chemical engineering research and design 9 1 ( 2 0 1 3 ) 464–476

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Research and Design
journal homepage: www.elsevier.com/locate/cherd

Simulation study and kinetic parameter estimation of
underground coal gasiﬁcation in Alberta reservoirs
Mohammad Kariznovi, Hossein Nourozieh, Jalal Abedi ∗ , Zhangxin Chen
Department of Chemical & Petroleum Engineering, University of Calgary, Calgary, Canada

a b s t r a c t
A new method is developed for the estimation of chemical reaction kinetics at high-pressure underground coal
gasiﬁcation from the ﬁeld produced gas composition. This method combines a developed numerical forward model
and ﬁeld data to investigate uncertain parameters. The forward model is developed on the basis of a unique porous
media approach that combines the effects of heat, mass transport, and chemical reactions to simulate the underground coal gasiﬁcation in three-dimensional basis. The chemical reaction kinetics, that is limited to low pressure,
is upscaled based on the available experimental data. A comprehensive sensitivity analysis is carried out to estimate
the reaction kinetics and investigate the effect of various parameters, such as pressure, temperature, and reaction
environment, on the produced gas composition. The novelty of the developed method is in its applicability as well
as its ability to generate the chemical reaction kinetics that corresponds to the ﬁeld under study. The advantage of
the proposed technique is that the sensitivity of the model to different kinetic parameters can be investigated by a
graphical method.
© 2012 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1.

Introduction

Coal is a major fossil fuel and plays a demanding role in
the energy sector. Canada is ranked tenth worldwide in coal
reserves, and Alberta’s 33.6 billion tons of proven mineable
coal represents 70% of Canada’s reserves. The deep, stranded
coal reserves in Canada, which are not part of the coal
reserve base, exceed 600 billion tons in Alberta alone (Energy
Resources Conservation Board, 2008). Consequently, Alberta’s
coal resources constitute an enormous source of untapped
energy; thus there is a need for the development of novel
technologies for the efﬁcient and clean utilization of coal.
Underground coal gasiﬁcation (UCG) can be considered as
a technique that can be applied to convert the abundant coal
resources into a synthetic gas. The process involves the injection of steam and air or oxygen into an underground coal
seam to ignite and burn coal in situ to produce a combustible
gas that can be used either as a fuel or chemical feedstock.
UCG has the advantages of high safety, high efﬁciency, low
cost, environmentally friendliness, and a high return rate,
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compared with surface gasiﬁcation (Gregg and Edgar, 1978;
Burton et al., 2006; Shaﬁrovich and Varma, 2009). In addition,
it can be applied to deep and thin coal seams that are not
economical for mining.
Accurate production prediction and process optimization
are essential to correctly interpret pilot and ﬁeld data, leading
to a better understanding and design of the process in the
ﬁeld. Mathematical models and numerical simulations, as a
preliminary study, give better insights to the process. While
there have been extensive models for the gasiﬁcation of coal
in one dimension, there are relatively few on the modeling of
the process in the three-dimensional space or the ﬁeld scale. A
distinguishing feature of three-dimensional modeling is that
the physical and chemical phenomena, such as mass and heat
transport, chemical reactions, and geomechanical behavior,
become far more complex.
Despite the complexity of the process in the ﬁeld scale,
there are no numerical investigations into the gasiﬁcation of coal at very high pressure (>10 MPa) and depth
(>1000 m). Numerical models developed by Massaquoi and
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Nomenclature
A
B
C
D
E
H
J
k
kr
l
M
N
n
q
R
r
S
s
T
t
U
V
y
CMG
exp
GC
LMA
SAGD
UCG

ﬂow area
reaction components
solid concentration
diffusion coefﬁcient
activation energy
enthalpy
sensitivity matrix
permeability
relative permeability
distance
objective function
number of moles
number of components
injection or production rate
gas constant
rate of creation and destruction
ﬂuid saturation
stoichiometric coefﬁcient
temperature
time
internal energy
block volume
mole fraction
computer modeling group
experiment
gas composition
Levenberg–Marquardt algorithm
steam assisted gravity drainage
underground coal gasiﬁcation

Greek letters

stopping criteria
ε
reaction rate

porosity
ϕ
ﬂow potential

reaction order

thermal conductivity

transmissibility
ﬂuid viscosity
density
adjusting parameter
ω
matrix of gas composition
volatile content of coal
˝
diagonal matrix
Subscripts
f
ﬂuid
g
gas
s
solid
v
iteration number
W
water

Riggs (1983a,b), Park and Edgar (1987), Tsang (1980), and
Perkins and Sahajwalla (2005) are for one-dimensional coal
gasiﬁcation up to a pressure of 5 MPa. In some areas, e.g., in
Alberta, there are some coal seams in which the coal gasiﬁcation occurs in situ at a pressure of around 12 MPa, which
is substantially higher than the previously cited numerical
studies.
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One of the major processes in UCG is chemical reaction.
The dependence of chemical reactions on the coal block size
and the environmental condition in which the chemical reaction occurs can affect the process. The former was studied
by Nourozieh et al. (2010) and it was shown that the temperature distribution and chemical process behavior depend on
the coal block size. For the latter, experimental study is essential for the modeling of reactions. Most experiments on char
reactions have been done at atmospheric conditions and there
are only a limited number of studies that measure the kinetics rate of char reaction at high pressure (MacNeil and Basu,
1998; Monson et al., 1995; Roberts and Harris, 2000; Muhlen
et al., 1985).
The above-mentioned studies encouraged us to ﬁnd a
parameter estimation method for investigating the chemical
reaction kinetics based on ﬁeld history data. In this method,
reaction parameters, which were obtained at low pressures
and in laboratory scale, are upscaled and estimated for the
ﬁeld scale. From an engineering point of view, this is an inverse
problem.
Generally, two different kinds of problems are considered
in engineering – forward and inverse (Schulze-Riegert et al.,
2003). For a forward problem, the task is the determination of the model response from the input. In this approach,
input data are introduced to the model, which generates the
response as output. In an inverse problem, the aim is the determination of model parameter(s) within a certain domain from
data, and information may give the boundary of this domain.
Several techniques, such as the Newton method, the
steepest descent method, the Levenberg–Marquardt, random
search, and genetic algorithms can be used for solving an
inverse problem. Some of these methods, such as the random
search and genetic algorithms, require many sets of estimated
parameters. These methods are not applicable for UCG, where
the computational time is too high. Thus it is essential to select
a method that has a high convergence rate to estimate parameters with a minimum number of runs. To satisfy the above
criteria, the Levenberg–Marquardt method (Levenberg, 1944;
Marquardt, 1963) is preferred for parameter estimation.
The objective of the present work is the combination of the
developed forward model with ﬁeld data to investigate uncertain parameters. To this aim, ﬁrst a three-dimensional model
for underground coal gasiﬁcation in Alberta reservoir is developed. Then, the sensitivity of the model to different kinetic
parameters is investigated by a graphical method. Finally, the
chemical processes’ kinetics based on the literature experimental data are evaluated and estimated for the ﬁeld under
study.

2.

UCG forward model

In this study, computer modelling group (CMG)’s software
STARS is used to build up forward model and study of UCG
in deep coal seams. STARS is a semi-compositional porous
media based simulator that combines the heat and mass
transport equations with chemical reactions to investigate
the UCG process. This software as a commercial tool, was
developed to simulate the processes such as steam ﬂood,
steam cycling, SAGD (steam assisted gravity drainage), dry
and wet combustion, along with many types of chemical processes, using a wide range of grid and porosity models in both
ﬁeld and laboratory scale (Computer Modelling Group Ltd.,
http://www.cmgl.ca/software/stars.htm).
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Fig. 1 – Coal seam layers considered in three-dimensional model (Nourozieh et al., 2010).
The developed forward model was described in detail
elsewhere (Nourozieh et al., 2010) which includes the geological structure, permeability/porosity variation, chemical
reactions, transport equations, and ignition procedure. The
main focus in this study is on the three-dimensional UCG forward model and the developed kinetic parameter estimation
method; therefore, the geological structure, ignition procedure, chemical processes, and governing equations described
in the previous study (Nourozieh et al., 2010) are applied and a
three-dimensional UCG model based on the governing equations explained in Section 2 is used for simulation study.

2.1.

in the model. Fig. 2 shows the physical model as well as the
wells conﬁguration. The distance between the injector toe and
the producer is 4 m and the coal seam consists of three layers which are identiﬁed in red color in Fig. 2. The producer
is just perforated in the bottom coal layer. Table 2 summarizes the seam and model properties. This model assumes
that there is no heat loss or water inﬂux from the adjacent
area. The permeability of the coal layers is about 1 millidarcy
(mD) and the initial communication between the injector and
producer is created by a fracture so a layer of high permeability that connects the injector to the producer is developed in
the model.

Geological structure
2.3.

The coal seam under study is 9 m thick; Fig. 1 shows the coal
and claystone layers. The layers interspersed between coal
seams are mostly claystone with 0.5 m thickness. The overall thickness of coal layers is 7 m, and the upper subseam coal
layer is the thickest (3.5 m). The average proximate analysis of
the coal under study is summarized in Table 1. The coal is a
highly volatile bituminous with a ﬁxed high carbon content
and the interspersed layers are mostly claystone.

2.2.

Chemical processes

Three different zones in UCG process occur: drying, pyrolysis,
and combustion and gasiﬁcation of solid char. In the ﬁrst zone
(drying or evaporation), wet coal is converted into dry coal

Three-dimensional model

The coal seam under study is deep and consists of thin layers; thus, the CRIPS technique is appropriate and considered
Table 1 – Average proximate analysis for coal and
claystone layers (Nourozieh et al., 2010).
Coal
Fixed carbon
Volatile matter
Ash
Moisture

55.61
30.36
9.20
4.83

Claystone
4.92
9.05
82.88
3.15

Fig. 2 – Three-dimensional model and corresponding layers
(Nourozieh et al., 2010).
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Fig. 3 – Different regions during underground coal gasiﬁcation (Nourozieh et al., 2010).
by increasing the temperature over 100 ◦ C (Lyczkowski, 1978).
During pyrolysis, coal loses its weight, generating volatile matters and solid that is called char. Finally, the char reacts with
the injected/pyrolyzed gases to produce the syngas. Fig. 3
shows these regions during coal gasiﬁcation in situ.

2.3.1.

Pyrolysis

Pyrolysis is the decomposition of coal by increasing the temperature above pyrolysis temperature and results in a series of
reactions releasing volatile gases from the porous coal matrix,
over the temperature range 400–900 ◦ C (Anthony and Howard,
1976):
◦
Drycoal → Char + Volatiles H298
∼0 kJ/mol

(1)

where the rate of volatile matter lost is (Van Krevelen et al.,
1951),
d
= ε(
dt

o

− )

(4)

, volatile lost, fraction of the original coal weight; o , effective
volatile content of the coal.
The rate constant in Eq. (4) is typically correlated with temperature by



ε = ε0 exp −

E
RT


(5)

Using proximate and ultimate analysis of the coal, the stoichiometric coefﬁcients will be obtained based on the mass
balance equations for each element (Nourozieh et al., 2010).

The yields of volatiles and their composition depend on
the volatile matter content of coal, temperature, and pressure
during the process. Furthermore, different gases are evolved
at different temperatures during this process (Campbell, 1978).
To evaluate each gas component, a kinetic model for this component is required, leading to a system of parallel reactions
with different kinetic parameters (Tsang, 1980). To simplify the
process, pyrolysis is modeled by a simple ﬁrst-order Arrhenius
expression as,

Char reactions are the chemical reactions occur among the
gases within the cavity and carbon. The reactivity of the char
to O2 , H2 O, CO2 , and H2 determines the rates at which the
desired products are formed. Many reactions occur during this
process but the most important reactions, which are considered in the model, are summarized as follows:

Coal → Char + Volatile + Ash + H2 O

C + O2 → CO2

(2)

2.3.2.

Char reactions

◦
H298
= −393 kJ/mol

C + CO2 → 2CO
Volatile → s1 H2 + s2 CH4 + s3 C2 H6 + s4 CO + s5 CO2 + s6 H2 S
+ s7 NH3 + s8 N2

C + H2 O → H2 + CO

◦
H298
= +131 kJ/mol

(7)
(8)

(3)
C + 2H2 → CH4

Table 2 – Model parameters for UCG (Nourozieh et al.,
2010).
Parameter
Initial reservoir temperature
Initial reservoir pressure
Coal permeability
Claystone permeability
Coal porosity, fraction
Claystone porosity, fraction
Thickness
Number of coal layers
Initial water saturation, fraction
Number of grids (uniform)
Injected ﬂuid

◦
H298
= +172 kJ/mol

(6)

Value

CO +

1
O2 → CO2
2

◦
H298
= −75 kJ/mol
◦
H298
= −283 kJ/mol

CO + H2 O ↔ CO2 + H2

◦

60 C
11.5 Mpa
1 mD
0.1 mD
0.0866
0.05
9m
3
0.7
10,800
Water/oxygen

CH4 + H2 O ↔ CO + 3H2

◦
H298
= −41 kJ/mol
◦
H298
= +206 kJ/mol

(9)
(10)
(11)
(12)

Reactions (6)–(8) and (10) are the main chemical reactions
considered for both shallow and deep coal gasiﬁcation processes. The hydrogasiﬁcation (reaction (9)) is favorable at a
high hydrogen pressure. In the UCG at low pressure this reaction is not signiﬁcant. In presence of water, especially with low
temperature, carbon monoxide-steam and methane-steam
reforming reactions play an important role.
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The chemical reactions are treated as the source/sink terms
for each component in the model. The general heterogeneous
mass transfer reaction is deﬁned as
n


εf,k

si,k Bi −→

i=1

n


si,k Bi

(13)

i=1

The kinetic model, also known as the reaction kinetics, determines the reaction speed. Its general expression is

rk,chem = εf,k

n


j,k

(14)

Cj

j=1

In addition, the rate of creation and destruction of the ith
species in reaction k is given by

⎛
ri,k = (si,k − si,k ) ⎝εf,k



j,k

n

Cj

⎞
⎠

(15)

which depends on the permeability, densities, viscosities, and
grid block size.
For the solid components, only accumulation by combustion of solid is considered. As the pyrolysis or the char
gasiﬁcation takes place, the solid concentration inside the
reservoir is changed. The dependence of the solid concentration on chemical processes is given by
V

∂
[v Ci ] = V(si,k − si,k )rk
∂t

which shows the variation of solid with respect to time.
The energy conservation equation is
w Hw ϕw + g Hg ϕg + (T) +

ri,k = si,k · rk,chem

(16)

In some cases such as solid gasiﬁcation, the term Cj in Eq.
(15) is replaced by the partial pressure of reacting gas. The forward reaction rate εf,k is assumed to have a simple Arrhenius
form:

 E 
k

(17)

RT

where the activation energy Ek determines the temperature
dependence of ri,k .

Governing equations

Two main transport phenomena in UCG are mass and
heat transfer processes. Indeed, the UCG performance and
chemical process behavior are controlled by heat and mass
phenomena. In the model, these conservation equations are
deﬁned in three dimensional spaces. The convective ﬂow for
gas species inside the cavity is based on Darcy’s law. For heat
transport, the convection and conduction are considered as
the main heat transfer processes in the UCG model.
The mass conservation equation for component i is
w yi,w ϕw + g yi,g ϕg +





A
( D )yi,j
l j ij

j=w,g

+ V(ski − ski )rk + qi −

V
(Nn+1 − Nin ) = 0
t i

(18)

The ﬁrst and second terms account for convective ﬂows
during the process. The third term is the mass diffusion
caused by concentration variation. Mass transfer by reaction
is illustrated by the forth term. Production and injection are
considered by qi and ﬁnally the last term is the accumulation
term.
The transmissibility j is deﬁned as
j =

 kA  k
rj
l

j
j

j qj Hj

+ V(Hr,k rk )

⎧ ⎡
⎫
⎤
⎨
⎬

∂
⎦
−V
f ⎣
=0
j Sj Uj + v Cs Us + (1 − v )Ur
∂t ⎩
⎭

(21)

j=w,g

Deﬁning the net stoichiometric coefﬁcient as si,k = si,k −
si,k , the rate of creation/destruction can be written as

2.4.


j=w,g

j=1

εf,k = ε0,k exp −

(20)

(19)

The ﬁrst and second terms are the ﬂow terms of energy; heat
transport by conduction is illustrated by the third term. The
well source/sink term for energy is the forth term. The reaction
source/sink term for energy is the ﬁfth term and the accumulation term for energy is the last term in the above equation.
Here, the heat lose term is not considered; an isolated model
is assumed. The transmissibility, k , is deﬁned in Eq. (19).

3.

Challenges in simulation of UCG

3.1.

Coal block size

The blocks of coal, which are considered in the forward model,
are 0.5 m × 0.5 m × 0.5 m in size. The sensitivity study for this
model resulted in variation of the temperature distribution
and consequently, chemical processes. The size of the coal
blocks affects the behavior of the conversion process and
gasiﬁcation. The experimental data obtained are based on
ﬁne particles under laboratory conditions, and these data
are limited to the laboratory scale. To deal with this issue,
two main approaches can be considered – resizing the grid
blocks or upscaling the experimental parameters. The ﬁrst
approach is not appropriate for ﬁeld-scale problems; reducing the grid size increases simulation time considerably and it
is not practical for modeling studies. In the second approach,
the experimental parameters (such as reaction kinetics) must
be upscaled to be used in the simulation for ﬁeld-scale modeling. This approach ensures that there is proper combustion in
each ﬁeld-scale grid block. Field produced gas composition is
required to estimate and upscale uncertain parameters from
laboratory experimental data.

3.2.

Effect of pressure on chemical reactions

The coal seam under study has an initial pressure of about
12 MPa and the literature data on chemical reactions are
limited to much lower pressures. MacNeil and Basu (1998)
studied the kinetic rates of the char combustion measured
at 1, 3, 5 and 7 atm. Monson et al. (1995) studied the effect of
pressure (up to 15 atm) for the oxidation of very ﬁne bituminous char at elevated pressure. These studies have resulted in
almost the same conclusion that the surface reaction rates
increase with pressure up to a certain pressure and then
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Table 3 – Kinetic parameters for chemical reactions occurs during UCG.
Reaction
C + O2 → CO2

C + CO2 → 2CO

CO + 0.5O2 → CO2
C + H2 O → CO + H2
CO + H2 O ↔ CO2 + H2
C + 2H2 → CH4
CH4 + H2 O ↔ CO + 3H2

Reference

A

E

P, kPa

Smith (1978)
Zolin et al. (2001)
Yang and Liu (2003)
Rodriguez-Mirasol et al. (1993)
Kumar and Gupta (1994)
Tancredi et al. (1996)
Marquez-Montesinos et al. (2002)
Yang and Liu (2003)
Yang and Liu (2003)
Hawley et al. (1983)
Moilanen and Saviharju (1997)
Blasi (2000)
Shufen and Ruizheng (1994)
Tomita et al. (1977)
Govind and Shah (1984)

3050
20.9–5.31 × 104
1137
–
–
–
4.5 × 106 to 7.37 × 108
4.985 × 10−3
7.5 × 10−2
548
–
2.780
1717
2.848 × 10−2
312

179.4
99–208
165.8
202–245
138–218
230–261
197–249
140
247
156
217
12.6
196.6
150
30

3–101
101
–
101
101
101
101
–
–
45–100
101
1960
1960
700–2800
–

decrease or become constant. In addition, almost all of these
research works studied the reaction kinetic for each reaction
individually; no one has considered the effect of other reactions on the behavior of the reaction under study.
Roberts and Harris (2000) measured the intrinsic reaction
rates of two Australian coal chars (made under laboratory conditions) with oxygen, carbon dioxide, and water at increased
pressures (up to 30 atm). They concluded that, for all reactions,
the frequency factor does change with pressure, while the activation energy is not signiﬁcantly affected by pressure. Overall,
the pressure increased the rate of the char reactions for both
chars, but as the pressure increased further, the effect of pressure was less. Muhlen et al. (1985) have also reported some
effects of pressure on char gasiﬁcation rates. They reported
the reaction rates of a German char with carbon dioxide and
hydrogen increasing up to 15–20 atm, and a further pressure
increase (to 60 atm) had little effect, which is similar to the
results reported by Roberts and Harris (2000).
The above studies concluded that reaction rates increase
with increasing pressure, but the rate of increase is reduced at
higher pressures or may become constant. However, there is
no experimental data available under relatively high pressure
(>5 MPa). Table 3 gives the kinetics parameters for different
chemical reactions, which have been reported in the literature by different authors. The corresponding temperature and
pressure ranges for the available data are also summarized in
this table. These data are based on an Arrhenius type chemical
reaction. The summarized results in Table 3 conﬁrm that there
are no available data for kinetics of chemical reactions at high
pressure (>11 MPa). Thus the estimation and extrapolation of
experimental parameters to high pressures (coal seam pressure) are crucial for modeling of the UCG process in deep coal
seams. In this manuscript, chemical reactions are modeled by
a simple Arrhenius type chemical reaction; therefore, reaction
parameters, which are summarized in Table 3, can be considered as a base for upscaling and estimation of reaction kinetics
for the ﬁeld scale.

3.3.

Effect of pressure on pyrolysis

The pyrolysis is modeled by a simple ﬁrst-order reaction in
the model (Eq. (2)). There are limited data for the behavior that
coal undertakes in the pyrolysis process at high pressures. The
effect of pressure on the pyrolysis was studied by Anthony
et al. (1976), and they concluded that the pressure decreases
the extent of pyrolysis. Makino and Toda (1979) studied the

T, K
573–2300
973–1673
–
1023–1223
1083–1233
1043–1123
998–1073
–
–
1073–1273
973–1173
1073–1223
1073–1223
1148–1253
–

effect of pressure on the gas evolution in pyrolysis, and they
found that the pressure does not have a signiﬁcant effect
on the gaseous products. Generally, the effect of pressure
on coal pyrolysis is not signiﬁcant, compared to its effect
on the chemical reactions. Thus a good approximation is to
apply the pyrolysis kinetics at low-pressure conditions for
high pressure; however, different coals have different pyrolysis behaviors. To select the appropriate kinetic for the coal
under study, the experimental kinetic parameters for different coals were examined, and the effects of pyrolysis kinetics
on the UCG process in large coal blocks were investigated. The
results of this part are discussed in more detail in Section 5.

4.

Parameter estimation

As discussed in Section 2.3, eleven reactions (two pyrolysis
and nine chemical reactions) were considered in the model. All
these reactions occur in UCG simultaneously and are modeled
with an Arrhenius type reaction. The chemical processes are
sensitive to the coal block size and the environment condition
where the reaction occurs. Any change in the coal block size
has a signiﬁcant effect on the modeling results.
To best represent and model UCG for the ﬁeld scale, the
chemical kinetics, which were obtained in the laboratory, are
required to be estimated or upscaled for ﬁeld scale. From an
engineering point of view, this is an inverse problem, where
the aim is the determination of the model parameter(s) within
a certain domain from data and information provided as ﬁnal
results. In UCG, we deal with an inverse problem: The model
response, which is the produced gas composition, is already
known from ﬁeld data, and it is necessary to estimate reaction parameters based on these results. As noted earlier, the
Levenberg–Marquardt algorithm (LMA) is selected for parameter estimation. This algorithm is a technique that ﬁnds the
minimum of a function, generally nonlinear, over a set of function parameters. This technique is usually applicable for least
squares curve ﬁtting and nonlinear programming. Like other
numeric minimization algorithms, the LMA is an iterative procedure.
As an optimization method, the LMA can be considered
as a combination of the steepest descent and Gauss–Newton
methods. When the initial guess is far from the solution, the
algorithm behaves like the steepest descent method: It has a
linear convergence rate, but it is guaranteed to converge. When
the initial guess is close to the correct solution, it behaves
like the Gauss–Newton method with a quadratic convergence.
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Overall, the LMA is more powerful than the Gauss–Newton
method. In many cases, it can ﬁnd a solution, even if the initial
guess is very far off the ﬁnal minimum (Lourakis, 2005).
To start a minimization, an initial guess for the parameters must be provided. For instance, reaction kinetics at low
pressure with ﬁne particles can be used as an initial guess to
estimate parameters for high pressure and large coal blocks.
The produced gas mole fractions, using a forward model, are
selected as the model response; these results must be matched
with the ﬁeld gas composition. The produced gas composition
should be extracted at different times, because the produced
gases are not uniform over time. One may consider the whole
process interval, using 5 or 10 speciﬁc times to monitor the
produced gases at those times.
The frequency factor is the parameter to be estimated
at high-pressure conditions. As noted earlier, the activation
energy remains almost constant when increasing the pressure. The aim is the estimation and upscaling of the frequency
factors by the LMA method. Table 3 summarizes the reaction
kinetics that are used as the initial guess in the LMA. The theory and equations for the LMA are described in the following
paragraphs.
The experimental and modeling results are deﬁned as
exp

ωexp = [ωCO

2 ,t1

exp

ωCH

4 ,t1

exp

ωCO,t

1

exp
2 ,t1

ωH

exp

exp

ωCO

2 ,t2

ωCH

4 ,t2

exp

ωCO,t

2

exp
2 ,t2

ωH

···]

T

and
ω = [ωCO2 ,t1 ωCH4 ,t1 ωCO,t1 ωH2 ,t1 ωCO2 ,t2 ωCH4 ,t2 ωCO,t2 ωH2 ,t2 · · · ]

T

where ωi,tj is the mole fraction of the produced gas i at speciﬁc
time tj .
As discussed before, the primary application of the LMA
is for least squares curve ﬁtting. Thus, as parameters and
responses are deﬁned, the next step is the deﬁnition of an
objective function that is to be minimized. Deﬁning a set of
empirical data pairs of independent and dependent variables
to optimize the parameters of the model, the sum of the
squares of the deviation becomes minimal. For UCG, the aim is
minimization of the difference between the gas composition
of the ﬁeld data and the results obtained from the numerical forward model. Based on this consideration, the objective
function is deﬁned as
T

M = (ωexp − ω) (ωexp − ω) =

M 
I


exp

(ωm,i − ωm,i )

2

(22)

m=1 i=1

To minimize the objective function, its derivative with
respect to the dependent variables must be zero:
∂S(ε)
∂S(ε)
=
= ··· = 0
∂ε1
∂ε2

(23)

The sensitivity matrix is deﬁned as

⎡

∂ωt1
∂ε1

⎢
⎢
⎢ ∂ωt
⎢ 2
⎢ ∂ε1
⎢
⎢
∂ω
J(ε) = ⎢
⎢ t3
⎢ ∂ε1
⎢
⎢ .
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where
ωtj = [ωCO2 ,tj ωCH4 ,tj ωCO,tj ωH2 ,tj ]T

(25)

Finally, the linear system of algebraic equations to obtain the
next set of kinetic parameters is
T

[(Jv ) Jv +

v

T

˝v ]εv = (Jv ) [ωexp − ω(εv )]

(26)

where
T

˝v = diag[(Jv ) Jv ]

(27)

In Eq. (26), εv is the difference between the new kinetic
parameters and the old input parameters; therefore, the new
kinetic parameters can be calculated from the input data. Fig. 4
illustrates the LMA as a ﬂowchart, which details the parameter estimation for the gasiﬁcation process. Combination of
forward model with LMA allows a fast optimization of the UCG
process and the determination of the optimal reaction parameters; the model predictions for the produced gas composition
are compared with the ﬁeld data.
Based on the above discussion, the frequency factors are
considered as the uncertain parameters for estimation. An
initial guess for the frequency factors is introduced into the
forward model, and the result (gas composition) from the forward model is then interposed to the LMA to generate a new
set of frequency factors. To construct a sensitivity analysis
(matrix J), it is essential to investigate the effect of each individual reaction on the process. To analyze the sensitivity of
each frequency factor, in each step, the frequency factor for
one reaction is changed, and the frequency factors for other
reactions are kept constant. This procedure is repeated for all
reaction frequency factors, and the corresponding produced
gas compositions by the forward model are obtained. Now,
the entries in the sensitivity matrix are calculated by a simple
numerical derivative, and the sensitivity matrix is formed.
Eq. (26) is applied to the initial guess for the parameters
– the ﬁeld produced gas composition and the results from
the forward model – to estimate a new set of parameters. If
the new estimates improve the forward model results, these
parameters are accepted, and the iteration is continued. Otherwise, the adjusting parameter ( ) is increased or decreased
to improve the model results. The aim is the estimation of a
set of frequency factors that result in the ﬁeld produced gas
composition; therefore, the above procedure is repeated until
a good agreement between the forward model and ﬁeld results
is achieved.

5.

Results and discussion

5.1.

Pyrolysis process sensitivity study

To analyze the sensitivity of the model with respect to
different pyrolysis kinetics, chemical reactions and their
parameters remain the same, while the pyrolysis kinetic
parameters are varied. Table 4 summarizes the kinetics
parameters that are obtained from laboratory experimental
studies for different coals, based on treating a simple ﬁrstorder Arrhenius reaction for pyrolysis.
Eight different sets of pyrolysis kinetics, including frequency factor and activation energy, are considered. The effect
of different pyrolysis kinetics on the produced gas mole faction is analyzed and illustrated as a bar chart (Fig. 5). It should
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Fig. 4 – LMA method for parameter estimation in UCG.
be noted that pyrolysis is modeled as a single reaction and that
all pyrolysis gases are produced by a single reaction. Fig. 5 illustrates the composition of carbon monoxide, which is almost
independent of the pyrolysis reaction: For all kinetics, its value
is about 0.09 mole fraction. The reason is that carbon monoxide, which is produced in the pyrolysis process, is much less
than its production during the gasiﬁcation process. Thus any
change in carbon monoxide produced by pyrolysis has a minor
effect on the total amount of carbon monoxide that is produced during the gasiﬁcation process.
Variation of the methane mole fraction is not really considerable, either. This is due to the production of methane in
the hydrogenation reaction, rather than in pyrolysis alone, at
high-pressure gasiﬁcation. This behavior is not the same at
low pressures, while the produced methane during the UCG
process is mainly due to the pyrolysis of coal methane.
The gas composition for carbon dioxide, methane and
hydrogen in pyrolysis 4 reveals that the pyrolysis starting temperature affects the char gasiﬁcation process. As the process
continues, most of the hydrogen reacts with char to produce
methane, the available char for carbon combustion decreases,

and carbon dioxide is reduced. The hydrogen mole fraction
shows relatively higher variation with respect to pyrolysis
kinetics, compared to other produced gases, but its variation
is less than 5 percent.
Overall, different pyrolysis kinetics have a minor effect on
the mole fractions of the produced gases, which is due to the
nature of the gasiﬁcation process where the amount of gas
produced in the pyrolysis process is not comparable to the
total amount of gases in the gasiﬁcation process. It should be
mentioned that the pyrolysis process controls the rate of char
reaction. The availability of carbon for char reactions is dominated by pyrolysis. As carbon is produced by pyrolysis, this
process no longer has a signiﬁcant effect on the gasiﬁcation
process.
Based on the above discussion, for a large coal block, the
main criterion for selection of the pyrolysis process kinetics is
the selection of parameters in which the process occurs within
an appropriate temperature range with a controlled gasiﬁcation rate. If pyrolysis starts at a low temperature, gasiﬁcation
occurs on a large portion of the coal seam, which is not according to the nature of the process. Otherwise, gasiﬁcation will

Table 4 – Kinetic parameters for modeling of pyrolysis by simple reaction.
Reference
Van Krevelen et al. (1951)
Boyer (1952)
Stone et al. (1954)
Shapatina et al. (1960)
Howard and Essenhigh (1967)
Wiser et al. (1967)
Badzioch and Hawksley (1970)
Anthony et al. (1976)

K

E

107
1011
5.41 × 106
11
5.37
47.5
1.14 × 105
1.8 × 103

135.90
188.28
114.22
15.060
14.210
62.760
74.480
55.650

Starting temp.
400
400
430
380
600
440
650
450

Ending temp.
520
500
500
560
1000
500
820
1000

No
1
2
3
4
5
6
7
8
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Fig. 5 – Produced gas composition for different pyrolysis kinetics.
not start if pyrolysis occurs at a high temperature. These properties are satisﬁed by reported kinetics number 2. During this
study, these parameters are assigned to the pyrolysis process.

5.2.

Reaction rate sensitivity study

A comprehensive sensitivity study prior to parameter estimation is crucial. This sensitivity study enables us to investigate
the effect of different parameters on the model behavior and
provides us with an idea(s) for parameter estimation. Nine
reactions are considered for chemical processes: The reaction
kinetics for pyrolysis is ﬁxed and not considered for parameter estimation. The reaction kinetics (frequency factor) for
chemical reactions are the main parameters under study. As
a sensitivity study, the effect of each reaction rate on the produced gas composition is investigated. In each step, the kinetic
parameters of all reactions except the one under study are kept
constant, and the rate of the desired reaction on the produced
gas is analyzed.
The results of the sensitivity study for nine chemical reactions are shown in Fig. 6, which illustrates the sensitivity of
the produced gases with respect to each individual reaction.
The x-axis shows the dimensionless time, which is calculated
by dividing the process time by the total time, and the y-axis
shows the change in gas composition as the rate of reaction
varies. The sensitivity study is carried out for different gases,
which are identiﬁed by different colors.
The values on the y-axis describe the sensitivity of different gases with respect to a speciﬁc reaction. A higher
deviation from zero reveals a signiﬁcant effect of that reaction on the produced gas composition. For instance, the rate
of the Boudouard reaction (R2 ) signiﬁcantly affects the carbon
monoxide, carbon dioxide, and methane mole fractions, while
it has no effect on the hydrogen mole fraction. Increasing the
rate of the Boudouard reaction enhances the carbon monoxide

mole fraction and reduces the carbon dioxide and methane
mole fractions. For the Boudouard reaction, the effect of the
reaction rate is almost stable with respect to time, and the
value on the y-axis shows almost a constant number.
For some other reactions, however, the effect of the reaction rate is strongly time dependent. For instance, the mole
fractions of the produced gases are a weak function of the
steam gasiﬁcation rate (R4 ) in the ﬁrst half of the process
(0.6TD ), becoming signiﬁcant later in the process.
In summary, this sensitivity study enables us to predict the
process behavior by changing reaction kinetics. The mole fractions of the produced gases can be estimated by changing the
reaction rates. If a new reaction rate and a sensitivity graph
are available, it is possible to predict the mole faction of the
produced gas with respect to the change in the reaction rate.

5.3.

Estimated kinetics

The frequency factors are estimated based on the ﬁeld gas
compositions as experimental results. Parameter estimation
is an iterative process, and the accuracy of the predicted
results compared to the ﬁeld data dictates the number of iterations. It is not possible to illustrate the results at each iteration;
thus, the initial guess and ﬁnal results are considered in this
manuscript. The initial kinetic parameters obtained from the
literature data at low pressure are summarized in Table 3, and
the ﬁnal kinetics for all chemical reactions is given in Table 5.
To best estimate these parameters (with greater accuracy), the
LMA requires more iterations, which leads to a higher computational time.
Table 6 illustrates the average gas composition for the ﬁeld
and the forward model. The model results for the initial and
ﬁnal estimated kinetics are also shown in Fig. 7 for comparison. As the results indicate, the kinetic parameters for low
pressures (initial guess) predict carbon dioxide appropriately,
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Fig. 6 – Sensitivity of produced gases for different reactions.
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Fig. 7 – Simulated ( ) vs. typical ﬁeld (䊉) gas composition; (a) initial guess for kinetic parameters and (b) estimated kinetic
parameters.
Table 5 – Estimated chemical kinetic parameters.
Reaction

Activation
energy

C + O2 → CO2
C + CO2 → 2CO
C + H2 O → CO + H2
C + 2H2 → CH4
CO + 0.5O2 → CO2
CO + H2 O → CO2 + H2
CO2 + H2 → CO + H2 O
CH4 + H2 O → CO + 3H2
CO + 3H2 → CH4 + H2 O

100
249
156
200
247
12.6
12.6
30.0
30.0

Reaction
frequency factor
2.08 × 101
6.57 × 106
1.87 × 104
1.81 × 103
1.12 × 108
1.73 × 100
4.48 × 10−2
3.13 × 102
4.00 × 103

but over-predict hydrogen and carbon monoxide and underpredict methane gas composition. The estimated kinetics
improves the produced gas composition and reduces the difference between the modeling result and the ﬁeld data. The
best agreement is obtained for carbon dioxide and is followed
by hydrogen, carbon monoxide, and methane, respectively.
The coal seam is saturated with water and methane; therefore, an error in the initial methane saturation can cause error
in the produced gas composition. A part of the error in the
methane prediction can be attributed to an error in the initial
methane calculation. To ﬁt the modeling result more appropriately, more iterations are required.
Reactions in UCG are not independent, thus there is possibility to have more than one solution for this process. To obtain
a set of reaction kinetics, two steps are considered. First, reaction kinetics at low pressure condition is selected as initial
guess. Second step is to use a part of production data for estimating reaction kinetics and the rest of production data for
parameters validation. For instance, if there are 12 months
of production data, the parameters are estimated by ﬁrst 8
months of production data and next 4 months used to compare the predicted results with ﬁeld data. If estimated reaction
kinetics can predict the second part of production data, which
is not used for parameter estimation, then it is expected that
estimated reaction kinetics will predict future performance of
process more realistically. Fig. 7 illustrates the gas composition for initial and ﬁnal estimated parameters over the entire
Table 6 – Average gas composition before and after
parameter estimation.

Field results
Initial guess for kinetics
Estimated parameters

CO2

H2

CO

0.3700
0.3491
0.3577

0.2000
0.2887
0.1850

0.1200
0.2206
0.0961

CH4
0.3100
0.1416
0.3612

process. The dots show a typical ﬁeld gas composition while
the lines are predicted (simulated) results. Fig. 7(a) shows simulation results correspond to the initial guess. As depicted in
the ﬁgure there is a large difference between predicted result
and ﬁeld data. This set of parameters is introduced to parameter estimation algorithm and after some iteration the ﬁnal
result is obtained (Fig. 7(b)). In this case, the kinetic parameters
are estimated based on 60% of production data (up to TD = 0.6),
which is shown by solid line, and the rest of data are predicted
with new kinetics (shaded line). Comparing the Fig. 7(a) and
(b) demonstrate that there is a good agreement between the
gas compositions; only the methane composition is over predicted. As mentioned earlier, the coal is saturated with water
and methane, therefore, an error in the initial methane saturation can cause error in the produced gas composition.
At the end, it should be mentioned that the kinetic parameters, which are estimated here, are not unique and this
set of parameters is obtained based on production data.
More production data can provide more reliable set of kinetic
parameters, therefore new production data can be used to
update and modify kinetic parameters.

5.4.

Cavity shape and temperature proﬁle

As a preliminary study, this work focuses on the simulation
of a pilot test area. The cavity shape and temperature proﬁle
were examined in the study by Nourozieh et al. (2010). The
results illustrated the feasibility of the UCG process for the
coal seam under consideration. Fig. 8 shows the cavity shape
and porosity distribution after ten days simulation based on
the obtained kinetic parameters. The ignition happens at the
toe of the horizontal injector where there is a high permeability region between the wells. As the process proceeds, the
injection point is perforated at successive new upstream locations. As this ﬁgure shows, a single cavity is formed along the
coal seam. The cavity grows along the x-axis much more than
along the z-axis, which depends on the geological structure
and ignition procedure. The shale layer affects the rate of the
cavity growth in the vertical direction; however, there is a vertical penetration for the gasiﬁcation in the middle coal seam.
In addition, the backward gasiﬁcation along the x-axis is faster
than the forward gasiﬁcation.
There is an area (red region) in Fig. 8 where all the coal has
been gasiﬁed. The cavity temperature proﬁle is illustrated in
Fig. 9. The temperature inside the cavity indicates different
regions during UCG. These regions are separated by lines in
Fig. 9. The pyrolysis region has a temperature around 500 ◦ C
during this study. This agrees with the study of Anthony and
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Fig. 8 – Cavity shape after 10 days simulation; x–z cross (right) and x–y cross (left) (Nourozieh et al., 2010).
converges to solution. The developed model can be used for
studying the UCG process in the ﬁeld scale and for design and
optimization of this process.
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