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A B S T R A C T   

A deep understanding of the process of coalbed methane (CBM) extraction is of significance for both the un
conventional energy supply and mine safety. The effects of stimulation patterns and thermal effects (including 
thermal shrinkage, non-isothermal sorption, and gas density change) significantly affect the CBM extraction 
process. Although thermal effects on CBM extraction have been investigated in previous studies, these effects 
have not been coupled with stimulation patterns, leading to an insufficient evaluation accuracy of previous 
models and a limited understanding of gas extraction in stimulated CBM reservoirs. This study developed a 
multidomain and multiphysics (thermal-hydraulic-mechanical, THM) model to fully couple different physical 
processes (including gas flow, coal deformation, gas desorption, and heat transfer) within a CBM reservoir 
framework considering various stimulation patterns to improve the simulation accuracy and obtain insights into 
CBM extraction. Three domains with distinct properties, i.e., the stimulated reservoir domain (SRD), non- 
stimulated reservoir domain (NSRD), and radial primary fracture (PF), were integrated into the CBM reservoir 
model to characterize the stimulation pattern. A group of partial differential equations (PDEs) was derived to 
characterize CBM transport within each domain and across different domain boundaries. A stimulated coalbed 
was defined as an assembly of three interacting porous media: coal matrix, continuous fractures (CF), and PF. The 
matrix and CF constituted a dual-porosity dual-permeability system, while the PF was simplified as a 1-D frac
tured medium. The finite element method (FEM) was employed to numerically solve the above PDEs. The 
proposed model was verified against two sets of field-measured CBM production data and compared to three 
previously published numerical models to reveal its advantage. The verified model was applied to investigate 
multidomain effects of stimulation treatment and evaluate the thermal effects of gas depletion on gas extraction 
in stimulated CBM reservoirs. The simulation results suggested (1) that the distinct properties of the different 
domains result in different permeability evolutions, which in turn influences CBM production; (2) that increasing 
the fracture complexity, enlarging the SRD size, and improving the SRD permeability with suitable stimulation 
techniques constitute effective approaches to enhance the CBM recovery; and (3) that ignoring thermal effects in 
CBM extraction can either overestimate or underestimate production, which mainly depends on the net effects of 
the thermal shrinkage strain and non-isothermal sorption during different production periods.   

1. Introduction 

In recent years, unconventional natural gas, including coalbed 
methane (CBM), shale gas, and tight gas, has received increasing 
attention as an important energy source (Tian et al., 2019; Li et al., 
2020a; Zeng et al., 2020a; Zhang et al., 2020a). As an essential member 
of the unconventional natural gas family, CBM exhibits enormous 

reserves and has been commercially exploited in many countries, e.g., 
the USA, Australia, and China (Pan and Connell, 2012; Sun et al., 2018; 
Xia et al., 2019; Shi et al., 2020). Moreover, CBM pre-extraction from 
coalbeds is a vital method to prevent coal and gas outbursts so that 
mining practices can be safely conducted (Liu et al., 2014a; Liu and 
Cheng, 2015). Therefore, understanding the process of CBM extraction is 
not only of significance for the energy supply but also of significance for 
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mining safety. Due to the structural complexities of CBM reservoirs, a 
complicated flow process coupled with coal deformation, gas desorp
tion, and thermal effects is expected to occur once extraction begins (Sun 
et al., 2018). Based on this consideration, many mathematical and 
physical models have been developed to predict the evolution of the 
methane flow rate and pressure in CBM reservoirs during gas extraction. 
Analytical models, which can be easily calculated, provide highly 
simplified methods to obtain benchmarks to better understand gas flow 
in CBM reservoirs (Clarkson and McGovern, 2005; Clarkson et al., 2007; 
Zeng et al., 2019). However, analytical models can hardly manage 
complex reservoir geometries and incorporate the interactions between 
multiple physical processes (such as coal deformation and temperature 
change during gas extraction) because these models usually employ 
linear-flow assumptions and experience mathematical difficulties in 
regard to irregular shapes (Zeng et al., 2021). In addition, analytical 
models cannot provide the real-time spatial distribution of certain key 
variables, such as the real gas pressure, dynamic porosity, and perme
ability (Wei et al., 2010; Sun et al., 2018; Zeng et al., 2020b; Li et al., 
2020b). However, with the rapid development of numerical computa
tion technology and computer hardware performance, it is possible to 
simulate dynamic changes in various physical quantities with calibrated 
numerical models fully coupling different physical processes (Gentzis 
and Bolen, 2008; Wei et al., 2010; Vishal et al., 2015; Zhang et al., 2016; 
Wei et al., 2021). Thus, the development of numerical models to accu
rately evaluate CBM production and provide detailed information on 
property evolution in CBM reservoirs has remained a highly attractive 
issue in the natural gas industry. Although great progress has been 
achieved in recent years, existing models should be improved to achieve 
accurate and precise prediction of CBM production and reservoir prop
erty evolution because specific processes and effects are often ignored in 
these models, which leads to undesirable prediction deviation. The 
complexities, physics, and coupling interactions previously ignored (or 
not fully considered) in earlier studies should be incorporated into an 
advanced numerical model to improve the simulation accuracy and 
enhance the knowledge of CBM extraction via a simulation 
investigation. 

In CBM extraction modelling and simulation, a key issue is how to 
describe a stimulated coalbed with multiple domains. This issue origi
nates from the fact that stimulation operations, such as hydraulic frac
turing, always generate new domains with peculiar properties. 
Stimulation is usually conducted before CBM extraction so that the 
coalbed permeability near the borehole is significantly enhanced, and 
the effectiveness of CBM extraction is improved (Zhang et al., 2016). 
Recent advances in stimulation focus on the application of different 
stimulating techniques [e.g., high-energy gas fracturing (HEGF) and 
blasting (Zhu et al., 2012; Zhang et al., 2020b)] and innovative frac
turing fluids [e.g., slickwater, nanoparticle-assisted fluids, and carbon 
dioxide (CO2) (Cao et al., 2017a; Li et al., 2019a)]. These new tech
niques generally intensify the structural complexity of stimulated CBM 
reservoirs. For instance, the HEGF technique can create multi-wing 
primary artificial fractures instead of traditional double-wing fractures 
(Luo and Tang, 2015; Zhang et al., 2018), which has been confirmed in 
core tests and microseismic image observations (Germanovich et al., 
1997; Craig and Blasingame, 2006; Chen et al., 2016). Another example 
is that the process of vibration and pressure wave transmission occurring 
in fracturing operations promote the activation of the original natural 
fractures into secondary fractures (with an increased aperture, porosity, 
permeability, and modified rock mechanical properties) in the area 
between primary artificial fractures (Brown et al., 2011; Yuan et al., 
2015). This phenomenon is particularly obvious in high-impact opera
tions such as deep-hole blasting and CO2 fracturing (Liu et al., 2014b; 
Cao et al., 2017a). Based on these consequences of stimulation treat
ments, various stimulation patterns may be employed in different CBM 
reservoirs. Here, it is important to apply a suitable simplification method 
to describe different stimulation patterns so that the effects of these 
stimulation patterns on CBM production can be studied. Specifically, a 

stimulated CBM reservoir can be simplified as a multidomain assembly 
of porous continua (to represent the coal mass with both natural and 
activated fractures) and a 1-D discrete media (to represent the primary 
artificial fractures), as shown in Fig. 1 (choosing the top view of a ver
tical CBM wellbore as an example). As the most general scenario 
(referred to as the base scenario in this study), the stimulated coalbed 
contains multiple radial primary hydraulic fractures (PFs), a stimulated 
reservoir domain (SRD, defined as the coal body influenced by stimu
lation except PFs), and a non-stimulated reservoir domain (NSRD, 
defined as the coal body not influenced by stimulation), as shown in 
Fig. 1(a). Here, the SRD concept differs from the usual concept of the 
stimulated reservoir volume (SRV), which includes both PFs and the 
SRD. More specifically, the PF constitutes a simplification of a series of 
macroscale artificial fractures at the millimetre-level scale. The PF ex
hibits a much higher porosity and permeability and different mechanical 
properties than those of the original CBM reservoir. Although the PF is 
highly permeable, this fracture only accounts for a very small volumetric 
fraction of the entire reservoir. In contrast, the SRD, occupying a 
considerable fraction of the reservoir volume and including numerous 
activated micro-fractures (usually with a micrometre-level aperture), 
exhibits a higher porosity and permeability than those of the original 
CBM reservoir, although this enhancement is not as great as that 
observed for the PF. In addition, the pore compressibility of the SRD may 
differ from that of the original reservoir because of the activation of 
micro-fractures. Finally, occupying the remainder of the CBM reservoir, 
the NSRD retains all of the original coalbed properties. There occur 
natural fractures/cleats with sizes ranging from the nanometre level to 
the micrometre level in the NSRD, but the overall permeability of the 
NSRD is very low [ranging from the millidarcy level to the microdarcy 
level or even lower (Kou and Wang, 2020)]. The base scenario, as shown 
in Fig. 1(a), encompassing multiple PFs, the SRD and the NSRD, 
comprehensively covers most instances of producing CBM reservoirs. 
The base scenario can be reduced to the following scenarios via different 
settings corresponding to various actual conditions in CBM reservoirs: 
(1) If both the PF length and SRD volume are set to zero, the reservoir is 
considered not stimulated, as shown in Fig. 1(b). (2) If only one 
double-wing PF occurs, this can be simplified as two symmetrically 
distributed half-PFs (Settari and Cleary, 1984). In this case, the effects of 
secondary fractures can be ignored. The base scenario is then reduced 
into a case involving one double-wing PF and one NSRD, as shown in 
Fig. 1(c). (3) If there occur multiple primary radial primary fractures 
created along different directions, the base scenario can be reduced into 
a case with several (for example, three) double-wing PFs and one NSRD, 
as shown in Fig. 1(d). (4) In certain blasting cases, there exists no 
remarkable PF but only one SRD with many relatively homogeneous 
secondary fractures (Zhang et al., 2020b). Thus, the base scenario can be 
reduced into a case encompassing one SRD and one NSRD, as shown in 
Fig. 1(e). It should be mentioned that simplifying the CBM reservoir 
geometry based on the base scenario (multiple PFs + SRD + NSRD) 
depends on the stimulation treatment technique and consequences. For 
example, Cao et al. (2017a) and Zhang et al. (2018) reported that CBM 
reservoirs fractured with supercritical CO2 could be regarded as entail
ing a stimulation pattern with multiple PFs, the SRD and the NSRD 
[Fig. 1(a)], while Chen et al. (2013) studied the process of gas extraction 
from coalbeds considering the NSRD concept [Fig. 1(b)]. Luo and Tang 
(2015) performed a pressure transient analysis based on the concept of 
multiple PFs and the NSRD [Fig. 1(d)]. In addition, Zhang et al. (2020b) 
proposed that certain CBM reservoirs subjected to blasting operations 
could be regarded as the SRD + NSRD pattern [Fig. 1(e)]. Therefore, the 
scenarios shown in Fig. 1(b), (c), and 1(d) can all be derived from the 
base scenario, as shown in Fig. 1(a). It is necessary to study the CBM 
extraction process under the five scenarios depicted in Fig. 1 to better 
understand and compare the effects of different stimulation patterns, 
while the base scenario is the most important case because the other 
scenarios are essentially the particular cases of the base scenario. In 
summary, a given stimulation pattern in CBM extraction could be 
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regarded as a certain combination of the PF, SRD, and NSRD. As 
mentioned above, in previous CBM extraction modelling and simulation 
studies, the investigated stimulation patterns were usually limited to one 
type, while the performance of different stimulation patterns was 
seldom systematically analysed and compared. 

CBM extraction involves a very complicated process not only because 
this process occurs in CBM reservoirs with a complex structure but also 
because this process is associated with multiple physical processes, 
including gas flow, coal deformation, gas desorption, and heat transfer 
(Li et al., 2016; Sun et al., 2018; Fan et al., 2019). Above all, the evo
lution of the porosity and permeability is a key issue in gas transport 
since these two physical quantities control gas storage and gas flow, 
respectively. Many previous studies have demonstrated that coal 
deformation influences the reservoir porosity and corresponding 
permeability of CBM reservoirs, which is caused by drawdown-induced 
effective stress evolution during gas extraction (Cui and Bustin, 2005; 
Shi and Durucan, 2004; Zhang et al., 2008; Pan and Connell, 2012; Peng 
et al., 2014; Liu et al., 2019). In addition, with decreasing gas pressure, 
gas is desorbed from the surface of coal matrix grains. This process not 
only supplies CBM to pores and fractures as a mass source of gas flow but 
also induces a certain sorption strain to affect the reservoir porosity and 
permeability. 

The thermal effects of gas depletion during CBM extraction have 

often been ignored or not fully integrated into a framework with stim
ulation patterns. Classic reservoir modelling theories tend to assume 
that gas seepage in the reservoir entails isothermal flow. In contrast, 
temperature field evolution occurs during CBM extraction (Zhu et al., 
2011; Qu et al., 2012; Li et al., 2016). This phenomenon can be attrib
uted to four processes: (1) heat convection—gas flowing from the CBM 
reservoir towards the producing well removes heat; (2) heat con
duction—the wellbore temperature is typically lower than that of the 
CBM reservoir (Li et al., 2016). Additionally, during CBM extraction, 
convection causes a colder area near the wellbore. This leads to a 
non-uniform temperature distribution throughout the whole reservoir, 
which promotes further heat conduction from the deep reservoir to
wards the wellbore; (3) heat desorption—gas desorption is an endo
thermic process resulting in system temperature reduction; (4) 
volumetric strain variation leads to energy change. The consequence of 
these four processes is that the low-temperature area near the wellbore is 
gradually enlarged with increasing gas depletion (Li et al., 2016; Sun 
et al., 2018). As a result, the decreasing temperature affects several key 
reservoir properties. First, temperature reduction results in thermal 
shrinkage of the coal matrix, directly influencing the porosity and thus 
the permeability. Second, temperature reduction hinders further 
desorption by maintaining a larger adsorbed gas amount than that under 
isothermal sorption (Qu et al., 2012; Li et al., 2016). Third, temperature 

Fig. 1. Different scenarios of a producing CBM reservoir. (a) Base scenario: a stimulated CBM reservoir with multiple PFs, one SRD, and one NSRD. This scenario can 
be reduced into one of the following scenarios: (b) unstimulated CBM reservoir with only a producing well, (c) a hydraulically fractured CBM reservoir with a double- 
wing PF and one NSRD, (d) a stimulated CBM reservoir with 3 (double-wing) PFs and one NSRD, and (e) a stimulated CBM reservoir with one SRD and one NSRD. 
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reduction alters the gas density to a certain degree based on the equation 
of state (EOS) of real gas. In summary, thermal effects should be fully 
coupled with other physical processes in the modelling and simulation of 
CBM reservoirs because the CBM extraction process is impacted by them 
in different aspects. Although the above thermal effects on CBM 
extraction have been included in previous modelling and simulation 
studies, these effects have not been integrated into a CBM reservoir 
model with stimulation patterns, leading to an insufficient evaluation 
accuracy of previous models and a limited understanding of gas 
extraction in stimulated CBM reservoirs (Zhu et al., 2011; Qu et al., 
2012; Li et al., 2016; Sun et al., 2018). As mentioned above, a stimulated 
CBM reservoir usually contains multiple domains, which suggests that 
each of the aforementioned physical processes exhibits different be
haviours and evolutions in these domains during CBM extraction due to 
the discrepancy in reservoir properties between the different domains. 
Therefore, to accurately simulate and evaluate gas extraction in stimu
lated CBM reservoirs, the abovementioned thermal effects (including 
thermal shrinkage, non-isothermal sorption, and non-isothermal gas 
density change) should be coupled with multiple complex physical 
processes (including gas flow, coal deformation, gas desorption, and 
heat transfer) and integrated into a CBM reservoir model comprising 
multiple domains (including the PF, SRD, and NSRD). Establishing, 

verifying, and applying such a model with high complexities with regard 
to physics and structure are challenging tasks. 

This work focused on the development of a multidomain and mul
tiphysics (thermal-hydraulic-mechanical, THM) model to fully couple 
different physical processes within a CBM reservoir framework consid
ering various stimulation patterns to improve the simulation accuracy. 
Another focus was to gain insight into CBM extraction by applying the 
developed model. As an assembly of a dual-porosity-dual-permeability 
continuum and 1-D fractured media, a conceptual model with various 
domains, including the PF, SRD, and NSRD, was proposed to describe 
CBM reservoirs with different stimulation patterns. Based on the the
ories of poroelasticity, seepage mechanics, non-isothermal sorption, and 
heat transfer, a group of partial differential equations (PDEs) was 
derived to construct a fully coupled multidomain and multiphysics 
model. The finite element method (FEM) was employed to numerically 
solve the derived PDEs. The proposed model was verified against two 
sets of field-measured CBM production data and compared to three 
previously published numerical models to reveal its advantage. Subse
quently, the verified model was applied to evaluate the effects of key 
influencing factors on CBM production, especially multidomain and 
thermal effects. 

Fig. 2. Conceptual model. (a) Dual-porosity-dual-permeability model of coal with cleats/fractures. Coal consists of two porous media (coal matrix and CF) with 
different porosities, permeabilities, and mechanical properties. These media are further simplified as a pair of interacting and overlapping continua. pm denotes the 
pressure in the coal matrix, while pCF is the pressure in the CF. (b) Multiscale model, gas flow sequence, and domain division of the stimulated CBM reservoir. The 
blue arrows indicate the gas flow direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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2. Conceptual model 

This section details the conceptual model and defines the corre
sponding multi-scale porous media, multiple domains, and sequential 
flow in gas extraction from stimulated CBM reservoirs. 

2.1. Multiscale model and domain division 

An illustration of the conceptual model is shown in Fig. 2. Coal is a 
typical dual-porosity medium in which a porous matrix provides 
nanometre-level pores accommodating CBM, while continuous fractures 
(CF) provide nanometre-to micrometre-level cleats and fissures as access 
pathways bridging matrix blocks (Wu et al., 2010a). Based on the theory 
of continuum mechanics, a dual-porosity-single-permeability model 
[considering that gas flow only occurs in fractures (Barenblatt et al., 
1960; Warren and Root, 1963)] and a dual-porosity-dual-permeability 
model [considering the matrix and CF as two interacting porous sys
tems (Elsworth and Bai, 1992; Bai and Elsworth, 2000; Wu et al., 
2010a)] have been developed and successfully applied to characterize 
CBM reservoirs. The advantage of the dual-porosity-dual-permeability 
model over the dual-porosity-single-permeability model is that the 
former model relies on two interacting pore-pressure systems (instead of 
a single pore-pressure system) to reflect the effects of the stark difference 
between matrix and CF properties [i.e., the reservoir heterogeneity; 
please refer to Bai et al. (1997) and Chen et al. (2013)] on the gas flow. 
Therefore, the present work employed a 
dual-porosity-dual-permeability model to describe the bulk coalbed 
(without PFs) as two overlapping continua with different porosities, 
permeabilities, and mechanical properties, as shown in Fig. 2(a). 

According to the introduction in Section 1, stimulation treatment 
creates abundant new/activated fractures, which results in an enhanced 
porosity, higher permeability, and different mechanical properties of the 
CF in the SRD over those of the CF in the NSRD, while the properties of 
the matrices in the SRD and NSRD are considered identical. In addition, 
the PF is abstracted as a 1-D fractured medium with a greatly enhanced 
porosity, higher permeability, and different pore compressibility than 
those of the original CBM reservoir to bridge the coal mass and the 
producing well. In summary, three media are defined (the coal matrix, 
CF, and PF) jointly exhibiting multi-scale characteristics, and there are 
three domains (the SRD, NSRD, and PF) reflecting the multidomain 
features of a given stimulated CBM reservoir. 

2.2. Flow sequence 

Based on the defined multi-scale model and domain division, a 
sequential flow process including five flow stages was considered to 
describe gas transport in the stimulated CBM reservoir, as illustrated in 
Fig. 2(b): at the beginning of gas extraction, the original gas in the PFs 
very quickly flowed towards the wellbore due to the notable difference 
between the bottom-hole and initial reservoir pressures (Stage 1). The 
significantly depleted pressure in the PFs then induced the free gas in the 
CF of the SRD to flow into the PFs (Stage 2). Subsequently, the pressure 
difference (which can also be equivalently expressed as the concentra
tion difference, as described in Section 3.2) between the CF and coal 
matrix caused mass exchange. As a mass source, the coal matrix supplied 
gas to the CF via diffusion, and gas desorption occurred with pressure 
reduction in the matrix (Stage 3). Moreover, gas in the CF of the NSRD 
started flowing into the CF of the SRD to maintain the gas flow conti
nuity, which was caused by the pressure difference between the SRD and 
NSRD (Stage 4). Finally, gas in the matrix of the NSRD diffused into the 
CF of the NSRD, and gas desorption occurred in the matrix of the NSRD 
(Stage 5). Previously, several multidomain sequential flow models have 
been successfully applied in unconventional gas extraction simulations. 
Peng et al. (2015) proposed a multidomain model to describe the gas 
transport behaviour in shale gas reservoirs, but the SRD and NSRD were 
not differentiated in their study. Li et al. (2019b, 2020b) and Cui et al. 

(2020) studied the process of shale gas production with multidomain 
models differentiating the SRD and NSRD, but their works remained 
limited to shale reservoirs and horizontal wells with one primary hy
draulic fracture in each fracturing segment. In this work, we extended 
multidomain sequential flow to the CBM extraction process with a ver
tical wellbore and an SRD containing multiple PFs. 

As previously mentioned, in addition to gas flow, coal deformation, 
gas desorption, and thermal effects should be incorporated into the 
model. In the next section, the mathematical model capturing these 
physical processes in the different media/domains and interactions be
tween these processes and media/domains are detailed. 

3. Mathematical model 

The mathematical model formulation is based on the following as
sumptions: (1) the coal matrix, CF, and PF are deemed isotropic and 
linear-elastic; (2) gas flow entails a single-phase process, i.e., the impact 
of water in the CBM reservoir is ignored; (3) the CBM reservoir is 
saturated with methane in the initial state; (4) mechanical deformation 
is much smaller than the volume of coal block; (5) gas transport in the 
coal matrix and CF are driven by seepage, while the mass exchange 
between the matrix and CF is controlled by diffusion (Chen et al., 2013; 
Li et al., 2016; Fan et al., 2019). (6) The gas supply attributed to 
desorption is only considered in the matrix because the matrix contains 
the majority of the solid coal grains. (7) Coal deformation instantly 
reaches local mechanical equilibrium conditions, i.e., a certain pressure 
distribution corresponds to one effective strain distribution (Chen et al., 
2013; Peng et al., 2015). (8) The heat transfer process instantly reaches 
local thermal equilibrium conditions, i.e., a certain pressure distribution 
corresponds to one temperature distribution (Li et al., 2016; Fan et al., 
2019). 

3.1. Mechanical coupling equations 

First, the whole CBM reservoir obeys the following stress-strain 
relationship based on Biot’s poroelasticity theory and the dual- 
porosity assumption (Detournay and Cheng, 1993; Zhang et al., 2008; 
Peng et al., 2015; Cao et al., 2016a; Li et al., 2016, 2019b, 2020b; Fan 
et al., 2019): 

εij =
(1 + υ)

3K(1 − 2υ)σij −
υ

3K(1 − 2υ)σkkδij +
αCFpCF

3K
δij +

αmpm

3K
δij +

αT T
3

δij +
εs

3
δij

(1)  

where εij is a component of the total strain tensor, ν is the bulk Poisson 
ratio of coal, K is the bulk volumetric modulus of coal, T is the tem
perature, σkk = σ11 + σ22 + σ33 denotes the total stress, with σ11, σ22 and 
σ33 the normal stresses along the three axial directions of the spatial 
coordinate system, δij is the Kronecker delta, which equals 1 for i = j and 
0 for i ∕= j, εs is the non-isothermal sorption-induced volumetric strain, 
and pCF and pm denote the gas pressures in the CF and coal matrix, 
respectively. αCF and αm are the effective Biot coefficients of the CF and 
coal matrix, respectively. These quantities can be determined with the 
following equations: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

αCF =
γCFKα∗

CF

KCF

αm =
γmKα∗

m

Km

(2)  

where γCF and γm are the volumetric fractions occupied by the CF and 
coal matrix, respectively, and γCF + γm = 1. KCF and Km are the individual 
bulk moduli of the CF and coal matrix, respectively. α∗

CF and α∗
m are the 

individual Biot coefficients of the CF and coal matrix, respectively. γCF, 
γm, KCF, Km, α∗

CF and α∗
m can be estimated/determined via core analysis 

(Mehrabian and Abousleiman, 2015; Cao et al., 2016a; Li et al., 2020b) 
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and/or acoustic measurements (Mehrabian and Abousleiman, 2015; 
Rezaee, 2015). αT denotes the thermal expansion coefficient of coal. 

Note that K and ν in Eq. (1) are volume-weighted quantities (Cao 
et al., 2016a; Berryman, 2002): 

1
K
=

γCF

KCF
+

γm

Km
(3)  

υ= γmυm + γCFυCF (4)  

where υm and υCF are the individual Poisson ratios of the CF and coal 
matrix, respectively. 

The non-isothermal sorption-induced volumetric strain εs is related 
to the changing temperature and can be obtained with the following 
modified Langmuir-type sorption equation (Zhu et al., 2011): 

εs =
εLpm

pm + PL
F(pm, T) (5)  

where εL is the Langmuir sorption strain constant, while PL is the 
Langmuir pressure constant of coal. F(pm,T) is a function reflecting the 
temperature dependence of the gas sorption amount, which is defined by 
the following equation based on the van ‘t Hoff equation (Busch and 
Gensterblum, 2011; Zhu et al., 2011; Li et al., 2016): 

F(pm,T)= exp
[

−
d2

1 + d1pm

(
T − Tref

)
]

(6)  

where d1 is a pressure coefficient, d2 is a temperature coefficient, and Tref 
is the reference temperature of the desorption test. According to Eq. (5), 
given the same pm value, a higher T value corresponds to a lower εs 
value. 

On the right-hand side of Eq. (1), the first and second terms denote 
the mechanical strains induced by the stress tensor along the normal and 
shear directions, respectively. The third and fourth terms denote the 
strains caused by the gas pressure in the CF and coal matrix, respec
tively. The fifth term is the contribution of thermal expansion/ 
shrinkage, and the final term is the contribution of sorption-induced 
strain to the total strain tensor. Furthermore, according to the strain- 
displacement relationship (the Cauchy equation) and stress equilib
rium relationships (Detournay and Cheng, 1993; Zhang et al., 2008), we 
can obtain the following: 
⎧
⎨

⎩

εij =
1
2
(
ui,j + uj,i

)

σij,j + fi = 0
(7)  

where ui is the displacement along the i direction, σij is a component of 
the total stress tensor, and fi is the body force along the i direction, with i, 
j = x, y, z. Combining Eqs. (1) and (7) yields the Navier-Cauchy-type 
deformation equation as the governing equation of the strain field 
(Zhu et al., 2011) as follows: 

3K(1 − 2υ)
2(1 + υ) ui,kk +

3K
2(1 + υ)uk,ki − αCFpCF,i − αmpm,i − KαT T,i − Kεs,i + fi = 0

(8) 

Eq. (8) represents a strict mathematical form to fully couple me
chanical deformation, effects of gas pressure evolution in the coal matrix 
and CF, thermal expansion/shrinkage, and sorption-induced strain. 

3.2. Gas transport in the coal matrix 

In this section, the governing equations for mass transfer in the coal 
matrix are derived. Based on the mass conservation law, the general 
equation for gas transport in the coal matrix can be written as (Chen 
et al., 2013; Li et al., 2016): 

∂mm

∂t
+∇ ⋅

(

− ρgm
km,stress

μ ∇pm

)

= − Qm− CF (9)  

where mm denotes mass storage of gas in the coal matrix, ρgm is the gas 
density in the coal matrix, km,stress denotes the stress-dependent perme
ability of the coal matrix, μ is the methane viscosity, and -Qm-CF denotes 
the mass sink term offering gas from the coal matrix to the CF. 
Furthermore, mm equals the mass sum of free and adsorbed gas in the 
coal matrix: 

mm = ρgmφm,stress + ρaρsVads (10)  

where φm,stress is the stress-dependent matrix porosity considering the 
impact of coal deformation, ρa is the methane density under standard 
conditions, i.e., 0.717 kg/m3 (Zhang et al., 2008), ρs is the bulk density 
of coal, and Vads is the adsorption volume per unit of coal mass as the 
standard gas volume, which can be obtained via a modified 
Langmuir-type equation with a similar form to that of Eq. (5), consid
ering the temperature dependence of gas sorption (Zhu et al., 2011; Qu 
et al., 2012): 

Vads =
VLpm

PL + pm
F(pm,T) (11)  

where VL denotes the Langmuir volume constant of coal. Give the same 
pm value, a higher T value corresponds to a lower Vads value. 

To obtain an exact expression of φm,stress in Eq. (10), the influence of 
the effective stress should be considered. The evolution of the stress- 
dependent matrix porosity during gas extraction can be expressed as 
the following general form proposed in previous works (Liu et al., 2011; 
Wei et al., 2018): 

φm,stress =φm0 + α∗
m(εem − εem0) (12)  

where εem is the effective strain at a certain time point, while εem0 is the 
effective strain in the coal matrix under the initial conditions. These 
quantities are defined as (Qu et al., 2012): 

εem = εv +
pm

Km
− εs − αT T (13)  

εem0 = εv0 +
pm0

Km
− εs0 − αT T0 (14)  

where the bulk volumetric strain εv = σkk/K can be numerically obtained 
by solving the mechanical coupling equation [Eq. (8)], Km is the bulk 
modulus of the coal matrix, εv0 is the initial bulk volumetric strain, 
which can be obtained by numerically solving Eq. (8) under the initial 
and boundary conditions, and εs0 is the initial sorption-induced strain. 
Combining Eqs. (12)–(14) yields the following: 

φm,stress =φm0 + α∗
m

[

(εv − εv0)+
(pm − pm0)

Km
− (εs − εs0) − αT(T − T0)

]

= φm0 +α∗
m(εv − εv0)+

α∗
m(pm − pm0)

Km
− α∗

m(εs − εs0) − α∗
mαT(T − T0)

(15) 

On the right-hand side of Eq. (15), the second term is the matrix 
porosity change resulting from the variation in the bulk volumetric 
strain, the third term is the porosity change caused by the variation in 
the gas pressure in the matrix, the fourth term is the matrix porosity 
change due to the variation in the sorption-induced strain, and the fifth 
term is the matrix porosity change attributed to the variation in thermal 
strain. This general porosity model is based on triaxial strain conditions. 
Zhang et al. (2008) demonstrated that this model could be reduced to 
the classic Palmer and Mansoori model (Palmer and Mansoori, 1998) by 
applying uniaxial conditions. This model, along with its various modi
fied forms, has been successfully applied in modelling and simulating 
the gas extraction process in unconventional reservoirs (Zhang et al., 
2008; Wu et al., 2010a; Wei et al., 2018; Cui et al., 2018). 
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As the relationship between the porosity and permeability, the cubic 
law is employed to obtain the matrix permeability (km, stress) affected by 
the effective stress (Pan and Connell, 2012): 

km,stress = km0

(
φm,stress

φm0

)3

(16)  

where km0 is the initial permeability of the coal matrix. 
Regarding porous medium i (i = m, CF, PF), the gas density ρgi can be 

obtained with the equation of state of real gas: 

ρgi =
Mpi

ZiRT
(17)  

where M is the molar weight of methane, i.e., 0.016 kg/mol, R is the 
universal gas constant, namely, 8.314 J/(mol⋅K), pi is the gas pressure in 
medium I, and Zi is the deviation factor of real gas, which can be ob
tained with the following empirical expression (Mahmoud, 2014): 

Zi = 0.702
(
ppri
)2 exp

(
− 2.5Tpr

)
− 5.524ppri exp

(
− 2.5Tpr

)
+ 0.044

(
Tpr
)2

− 0.164Tpr + 1.15
(18)  

where ppri = pi/pc is the pressure ratio and pc is the critical pressure of 
methane, i.e., 4.6 × 106 Pa. Tpr = T/Tc is the temperature ratio, and Tc is 
the critical temperature of methane, namely, 190.74 K. 

An approach based on An et al. (2013), Xia et al. (2015), and Li et al. 
(2016) was selected to determine the sink term of the matrix (Qm-CF). 
The key idea of this approach was to describe the gas diffusion process (i. 
e., a process driven by a gas concentration difference) from the coal 
matrix towards the CF considering the characteristic time (τ0): 

Qm− CF =
ρm − ρCF

τ0
=

M
RTτ0

(
pm

Zm
−

pCF

ZCF

)

(19)  

where ρCF is the gas density in the CF, pCF is the gas pressure in the CF, 

and ZCF is the deviation factor of real gas in the CF. τ0 can be experi
mentally assessed or determined via the following expression (Chen 
et al., 2013): 

τ0 =
1

Dm− CFδ
(20)  

where Dm-CF is the diffusivity of methane in the matrix, while δ is a shape 
factor. Dm-CF can be approximately expressed in the following form 
(Kranz et al., 1990; Chen et al., 2013): 

Dm− CF =
km,stress

φm,stressμβ
(21)  

where β is the compressibility of methane. According to the definition of 
the gas compressibility, β can be expressed as: 

β= −
1

ρgm
⋅
(∂ρgm

∂pm
+

∂ρgm

∂T

)

= −

(
1

pm
−

1
Zm

⋅
∂Zm

∂pm
−

1
T
−

1
Zm

⋅
∂Zm

∂T

)

(22)  

where ∂Zm
∂pm 

and ∂Zm
∂T can be directly calculated according to Eq. (18). Note 

that the first minus sign on the right-hand side ensures that the value of β 
is positive. This form of β not only reflects the gas expansion effect with a 
small increase in temperature but also reflects the gas compression effect 
with a small increase in pressure. The exact value of β based on Eq. (18) 
is the net result of these two competitive effects. Therefore, substituting 
Eq. (22) into Eq. (21) yields an exact expression of the diffusivity of 
methane in the matrix: 

Dm− CF =
km,stress

φm,stressμ
(

1
Zm

⋅∂Zm
∂pm

− 1
pm
+ 1

T +
1

Zm
⋅∂Zm

∂T

) (23) 

In addition, the shape factor δ can be obtained with the following 
equation (Lim and Aziz, 1995; Van Heel et al., 2008; Teng et al., 2018; 
Fan et al., 2019): 

δ=
3π2

L2
m

(24)  

where Lm is the cleat spacing (i.e., the width of a single cubic matrix 
block). Here, Lm is considered an average constant since the deformation 
of the matrix is lower than that of the coal block, and the effect of 
deformation on the characteristic time τ0 can be ignored. Combining 
Eqs. (19), (20), (23) and (24) results in an exact expression of the sink 
term for the coal matrix: 

Qm− CF =
3π2Mkm,stress

(
pm
Zm

− pCF
ZCF

)

L2
mRTφm,stressμ

(
1

Zm
⋅∂Zm
∂pm

− 1
pm
+ 1

T +
1

Zm
⋅∂Zm

∂T

) (25) 

Substituting Eqs. (10) and (11) and (15)–(17) and (25) into Eq. (9) 
yields the overall governing equation for the coal matrix:   

3.3. Gas transport in the continuous fractures 

The main differences between the coal matrix and continuous frac
tures (CF) in the mathematical model include the following: (1) there 
occur two CF domains (CF-SRD and CF-NSRD) with different properties, 
and these two domains are connected by pressure and flow rate conti
nuities; (2) adsorbed gas storage is not considered in the CF. The gov
erning equation according to the mass conservation law for gas transport 
in the CF can be written as: 

∂
(

ρj
gCFφj

CF,stress

)

∂t
+∇ ⋅

(

− ρj
gCF

kj
CF,stress

μ ∇pj
CF

)

=Qj
m− CF (27)  

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
(

ρgmφm,stress +
ρaρsVLpm

PL + pm
F(pm,T)

)

∂t
+∇⋅

(

−
Mpmkm,stress

ZmRTμ ∇pm

)

= −

3π2Mkm,stress

(
pm

Zm
−

pCF

ZCF

)

L2
mRTφm,stressμ

(
1

Zm
⋅
∂Zm

∂pm
−

1
pm

+
1
T
+

1
Zm

⋅
∂Zm

∂T

)

φm0 + α∗
m

[

(εv − εv0) +
(pm − pm0)

Km
− (εs − εs0) − αT(T − T0)

]

km,stress = km0

{

1 +
α∗

m

φm0

[

(εv − εv0) +
(pm − pm0)

Km
− (εs − εs0) − αT(T − T0)

]}3

(26)   
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where superscript j is the domain indicator, with j =NSRD or SRD, ρgCF is 
the methane density in the CF, φCF,stress is the stress-dependent CF 
porosity, kCF,stress is the stress-dependent permeability of the CF, and Qm- 

CF is the source term (from the coal matrix to the CF). Based on the 
previous studies of Liu et al. (1999, 2010) and Qu et al. (2012), the 
following equations are employed to determine φCF,stress and kCF,stress, 
respectively: 

φCF,stress =φCF0 + 3α∗
CF(1 − Rm)

[

(εv − εv0)+
(pCF − pCF0)

Km
− (εs − εs0)

− αT(T − T0)

] (28)    

where φCF0 is the initial porosity of the CF, pCF0 is the initial gas pressure 
in the CF, kCF0 is the initial permeability of the CF, and Rm = E/Em is 
Young’s modulus ratio of the bulk coal to the matrix. Here, Rm is very 
important because this parameter essentially represents the contrast 
between the mechanical deformation responses of the coal matrix and 
CF. This contrast reflects the dual-porosity features of the coalbed. 

At the boundary between the SRD and NSRD, the CF gas pressure 
should be continuous (Li et al., 2020b): 

pNSRD
CF |SRD boundary = pSRD

CF |SRD boundary (30) 

Moreover, the mass flux is continuous at this boundary: 

u→NSRD
CF |SRD boundary = u→SRD

CF |SRD boundary (31)  

where u→CF is the mass flux of gas in the CF. 
Similarly, the gas pressure and mass flux in the CF should also be 

continuous in the PF, which is considered an outlet boundary of gas in 
CF-SRD: 

pSRD
CF |PF = pPF|PF (32)  

u→SRD
CF |PF = u→PF|PF (33)  

where pPF is the gas pressure in the PF, and u→PF denotes the inflowing 
mass flux from CF-SRD to the PF. Combining Eqs. (25) and (27)–(33) 
yields the overall governing equation for the CF:   

3.4. Gas transport in the primary fracture 

In this work, the radial primary fracture (PF) is simplified as a 1-D 
fractured medium. Moreover, this fracture is considered the outlet 
boundary of CF-SRD bridging the producing well and coal mass. This 
modelling method has successfully captured primary fractures in stim
ulated shale reservoirs in previous studies (Cao et al., 2016a, 2016b; Li 
et al., 2020b). In particular, Li et al. (2020b) proposed a model to 
calculate the porosity and permeability of this type of 1-D fractured 

medium influenced by the varying stress with increasing gas depletion. 
Via the application of Li et al.‘s model, we can obtain the following 
governing equation for the PF in the CBM reservoir: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
(
ρgPFφPF,stress

)

∂t
+∇T ⋅

[

− bPF0ρgPF exp[CPF(pPF − pPF0)]
kPF,stress

μ ∇pPF

]

= 0

φPF,stress = φPF0 exp[CPF(pPF − pPF0)]

bPF,stress = bPF0 exp[CPF(pPF − pPF0)]

kPF,stress = kPF0 exp[2CPF(pPF − pPF0)]

pSRD
CF |PF = pPF |PF; u→SRD

CF |PF = u→PF|PF

(35)  

where ∇T denotes the gradient operator restricted to the tangential 
plane of the PF, ρgPF denotes the methane density in the PF, bPF0, φPF0, 
and kPF0 are the initial aperture, porosity, and permeability of the PF, 
respectively, and bPF,stress, φPF,stress, and kPF,stress are the dynamic aperture, 
porosity, and permeability of the PF, respectively, influenced by stress. 
CPF is the pore compressibility of the PF defined as CPF = αPF/(φPF0⋅KPF). 
АPF is the Biot coefficient of the PF, while KPF is the bulk modulus of the 
PF. Note that the inflow of the PF is exactly provided by the outflow from 
CF-SRD due to the continuity of the gas flow process. Therefore, there 
exists no mass source term on the right-hand side of the first equation of 
Eq. (35). 

3.5. Heat transfer 

When gas is extracted from a given CBM reservoir, heat transfer 

kCF,stress = kCF0

{

1 +
3α∗

CF(1 − Rm)

φCF0

[

(εv − εv0) +
(pCF − pCF0)

Km
− (εs − εs0) − αT(T − T0)

]}3

(29)   

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
(

ρj
gCFφj

CF,stress

)

∂t
+∇⋅

(

− ρj
gCF

kj
CF,stress

μ ∇pj
CF

)

=

3π2Mkm,stress

(
pm

Zm
−

pCF

ZCF

)

L2
mRTφm,stressμ

(
1

Zm
⋅
∂Zm

∂pm
−

1
pm

+
1
T
+

1
Zm

⋅
∂Zm

∂T

)

φCF,stress = φCF0 + 3α∗
CF(1 − Rm)

[

(εv − εv0) +
(pCF − pCF0)

Km
− (εs − εs0) − αT(T − T0)

]

kCF,stress = kCF0

{

1 +
3α∗

CF(1 − Rm)

φCF0

[

(εv − εv0) +
(pCF − pCF0)

Km
− (εs − εs0) − αT(T − T0)

]}3

pNSRD
CF |SRD boundary = pSRD

CF |SRD boundary; u→NSRD
CF |SRD boundary = u→SRD

CF |SRD boundary

pSRD
CF |PF = pPF|PF; u→SRD

CF |PF = u→PF |PF

(34)   

W. Li et al.                                                                                                                                                                                                                                       



Journal of Petroleum Science and Engineering 214 (2022) 110506

9

occurs due to energy change resulting from the thermal strain, heat 
desorption, heat convection, and heat conduction. Based on the local 
thermal equilibrium assumption (i.e., at one spatial point, the temper
atures in the coal matrix and CF are considered approximately identical, 
and the thermal properties of the bulk coal are weight-averaged values 
based on the volumetric fractions of these two media), the energy bal
ance can be expressed as follows (Zhu et al., 2011; Li et al., 2016; Fan 
et al., 2018; Dunne et al., 1996; Deng et al., 2019): 

∂
[(

ρCp
)

eff T
]

∂t
+ η∇T − ∇ ⋅

(
λeff∇T

)
+KαT T

∂εv

∂t
+ qd

ρsρa

M
⋅
∂Vads

∂t
= 0 (36)  

where the first term on the left-hand side represents the change in in
ternal energy, the second term is the thermal convection term, the third 
term is the thermal conduction term, the fourth term is the strain energy 
change term, and the fifth term denotes the methane sorption heat. 
(ρCp)eff is the effective specific heat capacity, η is the heat convection 
coefficient of methane, λeff is the effective thermal conductivity, and qd is 
the sorption differential heat of the gas-coal system. 

In the energy balance equation Eq. (36), (ρCp)eff is an average value 
based on the specific heat capacity and density of all the components in 
the coal block (Li et al., 2016; Fan et al., 2019): 
(
ρCp
)

eff =(1 − γCFφCF − γmφm)ρsCs +
(
γCFφCFρgCF + γmφmρgm

)
Cg (37)  

where the first term on the right-hand side denotes the contribution of 
the coal skeleton to the specific heat capacity, while the second term is 
the contribution of gas to the specific heat capacity. Cs and Cg are the 
specific heat capacities of the coal grains and methane, respectively. 

In the energy balance equation [Eq. (36)], η is related to the total 
mass flux and Cg is defined as: 

η=Cg

[

γCF∇ ⋅

(

− ρj
gCF

kj
CF,stress

μ ∇pj
CF

)

+ γm∇ ⋅
(

−
Mpmkm,stress

ZmRTμ ∇pm

)]

(38) 

λeff is a linear combination of the thermal conductivities of the coal 
skeleton and gas: 

λeff =(1 − γCFφCF − γmφm)λs + (γCFφCF + γmφm)λg (39)  

where λs and λg are the thermal conductivities of the coal grains and 
methane, respectively. 

In addition, qd in the energy balance equation [Eq. (36)] can be 
determined with the following equation (Dunne et al., 1996; Deng et al., 
2019): 

qd = qst − ZbulkRT (40)  

where qst is the isosteric sorption heat of the gas-coal system and Zbulk is 
the bulk gas deviation factor, which can be expressed as a weighted 
average value of the gas deviation factors for the coal matrix (Zm) and 
continuous fractures (ZCF): 

Zbulk = γmZm + γCFZCF (41) 

It should be mentioned that previous studies [e.g., Li et al. (2016) 
and Fan et al. (2019)] have considered qst instead of qd in the energy 
balance equation [Eq. (36)], which actually ignores the sorption heat 
variation with the temperature [the term -ZbulkRT in Eq. (40)]. Conse
quently, these models could cause slight overestimations of the sorption 
heat. Therefore, our model includes a correction in the heat transfer 
computation process. 

In addition, the temperature and heat flux (qheat) should be contin
uous at the SRD boundary and PF: 

TNRSD|SRD boundary = TSRD|SRD boundary (42)  

qNSRD
heat |SRD boundary = qSRD

heat |SRD boundary (43)  

TSRD|PF =TPF |PF (44)  

qSRD
heat |PF = qPF

heat|PF (45) 

Combining Eqs. (36) and (42)–(45) yields the final governing equa
tion for heat transfer: 

Fig. 3. Interactions between the different physical processes, including gas transport, coal deformation, non-isothermal sorption, and heat transfer.  
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⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∂
[(

ρCp
)

eff T
]

∂t
+ η∇T − ∇⋅

(
λeff∇T

)
+ KαT T

∂εv

∂t
+ qd

ρsρa

M
⋅
∂Vads

∂t
= 0

TNSRD|SRD boundary = TSRD|SRD boundary; qNSRD
heat |SRD boundary = qSRD

heat |SRD boundary

TSRD|PF = TPF |PF; qSRD
heat |PF = qPF

heat|PF

(46)  

3.6. Coupling relationship between the different physical processes 

Eqs. ((8), (26), (34), (35) and (46) construct the fully coupled, 
multidomain, and multiphysics model describing heat and mass transfer 
in the stimulated CBM reservoir. The interactions between the different 
physical processes are summarized in Fig. 3. With the use of this set of 
PDEs, gas transport, coal deformation, non-isothermal sorption, and 
heat transfer occurring during CBM extraction can be simulated. 

The main advantage of the proposed model is that it comprehen
sively incorporates the above complex multiple physical processes 
(including gas flow, coal deformation, gas desorption, and heat transfer) 
into a single CBM model considering stimulation patterns. In particular, 
multiple thermal effects (including thermal shrinkage, non-isothermal 
sorption, and non-isothermal gas density change) are integrated into 
the combination of the different domains (including the PF, SRD, and 
NSRD). To highlight its innovations, the proposed model is compared to 
four previous unconventional gas reservoir models published by Zhu 
et al. (2011), Chen et al. (2013), Li et al. (2016), and Li et al. (2020b), 
respectively. The key features of these models are listed in Table 1. The 
table reveals that (1) the common feature of these five models is that 
they all consider fully coupled rock (coal or shale) deformation during 
gas extraction. (2) The model proposed by Zhu et al. (2011) is a coupled 
THM model based on a single-porosity-single-permeability framework. 
This model cannot describe the mass exchange process between the coal 
matrix and CF. The effects of the stark difference between matrix and CF 
properties on gas extraction are not reflected. In addition, Zhu et al.‘s 
model does not consider multidomain effects, so the differences among 
the SRD, NSRD, and PF cannot be described. (3) The model proposed by 
Chen et al. (2013) is based on a dual-porosity-dual-permeability 
framework to describe the coal heterogeneity, but this model does not 
consider multidomain and thermal effects. For instance, this model 
neither provides specific individual equations for gas flow in the PF nor 
provides expressions capturing thermal strain and non-isothermal 
sorption. Consequently, the simulation results obtained with this 
model deviate from field data to a certain degree, and the impacts of 
different stimulation patterns cannot be simulated. (4) A notable 
advantage of the model proposed by Li et al. (2016) is that this model 
considers the water effect on CBM extraction (i.e., gas-water two-phase 
flow). This model is a coupled THM model. However, this model is based 
on a single-porosity-single-permeability framework, so the coal hetero
geneity cannot be suitably described. This model also does not consider 
multidomain effects. (5) The model proposed by Li et al. (2020b) has 
been employed for shale gas reservoirs. This model comprehensively 
considers gas flow and deformation in multiple domains based on a 
dual-porosity-dual-permeability framework. Nevertheless, the heat 
transfer process and resultant thermal effects are not incorporated in this 
model. (6) The model proposed in this work not only considers coupled 

THM processes but also considers multidomain effects in a 
dual-porosity-dual-permeability framework. The proposed model can be 
regarded as an extension of the model of Li et al. (2016) and additionally 
incorporates multidomain effects. The proposed model can also be 
considered an extension of the model of Li et al. (2020b) by adding the 
consideration of thermal effects. Therefore, the proposed model com
bines most of the features of the other four models. The only feature 
ignored by the proposed model is the water effect on CBM extraction. 
Nevertheless, this effect has often been observed during the early period 
of gas extraction but slightly affects long-term CBM production, which 
will be examined in Section 4.1. As for the application scope, the pro
posed model extends the reservoir type by applying multidomain and 
multiphysics models originating from shale gas reservoirs to CBM res
ervoirs. In the model of Li et al. (2020b), a shale block was defined as a 
dual-porosity medium including kerogen and an inorganic matrix. 
Analogously, coal was defined as another dual-porosity medium, 
including the coal matrix and CF, in the proposed model. The definitions 
of these two models are similar, but the basic parameters, such as the 
volumetric fractions, initial porosities, initial permeabilities, adsorption 
capacities, and Young’s moduli of coal and shale, are quite different. For 
instance, as an individual continuum, the CF exhibits a low Young’s 
modulus and accounts for a small volumetric fraction of the CBM 
reservoir, while these two properties of the inorganic matrix (the 
counterpart of the CF in CBM reservoirs) are much more notable in shale 
reservoirs. Additionally, the slip effect of gas flow is significant in shale, 
but this effect can be ignored in CBM reservoirs due to the larger cleat 
aperture than that of the fissures encountered in shale reservoirs (Chen 
et al., 2013; Li et al., 2020b). Another difference between shale and CBM 
reservoirs is that the stimulation patterns are more varied than those in 
stimulated shale reservoirs because more stimulation approaches, such 
as blasting, are typically applied in CBM reservoirs (Zhu et al., 2012; Cao 
et al., 2017a; Zhang et al., 2018). We will further examine the perfor
mance of different stimulation patterns in CBM extraction in Section 
5.1.1 (below). In summary, the proposed model incorporates sufficient 
advantages based on previous studies and extends previous models to 
achieve a fine description of CBM reservoirs and accurate CBM extrac
tion simulation. 

4. Model verification 

To verify and apply the proposed multidomain and multiphysics 
model, two CBM extraction cases were simulated with the established 
model based on information reported in the literature. The simulation 
results were compared to field data and results obtained with several 
previously published CBM reservoir models to demonstrate the validity 
and reliability of the proposed model. 

4.1. Simulation case 1: CBM extraction in the southern Qinshui Basin, 
China 

The gas extraction process in a CBM reservoir with a vertical well in 
the southern Qinshui Basin in Shanxi Province, China, was simulated 
with the proposed model. The computed results of the daily gas pro
duction were matched to a set of production data stemming from field 

Table 1 
Comparison of the key features of previous models and the proposed model. Note: The tick mark indicates that the corresponding process/effect is considered in the 
model, while the cross mark indicates that the corresponding process/effect is ignored in the considered model.  

Model Reservoir Considered key features 

Dual-permeability rock body Multidomain effects Rock deformation Heat transfer and thermal effects Water effect 

Zhu et al. (2011) CBM reservoir × × ✓ ✓ ×

Chen et al. (2013) CBM reservoir ✓ × ✓ × ×

Li et al. (2016) CBM reservoir × × ✓ ✓ ✓ 
Li et al. (2020b) Shale gas reservoir ✓ ✓ ✓ × ×

Proposed model CBM reservoir ✓ ✓ ✓ ✓ ×
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observations. The field data and most of the parameters were collected 
from the work published by Li et al. (2016). However, certain important 
parameters (such as the bottom-hole pressure) were not given in the 
original reference. Another issue was that the model proposed by Li et al. 
(2016) is based on a single-porosity-single-permeability framework, 
while our model is based on a dual-porosity-dual-permeability frame
work. Therefore, some of the undetermined parameters were set ac
cording to another previous study describing a 
dual-porosity-dual-permeability model developed by Chen et al. 
(2013). Other missing coal properties were collected from Wu et al. 
(2010b) and Xia et al. (2014). The fully coupled PDEs derived in Section 
3 were numerically solved in COMSOL Multiphysics (Version 5.4), a 
commercial PDE solver based on the finite element method. As shown in 
Fig. 4(a), a 2-D geometry with 13,188 mesh elements was built to 
represent the CBM reservoir for numerical simulation purposes. 
Regarding the boundary conditions, the CBM reservoir was subject to a 
geo-stress field orthogonally decomposed as the maximum horizontal 
geo-stress and the minimum horizontal geo-stress, while roller con
straints were defined along the left and bottom boundaries. These set
tings reflect the influence of the in situ geo-stress field on coal 
deformation and have been applied in previous studies on unconven
tional gas reservoir simulation (Cao et al., 2016a; Li et al., 2016, 2020b). 
A zoomed-in image of the central area of the reservoir is shown in Fig. 4 
(b). A producing well with a certain bottom-hole temperature (BHT =
293.5 K), a constant bottom-hole pressure (BHP = 1.0 MPa), and well
bore radius of 0.11 m, is located at the centre of the square CBM 
reservoir (500 m × 500 m × 5 m). Three double-wing PFs were explicitly 
specified and symmetrically distributed around the vertical wellbore. 
The half-PF length is 15 m, and the angle between each pair of PFs is 60◦. 
These PFs are totally included within a circular SRD with a radius of 15 
m. In contrast, the CF and coal matrix are simulated via the 
dual-continuum modelling method, which generates coupled results 
computed based on the proposed PDEs at each node (Li et al., 2020b). A 
detailed simulation parameter list is given in Table 2, in which CF-SRD 
and CF-NSRD exhibit different initial porosities, initial permeabilities, 
and mechanical properties (including Young’s modulus, Poisson’s ratio, 
and Biot coefficient). In addition, to measure the simulation accuracy, 
average relative errors (δaves) of the simulated daily production curves 
obtained with the various models were calculated based on the 
following equation (assuming that the field data are the true values): 

δave =
1
n

∑n

i=1

Pd,sim,i − Pd,field,i

Pd,field,i
(47)  

where n is the total number of data points, Pd,sim,i is the daily gas pro
duction simulated with the model at data point i, and Pd,field,i is the 
simulated daily gas production with the model at data point i. A smaller 
absolute value of δave indicates a higher simulation accuracy. 

The simulated daily gas production curve (the red curve) obtained 
with the proposed model was compared to the field data (the scattered 
dots), as shown in Fig. 5. Overall, a great consistency was realized, 
indicating a satisfactory accuracy (δave = 2.24%) of the proposed model 
for CBM extraction. Note that the simulation results at the very begin
ning are higher than the field data to a certain degree because the 
proposed model ignores the blockage effect of water in the reservoir on 
gas flow during this period. This drawback will be improved in our 
future work. Nevertheless, the water effect usually diminishes with 
increasing gas depletion and is not significant from the perspective of 
long-term unconventional gas extraction, which has been demonstrated 
in previous studies [e.g., Sakhaee-Pour and Bryant (2012) and Jurus 
et al. (2013)]. To compare the performance levels of the different 
models, the simulation results obtained with the coupled THM model 
proposed by Li et al. (2016) are also shown in Fig. 5 (the blue curve, δave 
= 2.69%). Both the proposed model and Li et al.‘s model exhibited a 
great performance in data matching. More specifically, Li et al.‘s model 
better matched the early-stage (during the first 60 days) production data 
than our model did because the former model considers the effect of 
water (gas-water two-phase flow) on CBM extraction, while our model 
ignores this effect. However, our model performed better in matching 
the data after 800 days of gas extraction because our model is based on a 
dual-porosity-dual-permeability framework instead of Li et al.‘s model, 
which is based on a single-porosity-single-permeability framework. The 
dual-permeability model distinguishes the coal matrix and coal cleats to 
better describe gas flow in the coal matrix, which is dominant during the 
middle and late periods of CBM extraction. As a result, 
dual-permeability models usually achieve more accurate predictions of 
long-term CBM production than those achieved by single-permeability 
models (Chen et al., 2013). 

Fig. 4. Mesh geometry and boundary conditions of Simulation Case 1 (CBM extraction in the southern Qinshui Basin) with the proposed model: (a) Top view of the 
meshed geometry of the stimulated CBM reservoir with the in situ boundary conditions. (b) Zoomed-in image of the central area, showing the producing well, PFs, 
SRD, and part of the NSRD. 
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4.2. Simulation case 2: CBM extraction in the Fruitland Coal, United 
States 

To further verify the performance and flexibility of the proposed 
model, gas extraction in a CBM reservoir with a single vertical, gas- 
phase well in the Fruitland Coal, San Juan Basin, United States, was 
simulated with the proposed model. This case was investigated in a 
previous study (Chen et al., 2013). Therefore, the main parameters and 
conditions were set according to this previous paper. As shown in Fig. 6, 
a 2-D geometry with 4932 mesh elements was built to represent the CBM 
reservoir for numerical simulation purposes. Note that neither the SRD 
nor the PF exists in this geometry. Thus, this case could be regarded as 
the scenario (an unstimulated CBM reservoir with only one producing 
well) shown in Fig. 1(b), which is a degeneration of the base scenario 
depicted in Fig. 1(a). Regarding the boundary conditions, the square 
CBM reservoir was surrounded by fixed restrictions according to Chen 
et al. (2013), as shown in Fig. 6(a). Furthermore, the input bottom-hole 
pressure was based on a curve (the black curve, δave = 4.97%) fitted to 

the field data (the scattered green squares), as shown in Fig. 6(b). The 
computing parameters and reservoir properties considered in this case 
were mainly collected from Chen et al. (2013). Certain missing reservoir 
parameters were obtained from Zhang et al. (2008) and Xia et al. (2014). 
The parameters related to thermal effects were based on Zhu et al. 
(2011) and Li et al. (2016). All the parameters/properties are listed in 
Table 3. Daily gas production data measured in the field (scattered dots) 
and the simulation results of the proposed model (red curve) are shown 
in Fig. 7. A notable consistency (δave = − 1.45%) between the simulation 
results and field data could be observed, demonstrating the high reli
ability of our model in simulations. In addition, the simulation results 
obtained with two numerical models previously proposed by Chen et al. 
(2013) for the same case are shown in Fig. 7 for comparison. The blue 
curve indicates the results of the single-permeability model (δave =

11.71%), while the dark golden curve denotes the results of the 
dual-permeability model (δave = 4.75%). Fig. 7 shows that both previous 
models obtained significantly larger average relative errors than those 
obtained with our model. The results of the single-permeability model 
established by Chen et al. (2013) exhibited significant deviation from 
the field data during the period from 100 to 1600 days. Although the 
matching performance of the dual-permeability model developed by 
Chen et al. (2013) was better than that of the single-permeability model 
due to the incorporation of the mass exchange process between the coal 
matrix and CF, moderate deviations in the simulation results from the 
field data could still be observed during the period from 600 to 2000 
days. In contrast, our model performed well throughout the whole 
simulation period because it not only considers dual-permeability fea
tures but also considers thermal effects. In summary, Simulation case 1 
confirmed the reliability of our model in simulating a CBM reservoir 
with SRD, NSRD, and PF domains, while Simulation case 2 demon
strated that our model performs satisfactorily in simulating an unsti
mulated CBM reservoir with only the NSRD and one producing well. 
Comprehensive incorporation of multidomain effects, 
dual-porosity-dual-permeability features, and multiple physical pro
cesses ensured the high simulation accuracy and flexibility of our model 
in managing CBM reservoirs regardless of whether these reservoirs are 
stimulated or unstimulated. 

5. Results and discussion 

The proposed fully coupled model is a tool for the evaluation of CBM 
production and provides a deep understanding of this process since this 
model comprehensively includes various characteristics, mechanisms, 

Table 2 
Reservoir properties and computational parameters of Simulation Case 1 (CBM 
extraction in the southern Qinshui Basin) for model verification (Zhang et al., 
2008; Chen et al., 2013; Xia et al., 2014; Li et al., 2016).  

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimensions (m 
× m × m) 

500 × 500 
× 5 

Wellbore radius (m) 0.11 

Half-PF length (m) 15 SRD radius (m) 15 
Minimum horizontal geo- 

stress (Pa) 
4.51 × 106 Maximum horizontal geo- 

stress (Pa) 
4.916 ×
106 

Angle between adjacent 
PFs (◦) 

60 Initial reservoir 
temperature (K) 

312.5 

Initial reservoir pressure 
(Pa) 

5.24 × 106 Bottom-hole pressure 
(Pa) 

1.38 ×
106 

Bottom-hole temperature 
(K) 

293.5 Methane viscosity (Pa•s) 1.84 ×
10− 5 

Coal density (kg/m3) 1470 Langmuir strain constant 0.06 
Langmuir pressure (Pa) 5.67 × 106 Langmuir volume (m3/ 

kg) 
5.5 ×
10− 3 

Specific heat capacity of 
coal grains [J/(kg•K)] 

1350 Specific heat capacity of 
methane [J/(kg•K)] 

2160 

Reference temperature for 
desorption testing (K) 

300 Thermal conductivity of 
coal grains [W/(m•K)] 

0.197 

Convection thermal 
conductivity of methane 
[W/(m•K)] 

0.031 Thermal expansion 
coefficient of coal (K− 1) 

2.4 ×
10− 5 

Pressure correction 
coefficient for the 
sorption curve (Pa− 1) 

7 × 10− 8 Temperature correction 
coefficient for the 
sorption curve (K− 1) 

0.02 

Isosteric heat of 
adsorption (J/mol) 

33,400 Specific heat capacity 
ratio 

1.32 

Bulk modulus of the 
matrix (Pa) 

5.04 × 109 Young’s modulus of the 
matrix (Pa) 

8.47 ×
109 

Matrix size (m) 4.0 Initial matrix porosity 0.045 
Volumetric fraction of the 

CF 
0.04 Biot coefficient of the 

matrix 
0.25 

Initial matrix permeability 
(m2) 

1.0 × 10− 17 Initial PF porosity 0.2 

Initial PF permeability 
(m2) 

6.0 × 10− 14 Initial PF aperture (m) 0.003 

Pore compressibility of the 
PF (Pa− 1) 

1 × 10− 9 Molar weight of methane 
(kg/mol) 

0.016 

Young’s modulus of the CF 
(Pa) 

SRD: 1.2 ×
108 

Young’s modulus ratio SRD: 
0.32 

NSRD:4.0 
× 109 

NSRD: 
0.53 

Poisson’s ratio of the CF SRD: 0.39 Initial CF porosity SRD: 
0.12 

NSRD: 0.36 NSRD: 
0.08 

Initial CF permeability 
(m2) 

SRD: 6.0 ×
10− 15 

Biot coefficient of the CF SRD: 
0.9 

NSRD:3.0 
× 10− 16 

NSRD: 
0.5  

Fig. 5. Comparison of the simulation results of the daily CBM production ob
tained with the proposed model and the model of Li et al. (2016) and the field 
data in Simulation Case 1 (CBM extraction in southern Qinshui Basin). 
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and interactions between the different media and domains in CBM res
ervoirs. In this section, two issues, namely, multidomain and thermal 
effects, are examined based on the simulation results obtained with the 
proposed model to gain insights into the heat and mass transfer 

processes during CBM extraction. The former issue is closely related to 
the evaluation of the effects of stimulation treatments (such as hydraulic 
fracturing) on CBM production, while the latter is often ignored in 
previous studies on CBM extraction. The results described in this section 
are based on a sensitivity analysis of a typical simulation case (referred 
to as the base case), which was adapted from Simulation Case 1 
(Southern Qinshui Basin Coalbed), as mentioned in Section 4. 

5.1. Influence of the multidomain effects on CBM extraction 

5.1.1. Effects of the stimulation pattern on gas production 
The reservoir and computational parameters of the base case are 

listed in Table 4. Compared to the parameters of Simulation Case 1 
listed in Table 2, the differences in the initial permeabilities between the 
PF, CF, and coal matrix in the base case were increased to highlight the 
importance of multiscale characterization. The properties of coal grains 
related to thermal effects were also modified to study these effects. In 
addition, the PF length, SRD radius, and reservoir size were adjusted. To 
investigate the effects of the stimulation pattern on gas production, the 
five scenarios introduced in Fig. 1 [i.e., (1) unstimulated coalbed; (2) 1 

Fig. 6. Geometry and boundary conditions of Simulation Case 2 (CBM extraction in the Fruitland Coal, United States): (a) meshed geometry (top view) and 
mechanical boundary conditions. (b) Bottom-hole pressure data measured in the field (Chen et al., 2013) and the input bottom-hole pressure based on a fitting curve. 

Table 3 
Reservoir properties and computational parameters of Simulation Case 2 (CBM 
extraction in the Fruitland Coal, United States) for model verification (Zhang 
et al., 2008; Zhu et al., 2011; Chen et al., 2013; Xia et al., 2014; Li et al., 2016).  

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimensions (m 
× m × m) 

1137.98 ×
1137.98 ×
14 

Wellbore radius (m) 0.108 

Initial reservoir pressure 
(Pa) 

3.447 × 106 Initial reservoir 
temperature (K) 

312.5 

Bottom-hole temperature 
(K) 

293.5 Bottom-hole pressure (Pa) 1.38 ×
106 

Coal density (kg/m3) 1300 Methane viscosity (Pa•s) 1.228 
× 10− 5 

Langmuir pressure (Pa) 5.67 × 106 Langmuir strain constant 0.02 
Specific heat capacity of 

the coal grains [J/ 
(kg•K)] 

1350 Langmuir volume (m3/kg) 4.2 ×
10− 3 

Reference temperature 
for desorption testing 
(K) 

300 Specific heat capacity of 
methane [J/(kg•K)] 

2160 

Convection thermal 
conductivity of 
methane [W/(m•K)] 

0.031 Thermal conductivity of 
the coal grains [W/(m•K)] 

0.197 

Pressure correction 
coefficient for the 
sorption curve (Pa− 1) 

7 × 10− 8 Thermal expansion 
coefficient of coal (K− 1) 

2.4 ×
10− 5 

Isosteric heat of 
adsorption (J/mol) 

33,400 Temperature correction 
coefficient for the sorption 
curve (K− 1) 

0.02 

Bulk modulus of matrix 
(Pa) 

2.13 × 1010 Specific heat capacity 
ratio 

1.32 

Matrix size (m) 5.5 Young’s modulus of the 
matrix (Pa) 

3.59 ×
1010 

Volumetric fraction of 
the CF 

0.05 Initial matrix porosity 0.044 

Initial matrix 
permeability (m2) 

3.0 × 10− 18 Biot coefficient of the 
matrix 

0.2 

Young’s modulus of the 
CF (Pa) 

9.37 × 107 Molar weight of methane 
(kg/mol) 

0.016 

Poisson’s ratio of the CF 0.36 Young’s modulus ratio 0.1 
Initial CF permeability 

(m2) 
3.0 × 10− 14 Initial CF porosity 0.02 

Biot coefficient of the CF 0.5    

Fig. 7. Comparison of the simulation results of the daily CBM production ob
tained with the proposed model, the single-permeability model of Chen et al. 
(2013), the dual-permeability model of Chen et al. (2013), and the field data for 
Simulation Case 2 (CBM extraction in the Fruitland Coal, United States). 
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double-wing PF + NSRD; (3) 3 PFs + NSRD; (4) SRD + NSRD; and (5) 3 
PFs + SRD + NSRD (i.e., base case)] were simulated with the proposed 
model. The cumulative production levels under these 5 scenarios during 
50-year gas extraction are shown in Fig. 8(a). It could be observed that 
the different stimulation patterns significantly influenced CBM pro
duction. Specifically, the cumulative production curve in the base case 
stabilized at approximately 12,000 days, demonstrating that most of the 
recoverable gas had been extracted. In contrast, all of the other four 
scenarios exhibited lower extraction rates than those in the base case. 
Furthermore, adopting the 50-year cumulative production in the base 
case (5.06 × 105 standard m3) as the total exploitable gas amount, the 
cumulative production ratio (CPR, ranging from 0% to 100%) could be 
defined as the current cumulative production divided by the total 
exploitable gas amount to measure the degree of gas extraction. Note 
that CPR = 0 corresponds to an unexploited reservoir, while CPR =
100% indicates a fully exploited reservoir. Thus, a series of CPR values at 
different time points (1, 5, 10, 25, and 50 years) under the different 
scenarios could be calculated, as shown in Fig. 8(b). During the early 
period of gas extraction (0–5 years), the CPR values under the different 

scenarios significantly differed, indicating the remarkably higher 
effectiveness of the base case pattern than that under the other 4 sce
narios. For instance, after 1 year of production, the base case pattern 
obtained the highest CPR value (25.1%), while the CPR value of the 
unstimulated coalbed reached only 3.3%. The larger number of PFs 
benefitted gas production improvement, which was demonstrated by the 
difference in CPR value between the 1 double-wing PF + NSRD (10.3%) 
and 3 PFs + NSRD (17.7%) patterns at the 1-year time point. In addition, 
the CPR value under the SRD + NSRD scenario at 1 year reached 16.3%, 
which varied between those under the 1 PF + NSRD and 3 PFs + NSRD 
scenarios and was much lower than that in the base case. During the 
middle period of gas extraction (5–25 years), the base case continued to 
exhibit a high production efficiency, and almost all of the exploitable gas 
(CPR = 97.6%) was extracted at 25 years. In contrast, the unstimulated 
coalbed only obtained a CPR value of 52.3%. The other 3 stimulation 
patterns achieved higher efficiencies to different degrees than that ob
tained for the unstimulated CBM reservoir (by more than 30% at 25 
years). During the late period of gas extraction (25–50 years), the in
crease in CPR values of the stimulated reservoirs declined because the 
residual exploitable gas decreased. Although the CPR value of the 
unstimulated CBM reservoir continued to increase during the late 
period, it reached only 72.9% at 50 years, indicating that a considerable 
fraction of the exploitable gas remained unrecovered. Obviously, the 
creation of both the SRD and multiple PFs greatly helped to achieve a 
rapid extraction process. 

To better understand the gas extraction process, CF pressure evolu
tions under the five scenarios with the different stimulation patterns are 
shown in Fig. 9. Additionally, matrix pressure evolution trends under 
the five scenarios are shown in Fig. 10. Comparing these two figures, a 
difference in pressure evolution due to the different patterns and a dif
ference in pressure evolution between the CF and coal matrix could be 
clearly observed. During the early and middle periods of gas extraction, 
there existed an apparent pressure difference between the CF and matrix 
under each scenario due to the much faster drainage process in the 
highly permeable CF than that in the tight matrix. With increasing gas 
depletion, this pressure difference dwindled and eventually became very 
small. These results reflect the typical behaviour of a dual-porosity-dual- 
permeability system and represent the gas flow sequence illustrated in 
Fig. 2(b). An interesting issue is the difference in production behaviour 
between the 3 PFs + NSRD and SRD + NSRD patterns. Fig. 8 shows that 
the 3 PFs + NSRD pattern led to faster gas recovery during the early 
period, but the recovery process gradually fell behind that under the 
SRD + NSRD pattern during the middle and late periods and yielded a 
lower CPR than that under the SRD + NSRD scenario after 50 years of 
extraction. The various effects of the SRD and multiple PFs on improving 
gas production during the different periods could be attributed to the 
distinct heterogeneities caused by these two stimulation components. 
Generally, the PF permeability exhibited an enormous contrast with the 
original reservoir permeability (i.e., much more permeable than the 
NSRD), which caused a very high pressure gradient near the PFs as the 
driving force of the gas flow. In contrast, the SRD exhibited a relatively 
moderate permeability contrast with the NSRD, while it exhibited a 
much larger area than that of the PF. Therefore, the main advantage of 
the PF was to achieve a high pressure gradient within a narrow zone, 
while the merit of the SRD was to create a moderate pressure gradient in 
a large area. In the 3 PFs + NSRD case, the high pressure gradient caused 
by the PFs resulted in fast recovery during the early period of gas pro
duction. Moreover, this stimulation pattern generated a significant 
heterogeneity in the pressure distribution in the SRD. This heterogeneity 
indicated that there always remained residual exploitable gas in the 
reservoir throughout the whole extraction process. In contrast, in the 
SRD + NSRD case, most of the exploitable gas in the SRD was smoothly 
extracted during the early/middle period because of the notable ho
mogeneity of the SRD. This suggests that the residual gas in the SRD 
could be effectively extracted, which helped to realize a high ultimate 
recovery. These results indicate that a suitable stimulation pattern 

Table 4 
Reservoir properties and computational parameters in the base case.  

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimension (m ×
m × m) 

200 × 200 
× 5 

Wellbore radius (m) 0.11 

Half-PF length (m) 40 SRD radius (m) 40 
Minimum horizontal geo- 

stress (MPa) 
4.51 Maximum horizontal geo- 

stress (MPa) 
4.916 

Angle between adjacent 
PFs (◦) 

60 Initial reservoir 
temperature (K) 

343.15 

Initial reservoir pressure 
(Pa) 

5.24 Bottom-hole pressure 
(Pa) 

1.38 ×
106 

Bottom-hole temperature 
(K) 

303.15 Methane viscosity (Pa•s) 1.84 ×
10− 5 

Coal density (kg/m3) 1470 Langmuir strain constant 0.02 
Langmuir pressure (Pa) 5.67 × 106 Langmuir volume (m3/ 

kg) 
4.2 ×
10− 3 

Specific heat capacity of 
the coal grains [J/ 
(kg•K)] 

1350 Specific heat capacity of 
methane [J/(kg•K)] 

2160 

Reference temperature for 
desorption testing (K) 

300 Thermal conductivity of 
the coal grains [W/ 
(m•K)] 

0.788 

Convection thermal 
conductivity of methane 
[W/(m•K)] 

0.031 Thermal expansion 
coefficient of coal (K− 1) 

9.6 ×
10− 5 

Pressure correction 
coefficient for the 
sorption curve (Pa− 1) 

7 × 10− 8 Temperature correction 
coefficient for the 
sorption curve (K− 1) 

0.02 

Isosteric heat of 
adsorption (J/mol) 

33,400 Specific heat capacity 
ratio 

1.32 

Bulk modulus of the 
matrix (Pa) 

5.04 × 109 Young’s modulus of the 
matrix (Pa) 

8.47 ×
109 

Matrix size (m) 2.0 Initial matrix porosity 0.045 
Volumetric fraction of the 

CF 
0.05 Biot coefficient of the 

matrix 
0.25 

Initial matrix permeability 
(m2) 

3.0 × 10− 18 Initial PF porosity 0.2 

Initial PF permeability 
(m2) 

1.0 × 10− 12 Initial PF aperture (m) 0.003 

Pore compressibility of the 
PF (Pa− 1) 

1 × 10− 9 Molar weight of methane 
(kg/mol) 

0.016 

Young’s modulus of the CF 
(Pa) 

SRD: 1.45 
× 108 

Young’s modulus ratio SRD: 
0.32 

NSRD:4.0 
× 109 

NSRD: 
0.53 

Poisson’s ratio of the CF SRD: 0.39 Initial CF porosity SRD: 
0.12 

NSRD: 0.36 NSRD: 
0.08 

Initial CF permeability 
(m2) 

SRD: 3.0 ×
10− 16 

Biot coefficient of the CF SRD: 
0.9 

NSRD:3.0 
× 10− 17 

NSRD: 
0.5  
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should be designed according to the engineering objective so that cor
responding stimulation techniques can be selected. In engineering 
practice, if the main objective of CBM extraction is to obtain gas as 
rapidly as possible during a limited period (as required in many cases of 
natural gas exploitation), the creation of multiple PFs with extremely 
high permeability is the key target of stimulation (e.g., via hydraulic 
fracturing). If the main objective of CBM extraction is to ensure that the 
gas content within a large area decreases to the required low level and/ 
or greatly enhance the ultimate recovery (as required by gas pre- 

extraction operations to ensure mining safety), the establishment of a 
relatively homogeneous SRD with numerous micro-fractures is the key 
goal of stimulation [e.g., via certain types of deep-hole blasting tech
niques, as reported by Zhang et al. (2018)]. Surely, if a specific stimu
lation treatment could form a combination of both multiple PFs and a 
large SRD, as shown in the base case [e.g., CO2 fracturing; refer to the 
details in Cao et al. (2017a)], the merits of these two stimulation pat
terns could be fulfilled simultaneously, and CBM could be extracted both 
quickly and thoroughly (similar to the base case). In summary, 

Fig. 8. Effects of the stimulation pattern on the 50-year CBM production. (a) Cumulative production of the CBM reservoirs with the different stimulation patterns. (b) 
Cumulative production ratios (CPRs) of the CBM reservoirs with the different stimulation patterns, adopting the 50-year cumulative production in the base case 
[5.06 × 105 standard m3, corresponding to the blue dashed line in Fig. 8(a)] as the reference. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 9. CF pressure evolution under the scenarios with the different stimulation patterns. (a) Unstimulated coalbed; (b) 1 double-wing PF + NSRD; (c) 3 PFs + NSRD; 
(d) SRD + NSRD; and (e) 3 PFs + SRD + NSRD (base case). 
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enhancing the complexity of fracture patterns as much as possible 
through stimulations is the key to CBM extraction improvement. The 
remainder of this paper examines the gas extraction process considering 
the base case. 

5.1.2. Effects of the SRD properties on CBM production 

5.1.2.1. Effects of the SRD size on CBM production. Regarding the gas 
extraction process in a stimulated CBM reservoir, the actual SRD radius 
does not necessarily match the PF half-length (similar to the base case) 

but may be larger or smaller. This is related to coal fracture/fragment 
mechanisms, which depend on the type and effectiveness of the stimu
lation technique applied (Zhu et al., 2012; Liu et al., 2018; Zhang et al., 
2018, 2020b; Gao et al., 2019; Li et al., 2020b). As illustrated in Fig. 11 
(a), gas extraction in CBM reservoirs with SRDs of different radii, 
including 20 m, 30 m, 40 m (base case), and 50 m, were simulated with 
the proposed model. The obtained cumulative production amounts 
under these scenarios, along with that in the 3 PFs + NSRD case (i.e., 
SRD radius = 0), are shown in Fig. 11(b) to reveal the effects of the SRD 
size on gas production. Enlarging the SRD radius significantly helped 

Fig. 10. Matrix pressure evolution under the scenarios with the different stimulation patterns. (a) Unstimulated coalbed; (b) 1 double-wing PF + NSRD; (c) 3 PFs +
NSRD; (d) SRD + NSRD; and (e) 3 PFs + SRD + NSRD (base case). 

Fig. 11. Effects of the SRD size on CBM extraction. (a) Illustration of CBM reservoirs containing 3 PFs and SRDs of different radii, including 20 m, 30 m, 40 m, and 
50 m; (b) effects of the SRD radius on the cumulative production during the 50-year gas extraction period. 
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improve the gas recovery during the early and middle periods of pro
duction. For example, after 1 year of gas extraction, the cumulative 
production in the case with an SRD radius = 20 m was 11.9% higher 
than that in the case without an SRD, while the cumulative production in 
the case with an SRD radius = 50 m achieved a 51.6% enhancement over 
that in the case without an SRD. At the 10-year time point, the cumu
lative production in the case with an SRD radius = 20 m was 3.8% higher 
than that in the case without the SRD, while the cumulative production 
in the case with an SRD = 50 m realized a 21.3% enhancement. These 
results highlight the importance of creating an as large as possible SRD 
to improve CBM production. The remainder of this paper continues to 
examine the CBM extraction process considering the base case in 30 
years of production. The reason why 30 years is adopted as the inves
tigated production time span of the simulations is that most of the 
exploitable gas in the base case could be produced during this period 
[CPR = 98.7%, as shown in Fig. 11(a)]. 

5.1.2.2. Effects of the initial PF and SRD permeabilities on CBM 
production. As mentioned above, stimulation treatment could create PFs 
and SRD with an enhanced porosity and permeability, while the original 

properties of the NSRD are not modified. Therefore, the effects of the 
initial PF permeability (kPF0) and CF-SRD permeability (kSRD

CF0 ) on the 
cumulative production during a 30-year extraction period were studied. 
Note that the effects of the enhanced porosities of the PF and SRD were 
not studied here because these quantities are mainly reflected by the 
corresponding permeability enhancement. As shown in Fig. 12(a), a 
higher initial PF permeability promoted rapid gas recovery. For 
instance, the cumulative production of the reservoir with kPF0 = 1 ×
10− 12 m2 (1000 mD) after 5 years of extraction was 23.0% higher than 
that of the reservoir with kPF0 = 2 × 10− 14 m2 (20 mD). Similarly, Fig. 12 
(b) shows that improving the initial permeability of CF-SRD significantly 
enhanced the speed of gas extraction. For example, the cumulative 
production of the reservoir with kSRD

CF0 = 6 × 10− 15 m2 (6 mD) after 5 
years of extraction was 37.8% higher than that of the reservoir with kSRD

CF0 
= 3 × 10− 17 m2 (0.03 mD). Fig. 12 also shows that the enhancement 
effect of either kPF0 or kSRD

CF0 on gas production experienced an upper 
limit. For example, if kSRD

CF0 > 1.8 × 10− 15 m2, the production improve
ment with increasing kSRD

CF0 was negligible. Therefore, compared to 
techniques that can only generate either PFs or an SRD, stimulation 
techniques creating both PF and SRD (e.g., CO2 fracturing) could ach
ieve faster CBM extraction by increasing the complexity of fractures. 

5.1.3. Effects of the mechanical coupling relationship on CBM production 
In CBM extraction, the mechanical coupling relationship is a key 

influencing factor. This relationship reflects the effects of effective stress 
on the coal porosity, permeability, and resultant gas production. In a 
stimulated CBM reservoir with multiple domains, the mechanical 
coupling effects are particularly complicated because these different 
domains with distinct mechanical properties yield varied mechanical 
responses (i.e., deformations) during gas depletion. In this subsection, 
the effects of the PF and CF-SRD compressibilities on the 30-year CBM 
extraction level were studied. Not only the cumulative production but 
also the stress-dependent permeabilities of PF (kPF,stress), CF-SRD 
(kSRD

CF,stress), and CF-NSRD (kNSRD
CF,stress) were studied. The investigated 

points representing the PF, SRD, and NSRD of the model geometry are 
shown in Fig. 13. The cumulative production amounts of the reservoirs 
with different PF compressibilities are shown in Fig. 14(a). A higher PF 
compressibility resulted in slower CBM extraction, which could be 
ascribed to the more severe closure of the PF. In CBM extraction, the 
pressure in the PF rapidly declined, increasing the effective stress in the 
PF. Thus, the porosity and permeability of the PF with high compress
ibility significantly decreased, hindering CBM extraction. Conversely, if 
the PF exhibited low compressibility, the permeability loss induced by 
PF closure could be limited [please refer to the changing ratio of the PF 
(kPF,stress/kPF0) depicted in Fig. 14(b)], so the daily production decline 

Fig. 12. Effects of the initial PF and CF-SRD permeabilities on CBM extraction. (a) Effects of the PF permeability on the cumulative gas production; (b) effects of the 
CF-SRD permeability on the cumulative gas production. 

Fig. 13. Points representing the different domains in a stimulated CBM reser
voir. Point A represents the PF; Point B indicates the SRD; Point C denotes 
the NSRD. 
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was not as great as that in the case with a high PF compressibility. In 
some hydraulic fracturing treatments, proppants are not applied in the 
stimulated fractures because the targeted coalbed tends to be too soft to 
uphold these materials, which is different from hydraulic fracturing 
operations in shale gas reservoirs in which proppants are often injected. 
Therefore, the negative effect of PF closure on production could be 
significant in CBM extraction, which should be given more attention. As 
shown in Fig. 14(c), the stress-dependent CF permeability in the SRD 
(kSRD

CF,stress) first decreased and then rebounded at a certain time point. This 
phenomenon, shown more clearly in the inset of Fig. 14(c) (kSRD

CF,stress 

evolution over the first 200 days), is consistent with the theoretical 
calculation results and field observations reported in many previous 
studies on CBM extraction (Palmer and Mansoori, 1998; Shi and Dur
ucan, 2004; Cui and Bustin, 2005; Zhang et al., 2008). Similarly, Fig. 14 
(d) shows a decrease-rebound-increase evolution trend of kNSRD

CF,stress, 
although this variation was much less notable than that in kSRD

CF,stress. 
Moreover, a change in PF compressibility also led to different perme
ability evolution trends of the SRD and NSRD [as shown in Fig. 14(c) and 
(d), respectively]. A higher value of the PF compressibility corresponded 
to smaller permeability variations in the SRD and NSRD, which is the 
result of the complex mechanical coupling effect throughout the whole 
reservoir with increasing production time. 

The influences of the pore compressibility of the SRD (CSRD) on the 
30-year CBM extraction amount were also studied. Here, CSRD is a 
compound physical quantity defined according to the following 
expression based on previous studies (Palmer and Mansoori, 1998; Cui 
and Bustin, 2005; Li et al., 2020b): 

CSRD =
αSRD

φSRD
0 KSRD (48)  

where KSRD is the bulk volumetric modulus of the SRD, αSRD is the bulk 
Biot coefficient of the SRD, and φSRD

0 is the bulk initial porosity of the 
SRD. These quantities are averaged values of the CF and coal matrix 
based on the volumetric fraction (Berryman, 2002; Mehrabian and 
Abousleiman, 2015; Cao et al., 2016a): 

αSRD = αSRD
CF + αm =

γCFKSRDα∗SRD
CF

KSRD
CF

+
γmKSRDα∗

m

Km
(49)  

φSRD
0 = γCFφSRD

CF0 + γmφm0 (50) 

For example, CSRD in the base case could be determined as 3.42 ×
10− 8 Pa− 1 according to the parameters provided in Table 4. We varied 
the value of ESRD

CF to obtain a series of CSRD values to simulate the cor
responding CBM extraction processes with our model. With the different 
SRD compressibility values, the cumulative production amounts are 
shown in Fig. 15(a), and the stress-dependent permeability evolutions of 
the PF, CF-SRD, and CF-NSRD during CBM extraction are shown in 
Fig. 15(b), (c), and (d), respectively. A higher CSRD value corresponded 
to slower CBM extraction [as shown in Fig. 15(a)] because this resulted 
in greater shrinkage of the SRD [i.e., a significantly lower kSRD

CF,stress value, 
as shown in Fig. 15(c)]. Conversely, if CSRD is very low, kSRD

CF,stress exhibits 
an increasing trend during gas extraction because the enhancing effects 
of gas desorption and thermal strains on the CF porosity and perme
ability prevail over the shrinkage effect. Moreover, the change in CSRD 

resulted in different permeability evolution trends of the PF and NSRD 

Fig. 14. Effects of the PF compressibility on the 30-year CBM extraction amount. (a) Effects of the PF compressibility on the cumulative production. (b) Effects of the 
PF compressibility on the PF permeability evolution. (c) Effects of the PF compressibility on the stress-dependent CF permeability in the SRD (inset: the first 200 days 
of extraction). (d) Effects of the PF compressibility on the stress-dependent CF permeability in the NSRD (inset: the first 200 days of extraction). 
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[as shown in Fig. 15(b) and (d), respectively] due to the mechanical 
interactions between the different domains. Specifically, a higher CSRD 

value caused a lower permeability in the NSRD due to the intensified 
compression effect of the entire coalbed, while a higher CSRD value 
slightly impeded the reduction in the PF permeability because greater 
shrinkage of the coal mass indicated weaker closure of the PF (Palmer 
and Mansoori, 1998; Shi and Durucan, 2004; Cui and Bustin, 2005; 

Zhang et al., 2008). In view of the various evolution trends of the 
different domains, differentiating the PF, SRD, and NSRD in stimulated 
CBM reservoir modelling and simulation is important to accurately 
characterize the complex changes in these domains. In some previous 
studies on unconventional gas extraction, the stimulated part of the 
reservoir was oversimplified as a set of primary hydraulic fractures 
without an SRD (Cao et al., 2016a, 2016b, 2017b), which may cause a 

Fig. 15. Effects of the SRD compressibility on the 30-year CBM extraction amount. (a) Effects of the PF compressibility on the cumulative production. (b) Effects of 
the SRD compressibility on the PF permeability evolution. (c) Effects of the SRD compressibility on the stress-dependent CF permeability of the SRD. (d) Effects of the 
SRD compressibility on the stress-dependent CF permeability of the NSRD. 

Fig. 16. Temperature distribution evolution during 30 years of CBM production. (a) The investigated line. (b) Temperature distribution evolution along the 
investigated line in the base case during 30 years of CBM production. 
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certain deviation of the simulation results from the real conditions, 
especially in those reservoirs stimulated via blasting and/or CO2 frac
turing in which a large number of secondary fractures are generated 
within a large volume. In brief, the SRD plays a key role in CBM 
extraction. It is conducive to obtaining accurate results to treat the SRD 
as a separate domain (with unique properties) interacting with the other 
domains of the reservoir. 

5.2. Influence of the thermal effects on CBM extraction 

5.2.1. Temperature evolution 
The evolution of the temperature distribution in the base case during 

30-year gas extraction was simulated. Choosing an equator line through 
the reservoir as the investigated target [refer to the red line in Fig. 16 
(a)], the obtained temperature distribution evolution trend along the 
line is shown in Fig. 16(b), revealing a wellbore-centred, low- 

Fig. 17. Influence of the thermal effects on cumulative production and permeability. (a) Comparison of the cumulative production with/without consideration of 
thermal effects during 30 years of production. (b) Comparison of the stress-dependent permeability of the PF with/without consideration of thermal effects during 30 
years of production. (c) Comparison of the stress-dependent permeability of the SRD with/without considering thermal effects during 30 years of production (inset: 
the first 500 days of extraction). (d) Comparison of the stress-dependent permeability of the NSRD with/without considering thermal effects during 30 years of 
production (inset: the first 200 days of extraction). 

Fig. 18. Contributions of the various strains to the stress-dependent porosity of CF-SRD. (a) Considering thermal effects (the base case). (b) Without consideration of 
thermal effects. 
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temperature zone gradually extending towards the deep reservoir with 
increasing gas depletion. As described in Eq. (36), the temperature 
distribution is the combined result of thermal convection, thermal 
conduction, strain energy change, and desorption heat. It should also be 
noted that the temperature drop in the SRD occurs much faster than that 
in the NSRD because of the greater heat transfer accompanying the 
faster gas flow in the SRD. These results are automatically employed to 
further compute the thermal effects on gas production and reservoir 
permeability described in the following text. 

5.2.2. Thermal effects on CBM production and permeability evolution 
To evaluate the thermal effects on CBM extraction, the evolutions of 

the cumulative production and permeability in the base case with/ 
without consideration of thermal effects are shown in Fig. 17. Cumu
lative production curves during 30 years of CBM extraction are shown in 
Fig. 17(a). It is revealed that the cumulative production considering 
thermal effects is lower than that without considering thermal effects 
during the early period, while the opposite holds after approximately 
600 days. For example, at the 100-day time point, the cumulative pro
duction considering thermal effects (3.74 × 104 standard m3) equalled 
57.7% of that without considering thermal effects (6.48 × 104 standard 
m3), while after 10,950 days (30 years) of extraction, the cumulative 
production (5.00 × 104 standard m3) was 3.82% higher than that 
without considering thermal effects (4.82 × 104 standard m3). 
Furthermore, stress-dependent permeability evolution trends of the PF 
(kPF,stress), CF-SRD (kSRD

CF,stress), and CF-NSRD (kNSRD
CF,stress) are shown in Fig. 17 

(b), (c), and (d), respectively. There was a slight difference in kPF,stress 

between the results with/without thermal effects during the whole 30- 
year CBM extraction period. In contrast, kSRD

CF,stress and kNSRD
CF,stresswith ther

mal effects were lower than those without thermal effects during the 
early period, while the opposite was observed during the middle and late 
periods. Specifically, kSRD

CF,stress with thermal effects exceeded that without 
thermal effects at 325 days [refer to the inset of Fig. 17(c)], and kNSRD

CF,stress 

with thermal effects surpassed that without thermal effects at 300 days 
[refer to the inset of Fig. 17(d)]. The change in the contrast relationship 
between the cumulative production with and without thermal effects is 
closely associated with the roles of sorption-induced and thermal strains 
in permeability evolution during the different periods. Choosing CF-SRD 
as an example, the contributions of thermal strain, sorption-induced 
strain, and effective strain to the stress-dependent porosity (φCF,stress) 
in the base case are shown in Fig. 18. Comparing these curves with [refer 
to Fig. 18(a)] and without [refer to Fig. 18(b)] thermal effects, it could 
be found that during the early period of CBM production, the 
enhancement effect of desorption-induced-shrinkage strain on φCF,stress 

was important. The desorption-induced shrinkage strain with thermal 
effects was lower than that without thermal effects because temperature 
decrease negatively affects desorption [as expressed in Eqs. (5), (6) and 
(11)]. This results in lower φCF,stress and kSRD

CF,stress values with thermal ef
fects than those without thermal effects during the early period. Ac
cording to the theory of sorption science, a lower temperature suggests 
greater adsorption gas retention, i.e., a lower desorption gas supply and 
lower desorption strain (Zhu et al., 2011; Atkins et al., 2014; Li et al., 

2016). For example, after 100 days, the contribution of the desorption 
(shrinkage) strain to the φCF,stress change with thermal effects was 8.7 ×
10− 4, which only equalled 55.1% of that without thermal effects (1.58 
× 10− 3). Consequently, the cumulative production with thermal effects 
was lower than that without thermal effects during the early period. 
However, with continued gas depletion, the enhancement effect of 
thermal (shrinkage) strain on the porosity in Fig. 18(a) became 
increasingly more important and eventually constituted the crucial 
factor of porosity increase during the middle and late periods of pro
duction, while the contribution of the desorption (shrinkage) strain on 
φCF,stress tended to stabilize during these periods. Thus, permeability 
enhancement with thermal effects gradually prevailed over that without 
thermal effects, resulting in a higher cumulative production with ther
mal effects than that without thermal effects at the end of the 30-year 
CBM extraction period. In summary, non-isothermal sorption effects 
and thermal strain competitively influence CBM production and reser
voir permeability. Ignoring thermal effects may overestimate CBM 
production and permeability because of overestimation of the 
sorption-induced strain or underestimation of CBM production and 
permeability due to not considering the thermal strain. 

5.2.3. Influences of the coefficients related to thermal effects on CBM 
production 

The influences of three important coefficients of the energy balance 
equation, including the thermal expansion coefficient (αT), thermal 
conductivity of coal grains (λs), and isosteric sorption heat of gas (qst), on 
CBM production were investigated for further evaluation of the thermal 
effects. Each CBM reservoir exhibits unique values of these three co
efficients due to the variability in coal grains. Higher values of these 
coefficients indicate stronger thermal effects. Here, four cases describing 
different degrees of thermal effects were investigated, including (1) 
without thermal effects; (2) with slight thermal effects; (3) with mod
erate thermal effects (i.e., the base case); and (4) with strong thermal 
effects. The thermal-effect coefficients considered in these cases are 
listed in Table 5. The 30-year cumulative production levels and per
meabilities of the different domains in the four cases are shown in 
Fig. 19. As shown in Fig. 19(a), during the early period of extraction, the 
cumulative production levels under the different degrees of thermal 
effects were lower than that in the case without thermal effects, while 
the cumulative production eventually became higher than that in the 
case without thermal effects during the middle and late periods. These 
results are consistent with the results shown in Fig. 17(a). Among the 
three cumulative production curves with different degrees of thermal 
effects, the case with the strongest thermal effects corresponded to the 
highest cumulative production during the early period, but this case 
yielded the lowest cumulative production during the late period. This 
could be ascribed to the competitive effects of thermal strain and non- 
isothermal sorption during the different periods, as discussed in Sec
tion 5.2.2. On the one hand, the stress-dependent permeabilities of the 
PF, CF-SRD, and CF-NSRD shown in Fig. 19(a), (b), and (c), respectively, 
indicate that stronger thermal shrinkage effects cause higher perme
abilities in the different domains, which benefits gas production 
improvement. On the other hand, stronger thermal effects promote heat 
transfer and lead to a more notable temperature reduction throughout 
the reservoir [refer to the temperature evolutions of the SRD and NSRD 
with different degrees of thermal effects, as shown in Fig. 20(a) and (b), 
respectively], which indicates higher adsorbed gas retention. Note that 
stronger thermal effects correspond to less extractable adsorbed gas, 
according to non-isothermal sorption theory (Zhu et al., 2011; Atkins 
et al., 2014; Li et al., 2016). The evolution trends of the adsorbed gas 
volume per unit of coal mass as the standard gas volume (Vadss) 
computed with the non-isothermal sorption equation in the SRD and 
NSRD are shown in Fig. 21(a) and (b), respectively, demonstrating that 
stronger thermal effects hinder gas desorption to a certain degree in both 
the SRD and in NSRD. Again, these results reveal that the various 

Table 5 
Coefficients used to investigate the cases with different degrees of thermal 
effects.  

Case name αT (K− 1) λs [W/ 
(m*K)] 

qst (J/ 
mol) 

(1) Without thermal effects – – – 
(2) With slight thermal effects 2.4 ×

10− 5 
0.197 18,500 

(3) With moderate thermal effects (base 
case) 

9.6 ×
10− 5 

0.788 33,400 

(4) With strong thermal effects 4.8 ×
10− 4 

1.576 96,400  
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influences caused by thermal effects not only competitively impact gas 
production but also competitively impact the different production pe
riods to varying degrees. Among the three cases with different degrees of 
thermal effects, during the early period, 
thermal-shrinkage-strain-induced permeability enhancement played an 
important role in improving gas production, while with increasing gas 
depletion, the hindrance effect caused by non-isothermal desorption on 
gas production would become increasingly more significant. This 

suggests that selecting an appropriate shutdown time to terminate CBM 
extraction is of significance. Considering the possible hindrance effect of 
temperature reduction (during the late period) on gas desorption and 
the fact that a considerable fraction of the total CBM storage volume is 
adsorbed gas, a too-long production time may not suitably realize the 
most cost-effective extraction. Compared to the isothermal CBM 
extraction models introduced in previous studies, the difference attrib
uted to the added physical factors/processes considering thermal effects 

Fig. 19. Influences of the different degrees of thermal effects on the cumulative production and permeability. (a) Comparison of the cumulative gas production 
between the different degrees of thermal effects during 30 years of production. (b) Comparison of the stress-affected permeability of the PF between the different 
degrees of thermal effects during 30 years of production. (c) Comparison of the stress-dependent permeability of the SRD between the different degrees of thermal 
effects during 30 years of production. (d) Comparison of the stress-dependent permeability of the NSRD between the different degrees of thermal effects during 30 
years of production. 

Fig. 20. Influences of the different degrees of thermal effects on the adsorbed gas amount evolution. (a) Evolution of Vads with the different degrees of thermal effects 
in the SRD during 30 years of production. (b) Evolution of Vads with the different degrees of thermal effects in the NSRD during 30 years of production. 
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in this work and their meanings for gas recovery improvement are 
summarized in Table 6. These additional factors/processes are fully 
coupled with other physical processes in the proposed model to accu
rately predict CBM production. 

In summary, a comprehensive investigation was carried out by 
applying the proposed multidomain and multiphysics (THM coupled) 
model in this section to deepen the understanding of the effects of the 
key influencing factors on CBM extraction. In Section 5.1, we focused on 
the multidomain effects and obtained the following findings: first, to 
maximize the improvement effect of stimulation treatments on gas 
production, the complexity of fractures should be intensified as much as 
possible to generate a combination of PFs and SRD instead of a single 
kind of fracture. Second, enlarging the SRD size and enhancing the 
initial permeability of the SRD/PF is vital to enhance the CBM recovery. 
Third, with the global mechanical coupling relationship, a change 
occurring in one domain simultaneously affects the property evolution 
trends in the other domains, which in turn influences the mass transfer 
efficiency and resultant CBM production. In Section 5.2, we investigated 
the thermal effects and obtained the following findings: first, energy loss 
accompanies gas depletion, resulting in a temperature decrease in the 
CBM reservoir. The temperature decrease in the SRD is more significant 
than that in the NSRD. Second, if the thermal effects are ignored, the 
CBM production and variable permeability may be overestimated 
because of the overestimation of sorption-induced strain or may be 
underestimated due to not considering thermal strain. Third, the tem
perature reduction attributed to heat transfer affects the non-isothermal 
adsorption balance and results in less extractable adsorbed gas. The 
various influences of thermal effects not only competitively impact gas 

production but also competitively impact the different periods of pro
duction to varying extents. These findings, along with the proposed 
model, update the existing understanding of evolving CBM reservoirs 
and guide the engineering design of CBM extraction. 

6. Conclusions 

In this work, a fully coupled multidomain and multiphysics (thermal- 
hydraulic-mechanical) model was developed and verified to simulate 
gas extraction in coalbed methane (CBM) reservoirs with various stim
ulation patterns. Multiple physical processes, including gas flow, coal 
deformation, heat transfer, and non-isothermal sorption in each domain 
(stimulated reservoir domain—SRD; non-stimulated reservoir 
domain—NSRD; and radial primary fracture—PF), were modelled, 
while the interactions among these processes/domains were incorpo
rated into the model via cross-coupling relationships. In particular, the 
description of thermal shrinkage, non-isothermal sorption, and non- 
isothermal gas density change within the multidomain framework 
including the PF, SRD, and NSRD, during CBM extraction represented 
the main novelty of the proposed model. The PDEs of the proposed 
model were numerically solved with the finite element method and 
verified against field observations. Comparison of the proposed model 
and previously published models revealed the great accuracy of the 
proposed model. A comprehensive investigation was carried out by 
applying the proposed model to evaluate the effects of key influencing 
factors on CBM extraction. In this work, we not only bridged the tech
nical gap between describing stimulated (single-domain) and unstimu
lated (multidomain) CBM reservoirs but we also bridged the knowledge 
gap in understanding CBM extraction in multidomain CBM reservoirs 
with/without thermal effects. 

According to the modelling and simulation results, the following 
specific conclusions can be drawn:  

(1) The contrast in properties of the PF, SRD, and NSRD in stimulated 
CBM reservoirs leads to different property evolution trends in 
these domains, which in turn controls the effectiveness of gas 
extraction. It is crucial to select appropriate stimulation tech
niques to improve the complexity of fractures, enlarge the SRD 
size, and increase the PF and SRD permeabilities to enhance the 
CBM recovery.  

(2) The multidomain mechanical coupling relationship links the 
changes in the stress-dependent porosity and permeability in the 
different domains of CBM reservoirs. With this linkage, a change 
occurring in one domain simultaneously affects the property 
evolutions in the other domains, influencing the mass transfer 
efficiency and resultant CBM production. 

Fig. 21. Influences of the different degrees of thermal effects on temperature evolution. (a) Evolution of the temperature with the different degrees of thermal effects 
in the SRD during 30 years of production. (b) Evolution of the temperature with the different degrees of thermal effects in the NSRD during 30 years of production. 

Table 6 
Added physical factors/processes in the proposed model considering thermal 
effects compared to isothermal CBM extraction models (note: both T and p 
decrease during CBM extraction).  

Added factors/processes 
in the proposed model 
compared to isothermal 
models 

Difference in the simulation 
results between the 
proposed model and 
isothermal models 

Effect of considering 
the added factors/ 
processes on gas 
production 

Thermal strain Enhanced stress-dependent 
porosity and permeability 

Positive 

Non-isothermal 
desorption amount 

Lower gas supply by 
desorption because of 
temperature reduction 

Negative 

Non-isothermal 
desorption strain 

Smaller change in 
desorption strain 

Negative 

Gas density change with 
the temperature 

Difference in gas density 
computed with the equation 
of state 

Determined by the 
coupling computation  
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(3) Simultaneous reduction in the temperature and pressure during 
CBM extraction leads to multiple competitive effects on the 
evolution of the stress-dependent porosity/permeability, 
desorption amount, and gas density. These effects, playing 
varying roles during the different periods of CBM extraction, 
impose various influences on cumulative gas production. 
Ignoring thermal effects may result in overestimation or under
estimation of gas production, which mainly depends on the net 
effects of thermal shrinkage strain and non-isothermal 
desorption. 
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