions of the chars with gasification
agent (air, oxygen or steam), and reactions among reactant and
resultant gases. The char gasification process is a much slower
conversion process compared to the initial pyrolysis thus it is
ll rights reserved.

(S. Pang).
dominant in the whole gasification process (Marcio, 2004; Everson
et al., 2006). Therefore, fundamental understanding and quantifica-
tion of the char gasification are crucial for optimisation of whole
gasification process and for design of the gasifier.

The reaction kinetics in gasification of the chars has been
widely studied in the last few decades. From the previous paper
by the authors (Xu et al., in press), it was found that both the
biomass char and the coal char are porous in structure and mainly
consist of carbon element. The distinct differences in physical and
chemical properties of the biomass chars and the coal chars result
in different gasification characteristics (Lu et al., 2002; Sadhukhan
et al., 2009; Xu et al., in press). Compared with coal char, the
biomass char has lower density and is structurally more amorphous
(Klose and Wolki, 2004; Xu et al., in press). Due to the differences in
the microstructure and gas reaction kinetics, the overall reaction can
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Fig. 1. Schematic diagram of steam gasification of a single char particle. dr is the

infinitesimal length in radius direction of the char particle and dp is the diameter

of the micro-pore.
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be influenced by the intrinsic reaction rate and transportation of
gases involved (Gupta and Saha, 2003). The rate of heterogeneous
reactions, which take place on the contact surface of solid and
reactant gas, are dominated by the inner surface area of the pores
(Bhatia and Perlmutter, 1980). The diameter of the pores also
influences the transportation of the reactant gases into the solid
and the resultant gases out of the solid (Krishna and Wesselingh,
1997). Therefore, the gasification rate is dominated by chemical
reactions involved and the rate of mass transfer which is, in turn,
affected by the char structure.

Due to the small diameter of chars in the order of millimetres, a
gas concentration gradient exists within the particle and, therefore,
a lump model is inadequate to simulate the char gasification process
(Wang and Bhatia, 2001). A dynamic model is, on the other hand,
desirable for quantifying the char gasification characteristics under
different operating conditions. Biggs and Agarwal (1997) developed
a one-dimensional model to simulate char particle in oxygen in
which reactions and gas diffusion were considered and the products
compositions were predicted at different operation conditions. In a
separate study, Wang and Bhatia (2001) proposed a similar combus-
tion model to investigate the structure evolution and fragmentation
of the chars. Recently, Yamashita and his colleagues (Yamashita
et al., 2006) developed a three dimensional model to simulate the
structure evolution of the cubic shape char particle in the oxygen
gasification. However, the dynamic model for simulation of steam
gasification has not been found in literature. In addition, the existing
models are all for a single fuel thus there is an apparent gap in
modelling of co-gasification or co-combustion of two different fuels
which have different properties (such as biomass and coal). Further-
more, in understanding of the co-gasification process of blended
coal and biomass, the reactivity of the blend chars has been reported
to have a synergetic effect and the simple additive rule could not be
applied to predict the gasification behaviour. The single particle
model based on fundamental physical and chemical phenomena
will also be useful to quantify the gasification process.

In the previous study (Xu et al., in press), a series of gasifica-
tion tests were performed in order to experimentally investigate
the gasification process and to understand gasification mechan-
ism. From this study, it has been concluded that the biomass char
has larger intrinsic reactivity while coal char has better effective
mass permeability. The objectives of the current work are to
develop a dynamic mathematical mode for the char gasification
and to validate the developed model using the experimental
results reported previously by the authors (Xu et al., in press).
In the char gasification, steam is used as the gasification agent and
the chars include biomass char, coal char and chars of blended
biomass and coal. From the developed model, the influence of
structure difference on the gasification characterises will be exam-
ined and reasons for the differences in gasification performance of
the different types of chars will be investigated.
2. Development of a mathematical model for steam
gasification of chars

2.1. Transfer process for reactant and resultant gases in a solid char

In gasification, although the chemical reactions between gasifi-
cation agent (steam) and carbonaceous materials are the same for
both the biomass char and the coal char, the physical and the
structural properties among these two types of chars are signifi-
cantly different which result in very different characteristics exhib-
ited in the gasification process. The gasification is a complicated
process consisting of both physical and chemical processes within a
char particle: (1) gasification agent diffusion from bulk gas into the
particle through the micro-pores, (2) chemical reactions among
gases, and between gas and char matrix, and (3) resultant gases
moving out from the char particle by diffusion and bulk flow
through the micro-pores. The above processes can be illustrated in
a schematic diagram as shown in Fig. 1.

2.2. Mass balance equations in a spherical coordinate

The modelling of steam gasification of a single char particle
includes mass balances of all matters involved, transportation of gas
phase reactants and products, reaction kinetics of the gases and the
char over an infinitesimal volume with the diameter increment, dr.
In the development of the gasification model, it is assumed that all
the macro-char particles are regular spheres with the same initial
size and micro-pore diameter. This assumption is valid from the
observation that after char generation, the char particles are gen-
erally no longer cylindrical in spite of the cylindrical pellets used for
making chars. During the char generation, the internal structure of
solid changes and the original pellets are fragmentized into several
smaller sized pieces due to outward volatile fluxes. Furthermore, in
the fluidized bed, the relative motion between solid and gas phases
will enhance such fragmentation process. The highly non-spherical
chars are much more fragile, so that smaller and more spherical
particles are formed.

Other assumptions in the model include:
�
 For the small and spherical char particles, all deviation variables
are only the functions of time (t) and distance in radius (r). This
assumption is tenable for a fluidized bed reactor because the
gases flow through the char bed with high velocity and the
variation in gas composition and gas film mass transfer coeffi-
cient outside the char particles are the minimum.

�
 The mass transfer occurs through convection and diffusion

within the char particle.

�
 Due to the small size of the particle, it is assumed that the char

particle has a uniform temperature distribution.

�
 Three chemical reactions occurring in the char gasification are

considered, these are:

Steam Gasification Reaction: H2OþC-H2þCO (1)

Water–Gas Shift Reaction: H2OþCO2H2þCO2 (2)

Bouduard Reaction: CO2þC-2CO (3)

Therefore, the resultant gases from the char gasification are H2,
CO and CO2.
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In the model, the independent variables involved are: (1) molar
concentration of the gaseous species of H2O (gasification agent),
H2, CO, CO2 and N2 (carrier gas), nominated as Ci, i¼1 to 5 and
(2) conversion rate of solid char represented by Xs which is
defined in the previous paper of the authors (Xu et al., in press).

Based on the isothermal assumption, only mass balance
calculations are needed in the model which is derived as follows:

@ðFCiÞ

@t
þ

1

r2

1

@r
ðr2NiÞ ¼

X3

j ¼ 1

vijRj ð4Þ

where F is the porosity of the char structure; Ni the net mass flux
of ith component, i¼1, 2,y,5; vij the stoichiometric coefficient of
ith component in jth reaction; Rj the intrinsic reaction rate of the
jth reaction as given in Eqs. (1)–(3).

Using the matrix form, the above mass conservation equation
of all gas species can be expressed as

@ðFCÞ

@t
þ

1

r2

1

@r
ðr2NÞ ¼ vR ð5Þ

In which C is the vector of gas component concentration with
5 rows,

C¼

C1

C2

C3

C4

C5

2
6666664

3
7777775

N is the vector of gas component net fluxes, also of 5 rows. R is the
vector of intrinsic rates of all reactions with 3 columns. v is the
matrix of stoichiometric coefficients with 5�3 elements

v¼

�1 �1 0

1 1 0

1 �1 2

0 1 �1

0 0 0

2
6666664

3
7777775

Initial and boundary conditions for Eq. (5) are:

@C

@t
¼ 0 at r¼ 0

C¼ Cs at r¼ ra ð6Þ

Here Cs is the concentration of a gas species on the apparent
surface of the particle.

The net flux vector (N) is the sum of the diffusion and the
convection of the bulk gas in the porous structure within the char
particle:

N¼ JþuC¼�
F
t ðDeffrCþuCÞ ð7Þ

where J is the diffusion flux vector of gas components; u is the
linear gas velocity of the bulk gas phase; t is the tortuosity of the
pores which is unity (t¼1) for cylindrical shaped pores; and Deff is
the effective diffusivity of the gas components in the char matrix.

2.3. Transportation of gas molecules in the char matrix

For diffusion of gas species in porous structure, if the length of
mean free path of the gas molecules is larger than the micro-pore
diameter, the collision between the gas molecules and the pore
wall becomes more frequent and the overall diffusivity of the gas
in the solid structure is reduced due to the restriction of the
molecule transportation by the narrow space within the pore.
This phenomenon is well known as Knudsen Diffusion. In this
model, the mean pore diameter is in the order of a micrometre
which is significantly less than the mean free path of gas molecules
corresponding to the gasification temperatures investigated. There-
fore, determination of diffusivity of gas components in the char
needs to take into account the effect of both diffusion and con-
vective bulk flow. The diffusion of ith gas component in the char
matrix could be evaluated by dusty-gas model which implements
the Knudsen Diffusivity into the Maxwell–Stephan multi-compo-
nent diffusion model. On the other hand, viscous flow occurs under
the pressure gradient within the pores which also contributes to the
overall flux of a given gas component. Under normal pressure
conditions the relationship among species flux, species concen-
tration and pressure gradient acting on the ith gas component can
be described by the following equation (Krishna and Wesselingh,
1997):

� rCiþ
B0

DiKm
CirP

� �
¼
Xn

j ¼ 1

yjNi�yiNj

De
ij

þ
Ni

De
iK

, i¼ 1,2,. . .,n ð8Þ

where De
ij and De

iK are, respectively, the effective gas phase
diffusivity and Knudsen Diffusivity in the porous material:

De
ij ¼

F
t Dij, De

iK ¼
F
t DiK ð9Þ

By applying the Ideal Gas Law, the following equations can be
derived:

rP¼ RTrCt ð10Þ

Ct ¼
Xn

i ¼ 1

Ci ð11Þ

Eq. (8) can also be expressed in a matrix form:

�
F
t rCþ

RTB0

m rCt A½ �C

� �
¼ B½ �N ð12Þ

By re-arranging the above equation, the molar flux of gas
components (N) can be determined by

N¼�
F
t
½B��1rCþ

RTB0

m
rCt½B�

�1 A½ �C

� �
ð13Þ

Substituting Eq. (13) into Eq. (5), the mass balance for gas
components becomes:

@ðFCÞ

@t
¼

1

r2

1

@r
r2 F

t ½B��1 @C

@r
þ

RTB0

m
@Ct

@r
½B��1 A½ �C

� �� �
þvR ð14Þ

In the above equation, [A] and [B] are 5-dimensional square
matrices. Their diagonal and off-diagonal elements are calcula-
ted by

Aii ¼
1

DiK
ð15Þ

Aij ¼ 0 ð16Þ

Bii ¼
1

DiK
þ
Xn

j¼ 1

ja i

yj

Dij
ð17Þ

Bij ¼�
yi

Dij
, i¼ 1,. . .,5 ð18Þ

The Knudsen Diffusion coefficient of ith component in the
pore, DiK, is calculated by (Jackson, 1977):

DiK ¼
dp

3

ffiffiffiffiffiffiffiffiffi
8RT

pMi

s
ð19Þ

where dp is the mean diameter of pores.
The binary diffusion coefficient of component (Dij) for species

i in reaction j is estimated by correlation of Hirschfelder
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(Welty et al., 1969):

Dij ¼
0:001858T3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=MiÞþð1=MjÞ

p
Ps2

ijOD

ð20Þ

In which Mi and Mj are the molecular weight of component i and j,
respectively.

In Eq. (14), B0 is the gas permeability of the porous char
particle. With laminar gas flow in a cylindrical pore, B0 can be
evaluated by using the Hagen–Poiseuille equation:

B0 ¼
d2

p

32
ð21Þ

The gas mixture viscosity in Eq. (14) can be evaluated by
Wilke’s correlation (Welty et al., 1969):

m¼
Xn

i ¼ 1

yimiP
yifij

ð22Þ

fij ¼
1ffiffiffi
8
p 1þ

Mi

Mj

� ��1=2

1þ
mi

mj

 !1=2
Mj

Mi

� �1=4
2
4

3
52

ð23Þ

However, for the single gas species, the viscosity of ith
component is determined by Sutherland’s formula (White, 1991):

mi ¼ m0,i

T0,iþci

Tþci

� �
T

T0,i

� �3=2

ð24Þ

where T0,i is the reference temperature, m0,i is the reference viscosity
at reference temperature, and ci is the Sutherland’s constant.

2.4. Gasification reaction kinetics

In this model, the three main reactions considered are expressed
in Eqs. (1)–(3) and illustrated in Fig. 1. Among the three reactions,
the Water–Gas Shift Reaction (Eq. (2)) is the gas phase homoge-
neous reaction within the void space of the char pores for conver-
sion of H2O and CO to CO2 and H2, the kinetics of this reaction is
expressed as

R2 ¼ k2 C1C3�
C2C4

K2

� �
F¼ k0,2e�EA,2=RT C1C3�

C2C4

K0,2e�DG2=RT

� �
F ð25Þ

where k2 is the reaction kinetic constant, K2 is the equilibrium
constant, and k0,2 and K0,2 are, respectively, the pre-exponential
factors. EA,2 is the activation energy and DG2 is the Gibbs free energy
of the reaction.

The intrinsic rates of the other two heterogeneous reactions of
the char gasification are dependent on temperature, concentra-
tion of the gasification agent (steam) and the activated reaction
surface area of the solid. In general, kinetic models for intrinsic
rates of heterogeneous reactions can be expressed as the product
of three affecting parameters (Fermoso et al., 2008):

Ri ¼ kðTÞ f ðCÞ SðXÞ ð26Þ

In which k is the apparent rate constant which can be considered
as a unique function of temperature, T, and is usually expressed in
Arrhenius equation:

kðTÞ ¼ k0,je
�EA,j=RT , j¼ 1,2,3 ð27Þ

where k0 and EA,j are the pre-exponential factor and the activation
energy, respectively.

The gas component function in Eq. (26), f(C), represents the
effect of the gas concentration on the reaction rate. For the
reaction between steam and carbonaceous material, it can be
expressed by the Langmuir type formulation. However in this
model, it will be simplified to be f(C)¼C, since the system was
operated at atmospheric pressure, at which the intrinsic rate is
linearly related to the concentration of gasification agent.
The specific reactive surface area evolution function in Eq. (26),
S(X), describes the change of the geometrical property of the solid
char as the gasification proceeds. In the initial stage of the gasifica-
tion process, the total surface area increases due to the size increase
of the char pores during the initial heat-up period. After the initial
stage, the pores contract and char particle size is reduced which
causes the reduction of total surface area. Therefore, the random
pore model, which contains competing effect of single pore size
increase and destruction of overlapping region on the total surface
area, is implemented to determine the surface area evolution (Bhatia
and Perlmutter, 1980):

SðXÞ ¼ S0ð1�XsÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�c lnð1�XsÞ

q
ð28Þ

where S0 is the specific surface area of char at Xs¼0. c is the
dimensionless parameter indicating the nature of pore structure:

c¼
4pL0ð1�F0Þ

S2
0

ð29Þ

In the above equation, L0, S0 and F0 represent the initial pore
surface, pore length and solid porosity, respectively (Bhatia,
1987). The value of parameter c is mainly dependent on the type
of the solid fuel and the char formation condition (Mastsumoto
et al., 2009; Sadhukhan et al., 2009).

Combining all of three reaction parameters, k(T), f(C) and S(X),
the complete form of the intrinsic reaction rate vector becomes:

R¼

R1

R2

R3

0
B@

1
CA¼

k0,1e�EA,1=RT S0ð1�XsÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�c lnð1�XsÞ

p
C1

k0,2e�EA,2=RT C1C3�
C2C4

K2,0e�DG2=RT

� �
F0þð1�F0ÞXs½ �

k0,3e�EA,3=RT S0ð1�XsÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�c lnð1�XsÞ

p
C4

0
BBB@

1
CCCA
ð30Þ
2.5. Char structural evolution

The local conversion of char is evaluated from the total carbon
consumption rate:

@Xs

@t
¼�

MC

rC

vCR ð31Þ

in which MC and rC are the molecular weight and density of the
char, respectively. The stoichiometric coefficient vector is given as
vC¼[�1 0 �1]. It is assumed that the density of the solid phase
remains constant regardless of the char conversion and the
porosity is thus a unique function of conversion:

FðXsÞ ¼F0þð1�F0ÞXs ð32Þ

In this model, the pores are assumed to be cylinders with axis
direction normal to the particle surface. Since the porosity and
specific surface area are the total volume and inner surface area of
all pores, respectively, the local mean pore diameter can be
determined from the surface area and porosity of the char:

dp ¼
4FðXsÞ

SðXsÞ
¼

4 F0þð1�F0ÞXs½ �

S0ð1�XsÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�c lnð1�XsÞ

p ð33Þ

With the gasification proceeding after a certain stage, the char
particle shrinks and the apparent radius (ra) of the char particle
starts to reduce. This critical point corresponds to the process
when local conversion at the particle outer surface causes
fragmentation. In the model, the critical conversion point for
the fragmentation (Xcr) is introduced in order to determine the
dynamic of ra. When the local conversion at the surface is below
Xcr, the apparent radius remains unchanged but beyond Xcr,
further conversion of char at the surface will cause shrinkage in
the particle radius. Based on this consideration, the change in char
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apparent radius with time can mathematically be expressed as

@ra

@t
¼ 0 if XsðraÞoXcr ;

@ra

@t
¼�

@XsðraÞ

@t

. @XsðraÞ

@r
if XsðraÞZXcr

ð34Þ

2.6. Surface gas concentration

Gas concentration at the outer surface of the char particle is
evaluated in order to provide boundary conditions for solving the
proposed model. It is assumed that at the char surface the
external convective mass transfer rate for the gas components
to the surface must be equal to the transportation rate through
the char particle surface (no accumulation at the surface), hence:

NðraÞ ¼ �
F
t
½B��1 @C

@r
þ

RTB0

m
@

@r
Ct½B�

�1 A½ �C

� �				
ra

¼ kc Cb�CðraÞ½ � ð35Þ

where Cb is the component concentration in the bulk gas outside
the char particle; kc is the mass transfer coefficient which is
determined from the correlation of forced convection mass
transfer of a spherical particle (Baxter and Robinson, 2004):

kc ¼
ShD

2ra
; Sh¼ 2:0þ0:552Re0:5Sc1=3 ð36Þ
Table 1
Input parameters and values in the model simulations.

Parameters Description Coal Biomass

C Pore structure parameter

of char

10 2

S0 Initial specific area of char 13 000 m2/m3 200 000 m2/m3

F0 Initial porosity of char 0.6 0.8

k0,1 Pre-exponential factor

of reaction 1

29 (s�1)

k0,3 Pre-exponential factor

of reaction 3

4364 (s�1)

EA,1 Pre-exponential factor

of reaction 1

175.84 kJ/mol

EA,3 Pre-exponential factor

of reaction 3

248.12 kJ/mol
3. Numerical method for solving the developed model

In the developed model, gas species concentration (C) and char
conversion rate (Xs) are the objective variables to be determined.
Since porosity is the function of conversion rate, Eq. (14) can be
re-arranged as follows:

@C

@t
¼
ð@ðFCÞ=@tÞ�Cð@F=@tÞ

F
¼
ð@ðFCÞ=@tÞ�Cð1�F0Þð@Xs=@tÞ

F
ð37Þ

Since char particle apparent radius starts to reduce after the
critical carbon conversion rate and will eventually approach zero,
the moving boundary method is used in solving the proposed model
(Ebahimi et al., 2008).

As the model involves a series of highly nonlinear, partial
differential equations (PDEs), the model can only be solved using
an appropriate numerical technique. In solving the model, the
solid char particle is divided into N discrete nodes from the centre
to the outer surface of the particle, and physical properties at each
node are evaluated by the central difference method. The radius
coordinate, r, is replaced by dimensionless spatial variable, s,
therefore, the domain concerned is converted into expression of
relative coordinate:

r¼ raUs, 8rA ½0,ra�; 8sA ½0,1�

Therefore, the derivative of variables represented by Y at all
nodes is transformed from the original PDEs (Wang and Bhatia,
2001):

@Y

@t

				
s

¼
@Y

@t

				
r

�
@Y

@s

@s

@ra

@ra

@t
ð38Þ

where the variable s is defined as

@s

@ra
¼�

s

ra
ð39Þ

In order to obtain the numerical solution, the original PDEs were
converted into a set of ordinary differential algebraic equations
(DAEs), by converting the continuous variables into the discrete
expression on N equal-space segments along the particle radius, thus
the original six PDEs can be converted into 6N DAEs. In solving the
model, different size of discrete nodes and different time steps have
been tried to obtain converging and stable solutions using Matlab
software. It has been found that the number of elements should be
equal to, or greater than, 50 in order for the model to provide
converging solutions at all possible input operating conditions.

The initial conditions can be established from the operational
condition. At the start of the gasification process (t¼0), gas
compositions of the steam (H2O) and three resultant gas species
(H2, CO and CO2) are zero within the char particles (C1QC2Q
C3QC4Q0). The composition of nitrogen (C5) corresponding to
atmospheric pressure and operating temperature can be calcu-
lated using the Ideal Gas Law. The solid char conversion at the
start is zero (Xs¼0).

The boundary conditions for the gaseous species at the char
centre (r¼0) and at the char surface (r¼ra) have been given in
Eq. (6). Since there is no transportation of solid char occurring, the
boundary condition for carbon conversion (Xs) is not needed.

The numerical scheme of solving the developed model can be
described as four steps:
�
 Firstly, the time derivatives of deviation variables at a given
radial position ð@Y=@tÞ rj , are evaluated from the differential
equations by the central difference method.

�
 The moving boundary method is then used to transform the

time derivatives of the deviation variables into a dimension-
less form ð@Y=@tÞ sj .

�
 PDEs are desecrated into DAEs in order to obtain the numerical

solution.

�
 Finally Matlab software, which employs mode15 method, is

coded to integrate the DAEs for prediction of required values of
gas species concentrations and carbon conversion rate.

The above procedures can be applied to both the gasification of
biomass char and the gasification of coal char using corresponding
microstructural properties such as area to volume ratio, pore
structure parameter and porosity. For simulation of the gasification
of blended biomass and coal char, a simple method of interpolating
the solid material properties is used to quantify the blend properties.
4. Simulation results and discussion

4.1. Simulation results and comparison with experimental data

The developed model for the steam gasification of solid chars
has been solved under the operating temperatures of 850, 900
and 950 1C as used in the experiments (Xu et al., in press). The
input values for the simulations are given in Table 1 for biomass
char and coal char, respectively. For simulation of blended
biomass and coal chars, the properties of the biomass char and
the coal char are linearly interpolated based on the proportion of
each fuel in the blend char. The values of pre-exponential factors



Fig. 4. Simulation and experimental results of gas production rate and gas

composition in steam gasification of pure coal char at 900 1C.
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and activation energy for reactions Eqs. (1) and (3) were obtained
from literature (Souza and Marcio, 2004).

By using the input data given in Table 1, the developed model
has been solved to predict gas production rates, product gas
composition, and carbon consumption rate in steam gasification
of pure biomass char, pure coal char and blended biomass and
coal char. The simulated results for gasification of pure biomass
char at 900 1C are shown in Fig. 2 for gas production rate and gas
composition, and in Fig. 3 for carbon consumption rate. In the
simulations, the heat-up stage is not included as the model does
not include the heat transfer process. However, the heat-up stage
is very short (about 2 min) compared to the complete gasification
process (20 min or longer). The corresponding results for the
gasification of coal char are shown in Figs. 4 and 5. In all of the
figures, the experimental data are also presented for comparison
with the model simulation results.

Comparison between simulation results and experimental data
was also made for blended biomass and coal chars, and for
different gasification temperature as used in the experiments
(Xu et al., in press). The model simulation results are all in close
agreement with the experimental data for the producer gas
profile and overall carbon consumption rates. From the above
comparison, confidence in the developed model has been gained
and thus the model has further been applied to examine the
effects of gasification temperature, char structure and blending
ratio of biomass and coal. The results are presented as follows
(where it is possible), experimental data are also included.
Fig. 2. Simulation and experimental results of gas production rate and gas

composition in steam gasification of pure biomass char at 900 1C.

Fig. 3. Simulated and experimental results of carbon consumption rate for steam

gasification of pure biomass char at 900 1C.

Fig. 5. Simulation and experimental results of carbon consumption rate for steam

gasification of pure coal char at 900 1C.

Fig. 6. Effect of gasification temperature on conversion dynamics of pure biomass

chars.
4.2. Effect of gasification temperature

Figs. 6 and 7 show the simulation results and experimental
data for carbon conversion in steam gasification of pure biomass
char (Fig. 6) and pure coal char (Fig. 7) at three temperatures 850,
900 and 950 1C. The carbon conversion is the relative carbon
consumed which is defined as the ratio of the carbon mass
consumed in the gasification process to the initial carbon mass.



Fig. 7. Effect of gasification temperature on conversion dynamics of pure

coal chars.

Fig. 8. Predicted conversion dynamics of biomass char at the char surface, mid-

radius and in the char centre.
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At the start of the gasification, the carbon conversion is zero as no
carbon is consumed yet, but the carbon conversion approaches
unity when the gasification is near completion when the majority
of the carbon has been consumed.

From the conversion dynamic curves of biomass and coal, it is
clearly seen that the gasification temperature enhanced the reaction
rates for both types of chars. Furthermore, different reaction
characteristics can be observed between the biomass char and the
coal char. For the biomass char, the reaction rate remained approxi-
mately constant at the initial stage, indicated by the linear increase
of the conversion dynamic curve. For the coal char, the exponential
shape of the conversion dynamic curve indicates that the gasifica-
tion reaction order is a first order reaction.

The close agreement between the model simulation and the
experimental results further confirms the analysis of the gasifica-
tion mechanism presented in the previous paper (Xu et al., in
press). In gasification of the biomass char, the reactions mainly
occur on and near the char particle surface thus constant reaction
kinetics can be observed in the early stage of the gasification.
However, in the late stage of the gasification, the surface becomes
less and less, the reaction rates relative to the original char mass
are reduced, resulting in a curved conversion curve. For the
gasification of coal char, the reaction can occur in the micro-
pores within the char particle due to the lower transfer resistance,
therefore, the intrinsic reaction rates follow traditional first order
kinetics.

Another interesting phenomenon observed is that increasing
the temperature from 850 to 900 1C has a more significant impact
in the gasification of biomass char than in the gasification of coal
char. Further increase in the gasification temperature from 900 to
950 1C has more impact in the coal char gasification than in the
biomass char gasification. Such phenomenon could be explained
as the results of the competing effect of heterogeneous reactions
and gaseous species diffusion within char matrix. Since biomass
char has larger internal reactive surface area and smaller pore size
compared with the coal char, the mass transportation within the
char particle is the dominant factor for the biomass char gasification
whereas for the coal char gasification, the intrinsic reaction are more
important. As the temperature increases, the rate of mass transpor-
tation of gases is enhanced more significantly at the lower tem-
perature range (850–900 1C). On the other hand, the intrinsic
reaction rate can be increased more significantly at higher tempera-
ture range (900–950 1C). Therefore, the overall rate of biomass char
conversion is more sensitive to the temperature increase at rela-
tively lower temperature range but the gasification rate for the coal
char is more sensitive to the higher temperature range.
4.3. Effect of microstructure of the solid chars

The overall specific reaction surface area (S) of the micro-pores
in the char particle is one of the key parameters in the model
which influences the char gasification process. This can be under-
stood from its impacts on the gasification reaction rate and on the
intra-particle transportation of the reaction species, referring to
Eqs. (26) and (33). From Eq. (26), the reaction rate of hetero-
geneous reaction (Rj) is proportional to the specific reaction
surface area, while Eq. (33) shows the mean pore diameter (dp)
is inversely proportional to the effective reaction surface area. For
biomass char, which is more porous than coal char, the specific
reaction surface area is greater thus the intrinsic reaction rate is
higher compared to the coal char. However, the transportation of
the gaseous species is also affected by the Knudsen Diffusivity
effect which is the rate controlling factor of the overall diffusion
due to the restriction of small pore diameter. Contrarily, for coal
char with smaller specific reaction surface area, reaction rates are
lower but the pore diameter is higher compared to the biomass
char. Therefore, in the gasification of coal char, the reaction rate
becomes the rate controlling factor.

Considering both the effect of intrinsic reaction rate and the
overall transportation of gaseous species during the gasification
process, in biomass char gasification the reactions on the char
particle surface proceed faster than those in the micro-pores due
to the greater resistance to gas transportation through the micro-
pores. Therefore, the solid matter (carbon) on the surface layer of
the biomass char will be consumed faster than that within the
char particle. This can be clearly illustrated from the simulation
results for biomass char gasification at 900 1C as shown in Fig. 8 in
which the carbon conversion rate for three locations at the outer
surface, at the middle location along the radius and in the centre
of the char particle, is plotted as a function of elapsed time. The
figure clearly shows the difference in the reaction rates along
the radius resulting in a significant conversion gradient along the
particle radius. It is also found that the surface shrinks in the
gasification, which is indicated by shorter time of carbon conver-
sion completion at the surface compared to the other parts within
the biomass char particle.

On the other hand, the simulation results for the coal char
gasification (Fig. 9) show that the conversion of the coal char is
more uniform compared with the biomass char. Based on this
finding, all the local conversion dynamics at different radial
positions are very close to each other, indicating much less
resistance for the reactant gas species to transfer within the char
particles. Further analysis of the coal gasification process can
reveal that the surface shrinkage is much slower than the biomass
char gasification thus the overall reaction rate is slower than the



Fig. 9. Predicted conversion dynamics of coal char at the char surface, mid-radius

and in the char centre.

Fig. 10. Comparison of model simulated and measured results of gas production

rate and gas composition in gasification of blend char with coal-to-biomass ratio

of 20:80.

Fig. 11. Comparison of model simulated and measured result of carbon consump-

tion rate in gasification of blend char with coal-to-biomass ratio of 20:80.

Fig. 12. Comparison of model simulated and measured results of gas production

rate and gas composition in gasification of blend char with coal-to-biomass ratio

of 50:50.
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biomass char gasification. This can be confirmed by the longer
gasification completion time at the same temperature compared
to the biomass char gasification.
Fig. 13. Comparison of model simulated and measured results of carbon con-

sumption rate in gasification of blend char with coal-to-biomass ratio of 50:50.
4.4. Effect of biomass and coal blending

The gasification process of blended biomass and coal chars has
also been simulated using the developed model with the physical
and chemical properties being determined based on the actual
fractions of each solid in the blend char rather than on the
blending ratio of the original materials. This is because the char
yield of the coal is significantly higher than the biomass. In this
work, the initial parameters such as surface area, porosity and
density were also calculated based the actual fraction of each fuel
in the blended char. The simulation results for gasification of
blended chars with coal-to-biomass blending ratios of 20:80, 50:50,
80:20 are presented in Figs. 10, 12 and 14 for gas production profile
and gas composition, and in Figs. 11, 13 and 15 for carbon consum-
ption rate. In the figures, experimental data are also included for
comparison with the simulation results and close agreements
between the model simulation results and experimental data are
observed.

The simulation results for the blended chars show that the
gasification of blend chars is more likely to follow first order
reaction kinetics without apparent constant reaction rate appear-
ing in the early stage as observed in the gasification of pure
biomass char (Figs. 2 and 3). This further confirms the findings
from the experiments (Xu et al., in press) that the characteristics
of blend char gasification are more similar to those of pure coal
chars (Figs. 4 and 5) which can be attributed to a number of
factors. In the char generation, the biomass lost more volatile
components than coal thus the actual char mass formed from the
biomass was less than that from the coal. In addition, the
microstructures between the pure biomass and coal are different,



Fig. 15. Comparison of model simulated and measured result of carbon consump-

tion rate in gasification of blend char with coal-to-biomass ratio of 80:20.

Fig. 14. Comparison of model simulated and measured results of gas production

rate and gas composition in gasification of blend char with coal-to-biomass ratio

of 80:20.
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and the coal becomes more influential than the biomass when
blended together.
5. Conclusions

In this work, a dynamic mathematical model has been devel-
oped for simulation of the steam gasification process of biomass
char and coal char. This model is based on the reaction mechan-
ism in the gasification, mass conservation and mass transfer as
well as char structure characteristics. The reactions considered
include: Steam-Gasification Reaction, Water–Gas Shift Reaction
and Bouduard Reaction. The mass transfer process takes into
account both diffusion and convective bulk flow of the reactant
gas (steam), resultant gas species (H2, CO, CO2) and the carrier gas
(N2). The heat transfer is not included in the model since the
particle size of the chars is very small and the Water–Gas Shift
Reaction is exothermic thus the intra-particle temperature gra-
dient is insignificant. The model has been solved using a numer-
ical method to predict the gas production rate, gas composition
and carbon consumption rate. In addition, the model can also
predict the concentration distribution of gas species and carbon
conversion rate along the char radial direction, from the centre to
the outer surface of the particle.
The developed model is validated using experimental data and
close agreement has been found between the model simulation
results and the experimental data. The model simulation results
show that the char structure (specific reaction surface area and
micro-pore size) has significant impacts on both intrinsic reaction
rate and the intra-particle mass transportation while the magni-
tude of these two competing processes determines the overall
gasification process. The difference in the char structure is the key
factor contributing to different gasification characteristics between
biomass char and coal char.

The developed model is also applied to investigate the gasifi-
cation of blended biomass and coal chars in which the solid
material properties are interpolated based on the actual fraction
of two fuels in the char. The close agreement between the modelled
and experimental results suggests that the simple method to
determine the blend properties is adequate for the simulation of
gasification of the blend chars. The developed model presented in
this paper will be employed to generate information which is
used in a full scale gasifier model. The full scale gasifier is normally
2–10 MW for pilot or demonstration plants and is over 20 MW for
full commercial plants.
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