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ABSTRACT: The devolatilization process and the moisture content in coal and biomass play an important role on the
gasification performance of these fuels. To theoretically understand the complex chemical processes in a gasifier, we developed a
multiphysics model to simulate the gasification processes in a well-stirred reactor. This model is a first-of-its-kind: it considers
detailed gas-phase chemistry, drying and devolatilization kinetics, particle-phase reactions, boundary layer diffusion, pore
evolution, as well as full coupling between the two phases at various scales for mass, species, and energy exchange. Numerical
simulations were conducted using an in-house code to understand the comprehensive gasification process, and the focus was on
the effects of devolatilization and moisture content. Sensitivity analysis was performed to identify the most influential parameters
among various chemical and physical processes on the overall gasification performance (conversion time and syngas production).
The results show that the syngas yield is most sensitive to the reaction rates of carbon-steam and carbon-CO2 reactions; the rates
of drying and devolatilization have little impact on the syngas composition. The coal conversion time is most sensitive to the heat
transfer rates including both radiation and convection, and its secondary sensitivity is to the reaction rate of the carbon-steam
reaction. Lastly, the coal conversion time increases with increasing moisture content. This is because high moisture content
causes a decrease of temperature, which reduces the reaction rates.

1. INTRODUCTION
Fuel synthesis through coal gasification can potentially provide
a solution to the increasing demand of energy and liquid fuels
for transportation. Understanding the complex chemical
processes of coal gasification, both experimentally and
computationally, has received increasing interest in recent
years. In a previous work,1 we developed a multiphysics model
to simulate the gasification processes in a well-stirred reactor
containing uniformly distributed carbon particles. This model
considered detailed gas-phase and particle-phase reactions as
well as full coupling between the two phases at various scales
for mass, species, and energy exchange. The gas-phase reactions
are described with detailed chemistry and variable thermody-
namic and transport properties. The rates of heterogeneous
surface reactions are simulated by the diffusion-kinetic model
with consideration of boundary layer diffusion. Numerical
simulations were conducted to understand the effects of
pressure, O2 concentration, and H2 addition on the carbon
gasification process. It is noted that this model considered
gasification of carbon particles; it did not include drying and
devolatilization processes that occur in the gasification process
of real coal and biomass materials.
Devolatilization plays an important role in coal and biomass

gasification. The gasification rate of various coals with different
chemical composition is affected primarily through the
devolatilization process. The devolatilization process also have
a strong effect on char reactivity.2,3 Therefore it is critical to
include the devolatilization process when modeling coal
gasification, especially the pyrolysis rate and volatile product
composition. A number of kinetic models have been developed
for the devolatilization of various coals. Models that are
relatively simple include the single kinetic rate model4 and the
two competing rates model.5 Complex models include the
functional group-devolatilization vaporization cross-linking

model,6 the FLASHCHAIN model,7−9 and the chemical
percolation devolatilization.10 These models are applicable
over a wide range of coal types, but they are extremely complex
and are difficult to use for practical applications.
The moisture content of a coal or biomass also has a

significant influence on the drying process and will therefore
affect the subsequent processes, e.g., devolatilization, volatile
matter evolution, as well as gasification processes.11 These
various processes may take place simultaneously, and their
interactions still need to be better understood.12 Agarwal et
al.12 developed a model that described the coupled drying and
devolatilization processes of Mississippi lignite coal in fluidized
beds. Their results showed that this model was adequate for
low rank coals with low tar yields. For coals with higher tar
yields, however, a more accurate model that considers coupled
heat and mass transfer was suggested to describe the drying and
devolatilization processes. Yip et al. 13 developed a
mathematical model for low-rank coal pyrolysis. This model
included the primary and secondary coal pyrolysis reactions and
the char gasification reaction with the in situ steam which
resulted from both coal inherent moisture and pyrolytic water.
The results showed that the char yields during pyrolysis
decreased with the increase of coal inherent moisture content
and the decreases of particle size because of the higher heating
rate and the pore diffusion effect for the smaller particles. This
model provides great insight into the effect of moisture content
during the devolatilization process. However, to investigate the
integrated impact of the moisture content during both the
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devolatilization process and the char gasification process, a
model which considers the two processes is still needed.
Motivated by the above, we incorporated the submodels of

moisture evaporation and devolatilization into the coal
gasification model we have previously developed. The multi-
physics model considered detailed gas-phase chemistry, drying
and devolatilization kinetics, and porous structure evolution, as
well as full coupling between the two phases, including species,
mass, and energy exchange. The goal was to understand the
complex gasification processes of coal in a well-stirred reactor,
especially the effect of the moisture drying and the
devolatilization process on the gasification performance under
various conditions.

2. MODEL DESCRIPTION
A multiphysics model was developed to simulate the complex
coal gasification processes in a well-stirred reactor. Major
assumptions of the model include: the species inside the reactor
are well-mixed; the pressure of the reactor remains constant;
and the mass of the reactor is constant. The reason for
choosing this model was because we wanted to focus on the
effect of transient chemical kinetics (including coupled gas-
phase kinetics and surface kinetics) by neglecting transport
(assuming strong mixing) as well as fluid dynamics (e.g.,
reactants such as coal particles and steam are typically injected
into a gasifier in practical applications).
Figure 1 shows a schematic of the well-stirred reactor.

Although it is spherical, the reactor need not be of any

particular geometric shape. Carbon particles with diameter dp
are uniformly distributed inside the reactor together with
gaseous species. The reactor’s pressure remains constant, which
means that during the gasification process the volume increases
as a result of thermal expansion; thus, the number density of
coal particles Np decreases but the total number is conserved.
Under these assumptions, the gasification process inside the

reactor is time-dependent and spatial-independent. Intense
mixing is assumed so that all gas-phase properties are uniform
or spatially independent, with the exception of the small
boundary layers surrounding the particles. Within the boundary
layer are mass, species, and energy exchanges between
individual particles and the surrounding gases, causing local
gradients. The model developed for a single particle, which
includes multiple processes such as moisture drying, devolati-
lization, surface reactions, diffusion onto particle surface, and
heat and mass transfer between the particle and the
surrounding gases, statistically represents all particles inside
the reactor. For the gas-phase reactions, detailed kinetics and
variable thermodynamic and transport properties are consid-
ered. The governing equations of mass, species, and energy
conservation for the two phases are coupled to account for
exchange between the phases. The transient gasification process
is computed until 99% (by total mass) of the coal particle is
gasified.

2.1. Gas-Phase Equations. The conservation equations of
mass, species, and energy for the gas phase are given as
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In eq 1.1, mg and ρg are the mass and density of all gas-phase
species, respectively; wi is the molar production rate of species i
because of drying, devolatilization, and surface reactions; Wi is
the molecular weight of species i. In eq 1.2, Yi is the mass
fraction of species i; ωi is the molar production rate of species i
because of gas-phase reactions. In eq 1.3, C̅p,g is the mean heat
capacity of the gas mixture, which is determined by the detailed
gas-phase kinetics; Tg is the gas-phase temperature; Np is the
particle-number density; hi is the enthalpy of species i; Q̇M, Q̇D,
and Q̇h represent enthalpy transfer resulting from mass transfer
because of drying, devolatilization, and surface reactions,
respectively; and Q̇conv,g is the convection heat transfer between
a particle and its surrounding gases, which was calculated based
on a Nusselt number of 2.1

A detailed gas-phase reaction mechanism, GRI-Mech 1.2, is
incorporated into the model, which includes 177 elementary
reactions and 32 species. The gas-phase species are H2, H, O,
O2, OH, H2O, HO2, H2O2, C, CH, CH2, CH2(S), CH3, CH4,
CO, CO2, HCO, CH2O, CH2OH, CH3O, CH3OH, C2H, C2H2,
C2H3, C2H4, C2H5, C2H6, HCCO, CH2CO, HCCOH, and N2.
Variable thermodynamic and transport properties were adopted
based on the CHEMKIN format. GRI-Mech 3.0 mechanism
was also used, and the results are essentially the same as those
of GRI-Mech 1.2.

2.2. Particle-Phase Equations. The particle mass mp,
diameter dp, density ρp, number density Np, and temperature Tp
are the five variables to solve. The governing equations are
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Figure 1. (a) Schematic of coal gasification in a constant-pressure well-
stirred reactor and (b) schematic of multiple physical and chemical
processes on a single coal particle.
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where, ρp,0, mp,0, dp,0, and Np,0 are the initial density, mass,
diameter, and number density of each particle at t = 0 s. The
coal consumption rates are ṁM, ṁD, and ṁC because of drying,
devolatilization, and surface reactions, respectively; Cp,p is the
heat capacity of particles, which is calculated by JANAF
Thermochemical Tables;14 Q̇conv,p is the convective heat
transfer between a particle and the bulk gases, expressed as
Q̇conv,p = −Q̇conv,g (see eq 1.3); and Q̇rad,p is the radiative heat
transfer between a particle and the wall. Zedtwitz et al.15 found
that the radiation between the particles and the ambient
dominates in the total radiative heat transfer in the reactor,
which is 3 orders of magnitude higher than that the radiative
heat transfer between the bulk gas and the ambient. As a result,
other radiative heat transfer terms, e.g., between particles,
between a particle and the bulk gases, and between the bulk gas
and the wall, were neglected here.
The models, assumptions, and mechanisms for char

gasification are similar to those in the previous study.1 The
difference is that the previous study considered carbon
particles, whereas the present study considers a high-volatile
coal. As a result, a moisture evaporation term and a
devolatilization term were added to the mass and energy
equation, respectively. The Carbon Burnout Kinetics (CBK), a
kinetics package that describes char conversion developed by
Sandia National Laboratories,16 was used to describe the
variation of particle diameter, density, number, and density
during gasification. With this model, we assume a constant
external diameter dp (eq 2.2) and a linear relationship between
particle density and mass (eq 2.3). Furthermore, the char
surface area evolves during gasification and usually results in a
porous structure. The Random Pore Model17,18 has been
widely used to quantitatively describe the evolution. The
present work adapted the Random Pore Model by imposing a
factor f RPM into the gasification rate.16 This factor accounts for
the pore surface evolution because of carbon conversion:

ψ= − −f x1 ln(1 )RPM 0 (2.6)

where x is the carbon conversion ratio; ψ0 is a structural
parameter with an empirical value in a range of 2.2−7.7 16 for
most chars. Here a mean value of 4.6, as suggested in ref 16 was
used.
2.3. Moisture-Drying Model. When coal particles are

being heated up, the trapped moisture starts to evaporate,
which is primarily a physical process but may also consist of
chemical decomposition processes. Among the various methods
of modeling, the moisture-drying process, the most common
one, is to treat the drying process as an additional chemical
reaction, and the reaction rate can be expressed in first-order
Arrhenius form:19,20

→moisture water vapor
kM

(3.1)

The rate parameters are shown in Table 1.

2.4. Devolatilization Model. Eleanor Binner et al. 21

experimentally studied the effect of coal predrying on the
concentrations of inorganic species present in the coal
combustion. The results showed that the pyrolysis rate is
similar for both dry and wet coals. Therefore, the same
devolatilization kinetics can be used for both predried coal and
wet coal. The devolatilization process of a coal is indeed
complicated. The volatile yield and composition are influenced
by several factors, especially coal type.22 In the present study,
we choose Illinois No. 6 coal: its proximate and ultimate
analyses are listed in Table 2. Following Bradley et al.,23 a one-

step global devolatilization model was used to estimate the
pyrolysis rate, which has a first-order Arrhenius expression, as
shown in Table 1. In the following, we will discuss the volatile
composition.
For Illinois No. 6 coal, devolatilization is a two-step process:

the first step yields tar, primary gaseous volatiles (CH4, HCN,
H2, CO, CO2, and H2O), and residual char; in the second step,
the tar yields secondary gaseous volatiles (CH4, HCN, H2, and
CO) and residual soot. To calculate the mass fractions of the
eight volatile species in the first step, we followed the method
of Merrick.24 To be specific, five species are based on mass
conversation of the ultimate (C, H, O, and N) and proximate
(char) analyses of the coal shown in Table 2; the remaining
three are listed as eqs 4.1−4.3, which are based on the findings
of Xu and Tomita25 that the dry-ash-free mass fraction of CO
and H2O varied linearly with the mass fraction of O and there is
a reasonable correlation between the dry-ash-free mass fractions
of tar and the proximate volatile matter [VM]f. These relations
were found for 17 different coals, ranging from lignite to
anthracite and including the coal studied in the present work.

Table 1. Reaction Rate Constants and Heat of Reaction

Kk = Bk
exp(−Ek/Tp)

reaction Bk Ek Q̇ (107 erg/g)

moisture drying20 5.13 ×
1010

8.8 ×
104

2 440

devolatilization26 1 × 105 12 000 979.52
surface reaction
A32,33

247 21 060 9 908

surface reaction
B32,33

247 21 060 13 310

surface reaction
C33,34

0.12 17 921 −7 283

surface reaction
D33,34

8 710 17 967 −2(1 − 1/ϕ) × 10 260 − (2/ϕ −
1) × 33 830

Table 2. Proximate and Elemental Analyses of Illinois No. 6
Coal

proximate analysis ultimate analysis

as received,
wt %

dry,
wt %

dry ash-free
(daf), wt %

daf without
sulfur, wt %

moisture 3.2 C 77.2 80.25
fixed
carbon

52.0 53.8 H 5.2 5.40

volatile
matter

35.0 36.1 O 12.3 12.79

ash 9.8 10.1 N 1.5 1.56
S 3.8
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= m
16
28

[CO] 0.1657f fO (4.1)

= m
16
18

[H O] 0.29332 f fO (4.2)

=[tar] 0.48 [VM]f f (4.3)

The product composition for tar secondary devolatilization
(soot, CH4, HCN, H2, and CO) was obtained using four
equations based on the elemental composition of the tar and a
fifth equation based on an assumption of equality of the ratios
of H2 to CH4 in the primary and secondary volatiles. Solution
of the above-mentioned equations yields the mass fractions of
the six gaseous volatiles, the char, the ash, and the soot: 4.0%
CH4, 0.4% HCN, 3.4% H2, 7.2% CO, 5.5% CO2, 3.8% H2O,
53.8% char, 10.1% ash, and 11.8% soot.
In the present model, HCN was neglected because of its

relative small content. Soot was assumed to be predominantly
carbon, and ash was assumed to remain on the char during
gasification.
2.5. Char Surface Reactions. Four heterogeneous

reactions are assumed to take place on the particle surfaces:

+ → +C H O CO H2 2 (A)

+ →C CO 2CO2 (B)

+ →C 2H CH2 4 (C)

ϕ ϕ ϕ+ → − + −C 1/ O 2(1 1/ )CO (2/ 1)CO2 2 (D)

Reaction D is the char-oxygen reaction, which can produce
both CO and CO2. The ratio of CO to CO2 depends on
particle size and temperature. The empirical parameter ϕ in
reaction D is obtained as follows.26
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= +T T T( )/2p g (5.3)

The global rate of each reaction was simulated using the
diffusion-kinetic model,27 which is of the first order for
reactions A, B, and D and of the second order for reaction
C. The carbon reaction rate can be written as

̇ = −m A K PX( )k k k
n

C, p ,s (5.4)

where subscription k denotes reactions A, B, C, or D; Kk is the
surface reaction rate constant; Xk,s is the mole fraction of the
gaseous reactant at the particle surface. The surface reaction
rate constant is expressed in Arrhenius form as

= −
⎛
⎝⎜

⎞
⎠⎟K B

E
RT

expk k
k

P (5.5)

where Bk is the prefactor, and Ek is the activation energy. The
kinetic constant and the references from which they were
obtained are listed in Table 1.
The transport rate of reactant gases to carbon surface was

determined by bulk diffusion through an external boundary
layer as discussed in the previous study.1 The mole fractions of
the reactant gases (H2O, CO2, H2, and O2) at the particle
surface (Xk,s) and in the bulk (Xk,∞) are correlated by a closed
nonlinear system of transport equations in the boundary layer
that surrounds the particle. Given the mole fraction of the gases
in the bulk, the system can be solved to obtain their mole
fraction at the particle surface. Pore diffusion through an ash
layer that could form over the char surface during later stages of
gasification was neglected. The impact of the internal porous
structure on the surface reaction rate was accounted for by the
random pore model, as discussed in the previous section.

3. RESULTS AND DISCUSSIONS
Numerical simulations were conducted to gain a fundamental
understanding of the coal gasification processes. Sensitivity
analyses were performed to identify the most influential
parameters for gasification performance. Illinois No. 6 coal
was used in this study, which consists of 3.2% moisture and
35.0% volatile matter, as shown in Table 2. Partial oxidation of
coal was considered to provide the heat needed for the
endothermic gasification reactions. The coal particles were fed
into the reactor at room temperature; the mixture of steam and
oxygen was preheated up to 1120 K. The reactor wall
temperature was assumed to be constant at 500 K. The initial
H2O/C ratio was 2, and the particle size was 100 μm. All
parameters used in the present simulation are listed in Table 3.
In the following we will discuss the general characteristics of the
gasification process.

3.1. Temperature and Species Concentration Profiles.
Figure 2a shows the molar fraction profiles of five stable species
(H2, H2O, O2, CO, and CO2) as well as the coal conversion
rate as functions of time. Figure 2b shows the molar fractions of
four minor species (H, OH, CO4, and CH2O) as well as the
particle (Tp) and gas temperatures (Tg) as functions of time.
Between 0 and 0.1 s, Tg decreases slightly, mainly because the
moisture evaporation process and the devolatilization process
both absorb heat. During this time, however, particles are being
heated up from 300 K; their temperature continues to increase
to about 1000 K, which is high enough for volatile to be
released from the particles. At around 0.075 s, we observe that
the molar fractions of H2, CO, and CH4 reach a peak as a result
of devolatilization. At around 0.10 s, both Tp and Tg start to rise
quickly. At the same time, the molar fraction of O2 drops to
zero and a peak exists for the molar fraction of OH radical,

Table 3. Initial Conditions for Gasification of Illinois No. 6
Coal

initial gas temperature Tg = 1120 K initial particle
temperature

Tp = 300 K

wall temperature TW = 500 K density of particles ρp =
1.3 g/cm3

gas pressure P = 10 atm initial particle
diameter

dp = 100 μm

initial steam
concentration

XH2O = 0.85 initial oxygen
concentration

XO2
= 0.15

initial H2O/coal
molar ratio

H2O/coal =
2.0

particle number
density

Np = 911/
cm3
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indicating the occurrence of the combustion of volatile species
in the gas phase. This also indicates that the ignition process is
initiated by the ignition of the volatile, which is consistent with
the experimental results of Molina et al.28 and McLean et al.29

After the volatile combustion is completed, the molar fractions
of H2 and CO start to increase and the particle and gas
temperatures to decrease, all because of the endothermic
gasification reactions. The gasification process takes about 0.33
s, and the final products include 20.6% H2, 57.6% H2O, 11.1%
CO, and 10.6% CO2.
Figure 2b shows Tg decreases to 990 K, from 1120 K, during

0−0.05 s, and they then increase quickly to the peak 2090 K.
Two sharp increases are experienced by Tp, to 950 K, from 300
K, during 0−0.05 s, and to 1700 K, from 950 K, during 0.05−
0.10 s. The changes of Tp are the result of the complex
gasification processes, which include moisture drying, devolati-
lization, surface reactions, and convective heat transfer between
the particle and the gas bulk, and the radiation between the
particle and the wall. In the following we discuss the relative
importance of these processes.
3.2. Particle-Phase Reaction Rates and Energy Trans-

fer. Figure 3a plots the mass reduction rate of each coal particle
because of drying, devolatilization, and surface reactions. The
results show that the drying process is most dominant at the
beginning, which lasts for about 0.01 s. From 0.01 s to 0.10 s,
devolatilization is the dominant process. After 0.10 s, the
surface reactions A, B, and C have the greatest coal
consumption rates. Especially, the rate of the C + H2O →

CO + H2 reaction is almost 10 times and 1000 times faster than
the rates of the C + CO2 → 2 CO and C + 2 H2 → CH4
reactions, respectively. Noticeably, around t = 0.1 s, the carbon
oxidation reaction C + O2 → CO + CO2 has a peak rate for a
relatively short time. This indicates that the gas-phase and
particle-phase oxidation reactions were taking place nearly
simultaneously, both competing for O2 in the gas phase.
Figure 3b plots the heat absorption or release of the above-

mentioned processes, all based on one single particle. Because
the particles were entering the reactor at room temperature and
the gas mixture (H2O/O2) was at 1120 K when entering the
reactor, there was a strong convective heat transfer between the
two phases. This energy transfer provides the heat needed for
moisture drying and devolatilization during 0−0.09 s as shown
in Figure 3b. Around 0.10 s, the heat release from char
oxidation produces the most energy (heat release) for the
particle. After 0.10 s, when oxygen had been completed and the
gas temperature had increased significantly because of the
volatile combustion, the convection heat transfer dominates
again in providing the heat needed for the endothermic
gasification reactions.
In summary, we can divide the gasification process into four

stages: (1) drying, (2) devolatilization, (3) volatile combustion
and char combustion, and (4) char gasification, as shown in
Figures 2 and 3. Although the drying, devolatilization, char
combustion, and gasification processes overlap with one
another, the four stages can be easily determined by the most
significant one. During drying and devolatilization, steam from

Figure 2. Profiles of the species molar fraction, coal conversion time, and particle and gas temperatures as functions of time. (a) Major species molar
fraction and coal conversion time and (b) minor species molar fraction and particle and gas temperatures.

Figure 3. Profiles of coal consumption rate and heat release rate based on a single particle: (a) coal consumption rate because of drying,
devolatilization, and surface reactions and (b) heat absorption/release because of drying, devolatilization, surface reactions, convection, and radiation.
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moisture evaporation and volatiles from pyrolysis diffuse
outwardly.
Because of their endothermic nature, heat must be provided.

Volatile combustion and the char combustion process feature
the rapid increase of temperatures. In the gas-phase, H2 and
CO are depleted by the oxidation with O2. In the meantime,
the char-O2 surface reaction also competes for O2. In Figure 3b,
the convection rate starts to increase in stage 3 at 0.08 s, while
the surface reaction D (C + O2 → CO + CO2) at 0.09 s,
indicating the volatile combustion, is slightly ahead of the char
combustion and provides the energy to trigger its reaction.
After the release of moisture and volatile is completed, the char
gasification process becomes dominant in coal consumption
and heat absorption, especially the reaction C + H2O → CO +
H2.
3.3. Gas-Phase Reaction Rates. From Figure 2b, we can

see that the volatile combustion occurs around 0.10 s. To
determine the most important gas-phase reactions during the
process, we examined the 177 detailed elementary reactions
and identified 7 that have the highest mole production rate, as
shown in Figure 4. These reactions are H + O2 + H2O 2 ⇔

HO2 + H2O, OH + H2 ⇔ H + H2O, 2HO2 ⇔ O2 + H2O2, OH
+ CO ⇔ H + CO2, OH + HO2 ⇔ O2 + H2O, 2OH (+ M) ⇔
H2O2 (+ M), and 2OH ⇔ O + H2O. These reactions indicate
that the volatile combustion mechanism mainly consists of the
oxidation of H2 and CO. Moreover, the oxidation rate of H2
(mainly by H + O2 + H2O ⇔ HO2 + H2O and OH + H2 ⇔ H
+ H2O) is much faster than that of CO (mainly by OH + CO
⇔ H + CO2).
3.4. Boundary Layer Diffusion. In the present study, four

surface reactions (char − H2O, char − CO2, char − H2, and
char − O2) were assumed to take place on the particle surface
and in the pore. Their overall reaction rates depend on the
reaction rate constants as well as on the diffusion rate of the
reactant gases (H2O, CO2, H2, and O2) onto the particle
surface within the boundary layer. During the devolatilization
process, volatile species diffuse out from the particle surface to
the bulk gases and then participate in gas-phase reactions. The
bulk gaseous reactants such as H2O diffuse onto the particle
surface, resulting in a surface reaction. The multicomponent
diffusion process interacts with other processes such as
devolatilization, volatile combustion, and surface reactions,
causing a dynamic change of these species in the bulk and
within the boundary layer.

Figure 5 shows the ratio of the mole fraction of several
species (including CO2, H2O, H2, and O2) at the particle

surface to the mole fraction in the gas bulk as a function of time
(Xk,s/Xk,∞). Before 0.10 s, the molar fractions of CO2 and H2
are much higher at the particle surface than in the gas bulk.
This is because the volatiles are being released continuously. At
around 0.10 s, the molar fraction of H2 in the gas bulk drops
quickly, which leads to a large molar fraction ratio at particle
surface and in the bulk. This is due to volatile combustion
(oxidation of H2 and CO, as shown in Figure 4), which
consumes H2 and CO. From 0.15 s to the end of the
gasification process, during which time the surface reactions
dominate as shown in Figure 3, the diffusion of H2O, CO2, and
H2 is very fast: these species reach equilibrium at the particle
surface and in the gas bulk.

3.5. Sensitivity Analyses. Coal gasification is a complex
phenomenon involving multiple chemical and physical
processes: drying, devolatilization, volatile combustion, char
oxidation, char gasification, convective and radiative heat
transfer, and boundary layer diffusion. A submodel for each
of these processes will be needed to simulate the complex
gasification process in real gasifiers. The submodels, however,
may not be accurate or have not been widely validated. So the
question is this: how is the gasification performance sensitive to
these submodels, especially the rate parameters such as
devolatilization rate, drying rate, gas-phase reaction rates,
surface reaction rates, and heat transfer coefficient?
Motivated by the above, we conducted a sensitivity analysis

for the case discussed previously (the initial conditions are
summarized in Table 3). The sensitivity coefficient is defined as

=
Δ
Δ

A
R
y

y
Ri

i

i

where Ai is the sensitivity coefficient, y is the examined
parameters, gasification performance including the molar
fractions of H2 and CO in the syngas and the coal conversion
time, and Ri is the model parameters including the drying rate,
devolatilization rate, surface reaction rates of reactions A−D, as
well as the convective and radiation heat transfer coefficients.
The sensitivity coefficient was obtained based on the “brute-
force” method that one of the model parameters was artificially
perturbed by 10% while keeping all other parameters fixed.
Figure 6a shows the sensitivity coefficients with respect to

the above-mentioned reaction/heat transfer rates. Among the
model parameters, the rates of surface reaction A (C + H2O →

Figure 4. Reaction rate of the main gas-phase elementary reactions as
a function of time.

Figure 5. Ratio of the molar fraction of the main species at the particle
surface to the molar fraction in the gas bulk as a function of time.
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CO + H2) and B (C + CO2 → 2 CO) have the most influence
on the final syngas composition, whereas the drying rate and
the devolatilization rate as well as the rates of surface reactions
C and D all have little effect on the final molar fractions of H2
and CO. Surface reaction A is dominant during the char-
gasification process. Therefore the increase of the rate of
surface reaction A will promote the char-steam reaction and
produce more H2 and CO. The increase of the rate of surface
reaction B, on the contrary, will weaken the dominance of
surface reaction A (char − H2O). This will lead to less H2 and
CO generated by reaction A and more H2O left in the final gas
composition. The increase of H2O greatly decreases the molar
fractions of H2 and CO in the final product. The rates of drying
and devolatilization have little impact on the syngas yield. This
is because H2 and CO produced from the devolatilization
process have been completely burned during the volatile
combustion process. Therefore the syngas yield is mainly
dependent on the char gasification process that follows the
volatile combustion process.
Figure 6b shows the sensitivity coefficients of the coal

conversion time with respect to the reaction/heat transfer rates.
The coal conversion time is the most sensitive to the radiative
heat transfer rate, convection heat transfer coefficient, and the
rate of reaction A. As for the drying rate, the devolatilization
rate, and the rates of surface reactions B, C, and D have much a
smaller effect on the coal conversion time. In summary, the
convective heat transfer between the two phases and the
radiative heat transfer (emission and absorption) within
particles have a controlling effect on particle temperature,
which determines the reaction rate and thus the overall
conversion time.
3.6. Effect of Moisture. The moisture content of the coal

has a great impact on the overall gasification process.11,30 The
drying process increases the H2O concentration at the particle
surface and in the pore, which may promote the char-steam
surface reaction. On the other hand, the heat absorbed by
moisture evaporation will decrease the particle and gas
temperatures, which leads to lower rates of devolatilization
and surface reactions. To understand these competing effects of
moisture on the overall gasification performance, we artificially
varied the moisture content in the Illinois No. 6 coal: it was
increased to 12% from 0%. The total mass of the fixed carbon,
volatile matter, and ash, however, remained unchanged (their
composition based on dry-basis is shown in Table 2). The
particle densities corresponding to various moisture content are

1.258 g/cm3 for 0% moisture content, 1.3 g/cm3 for 3.2%
moisture content, 1.339 g/cm3 for 6% moisture content, 1.368
g/cm3 for 8% moisture content, 1.398 g/cm3 for 10% moisture
content, and 1.43 g/cm3 for 12% moisture content. All other
initial conditions are the same as shown in Table 3.
To better understand how the gasification process is affected

by the moisture content, we first plotted the profiles of the
particle and gas temperatures as functions of time at 3.2%, 8%,
and 12% moisture content, as shown in Figure 7. Higher

moisture content leads to lower gas and particle temperatures
throughout the entire process. Both the drying and
devolatilization process lasted longer because of the lower
temperatures. The volatile combustion and char oxidation
process were therefore delayed. During the char gasification
process (the mass of char was kept constant), the lower
temperatures led to lower surface reaction rates and thus longer
conversion time.
Figure 8 shows a comparison of the mass reduction rates and

heat absorption or release rates of one particle because of
drying, devolatilization, and surface reactions at a moisture
content of 3.2% and 12%, respectively. The results show that
both drying processes at a moisture content of 3.2% and 12%
are orders of magnitude shorter than those of char gasification.
Therefore this process can be assumed to take place
instantaneously, as many studies in the literature did.31 Because
of the lower temperatures caused by the higher moisture
content, the coal consumption rates at 12% moisture content
resulting from devolatilization and surface reactions are lower

Figure 6. Sensitivity coefficients with respect to the reaction rate and reaction heat: (a) sensitivity coefficient of the H2 and CO molar fractions and
(b) sensitivity coefficient of the coal conversion time.

Figure 7. Profiles of the particle and gas temperatures as functions of
time at moisture content of 3.2%, 8%, and 12%.
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than those at 3.2% moisture content. Meanwhile, heat
absorption/release rates because of devolatilization and surface
reactions at 12% moisture content are also lower compared to
those at 3.2% moisture content. These indicate that the effect of
moisture mainly serves to inhibit the overall gasification rate as
a result of the temperature drop. Also the impact of the
moisture to impact char-steam reaction is negligible.
The effect of moisture content on the gasification perform-

ance, including the coal conversion time, the final syngas
production, and the upgrade factor U, is shown in Figure 9 for
three different particle sizes. The upgrade factor is defined as

=U
m

m

LHV

LHV
syngas syngas

feedstock feedstock

where mfeedstock and msyngas are the mass of the gasified feedstock
and the syngas, respectively; LHV is the lower heating value
based on the individual components at 298 K.
The coal conversion time increases with the increase of the

moisture content. However, the molar fractions of H2 and CO
in the dry gas mixture remain almost constant at various
particle sizes (0.49 H2 and 0.26 CO at 100 μm, 0.485 H2 and
0.27 CO at 75 μm, and 0.48 H2 and 0.28 CO at 50 μm). As
discussed above, H2 and CO were first depleted as a result of
volatile combustion; they were regenerated during the char
gasification process. At the beginning of char gasification, there
was no difference between the particles with various moisture
contents because all the moisture and volatile matter had been
released prior to that. The gasification of the same amount of
char thus produced almost constant molar fractions of H2 and
CO in a dry gas mixture. It also can be seen in Figure 9c that
higher moisture content will lead to a lower upgrade factor
(from 1.12 to 0.95 at 100 μm, from 1.16 to 1.05 at 75 μm, and
from 1.20 to 1.08 at 50 μm). Because the final molar fractions
of H2 and CO remain almost constant, the upgrade factor is
mainly determined by the amount of the consumed coal in a
unit volume. At higher moisture content, the final particle
number density is higher because of the lower final temper-
atures as shown in Figure 7. The higher number density will
lead to higher coal consumption in a unit volume which will
result in a lower upgrade factor. The effect of particle size can
also be examined in Figure 9. With smaller particle size, the
conversion time will be lower and the upgrade factor will be
higher. As for the syngas production, decreasing particle size

will increase the molar faction of CO while decreasing the
molar faction of H2.

4. CONCLUSIONS
To theoretically understand the complex chemical processes in
a gasifier, especially the effects of the devolatilization process
and the moisture content in coal/biomass, we developed a
multiphysics model to simulate the gasification processes in a
well-stirred reactor. This model is a first-of-its-kind: it considers
detailed gas-phase chemistry, drying, and devolatilization
kinetics, particle-phase reactions, boundary layer diffusion,
and pore evolution, as well as full coupling between the two
phases at various scales for mass, species, and energy exchange.
The present numerical simulations lead to the following major
conclusions: (i) In the coal gasification process with partial
oxidation, the chemical processes in the reactor can be divided
into four stages: (1) drying, (2) devolatilization, (3) volatile
combustion and char oxidation, and (4) char gasification. In the
first two stages, steam is evaporated from moisture drying, and
volatiles are released during devolatilization. These two
processes consume heat and cause the gas temperature to
decrease. During the gas-phase volatile combustion and char
oxidation process, because of the oxidation of H2 and CO as
well as char, the temperatures increase rapidly and this provides
the energy needed in the followed char gasification process.
Among the surface reactions, the carbon-steam reaction C +
H2O → CO + H2 dominates in the char gasification process.
(ii) Sensitivity analysis was performed to identify the most
influential parameters among various chemical and physical
processes on the overall gasification performance (conversion
time and syngas production). The results show that the syngas
yield is most sensitive to the reaction rates of char-steam and
char-CO2 reactions; the rates of drying and devolatilization
have little effect on the syngas composition. The coal
conversion time is most sensitive to the heat transfer rates,
including both radiation and convection, and is secondary-
sensitive to the reaction rate of carbon-steam reaction. (iii) The
increase of the moisture content will increase the coal
conversion time and decrease the upgrade factor. However,
the molar fractions of H2 and CO in a dry gas mixture remain
almost constant. The effect of moisture mainly serves to inhibit
the overall gasification rate because of the temperature drop. Its
impact on the carbon-steam reaction is negligible. (iv)
Decreasing the particle size will decrease the conversion time

Figure 8. Profiles of coal consumption rate and heat release based on a single particle at moisture contents of 3.2% and 12%: (a) coal consumption
rate because of drying, devolatilization, and surface reactions and (b) heat absorption/release resulting from drying, devolatilization, and surface
reactions, convection, and radiation.
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and increase the upgrade factor. As for the syngas production,
decreasing the particle size will increase the molar faction of
CO while decreasing the molar faction of H2.
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