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ABSTRACT: Co-production of gas from both coalbeds and tight
formations is considered a viable means to improve well
productivity. Most previous studies focused on the geology and
resource estimates for gas production viability with little attention
to the effectiveness of gas co-production with regard to well types.
To make up for this weakness, a two-phase flow and reservoir
deformation coupled model is proposed together with an
anisotropic permeability model. The coupled model is first verified
using gas and water production data from a vertical well from the
Linxing block in the Ordos Basin, China. Then a reservoir model is
built, including one coal seam and one tight gas formation
separated by a low-permeability stratum with four simulation
scenarios designed. Based on the results, the impacts of the
crossflow between different reservoirs are addressed and the mechanisms of the gas co-production rate profile types observed in the
Linxing block are analyzed. It is also found that high water-saturated adjacent reservoirs would keep the water relative permeability of
the gas-rich reservoir at a high level, impeding the gas flow. The use of a horizontal well is strongly recommended when most gases
are stored in a specific thin reservoir and the life of the well is short; however, a vertical well is favored when two or more gas-rich
and high permeability reservoirs co-exist and the well life is relatively long. For the application of vertical wells, the hydraulic
fractures should extend in the horizontal planes and interact with the pre-existing natural fracture. For horizontal wells, the hydraulic
fracture should extend in the host reservoir and penetrate into the adjacent strata. This work can shed new light on the co-
exploitation of coal measure methane.

1. INTRODUCTION

In some sedimentary basins, methane co-exists in a variety of
unconventional gas-bearing systems,1 such as the non-marine
deposits of the Cooper Basin, Australia,2 and the Ordos Basin,
China.3 Among them, coal and tight gas are targets for gas co-
production and have proven beneficial from both geological
and economic perspectives.3 Such stacked basins serve as some
of the most economically viable unconventional gas reservoir
systems with the increasing gas demand.4 Currently, there has
been extensive research in the co-exploration of CBM and tight
gas through studies on geological conditions,5 gas resource
identification methods,3 prediction models,6 and co-produc-
tion design.7 However, the abovementioned studies have
focused on the geology and resource estimates with little
attention to the effectiveness of gas co-production.
In the early times, the studies regarding the gas co-

production characteristics of two types of reservoirs mainly
focused on conventional gas reservoirs both without and with
crossflow among different layers.8−10 However, unconventional
gas systems are different in gas origin, migration paths, gas

storage, and trapping mechanisms.11−13 Consequently, both
the mathematical description and simulation methods should
be varied.14 Some studies paid attention to the gas extraction
efficiency from one or two coal seams when the adjacent coal
seam is mined through mathematical,15,16 analytical,17 and
numerical18,19 approaches during protective seam mining and
CBM production. The conditions of protective seam mining or
CBM are totally different from that of co-production of CBM
and tight gas. In a recent work, a numerical model has been
established to describe gas and water flow in both the coal
seams and sandstone interbeds.20 In this work, only the co-
production behavior of a vertical well was investigated, with
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the impacts of using horizontal wells and the anisotropic
permeability not considered.
The gas flow in unconventional reservoirs is a complex

process21 including gas desorption, gas diffusion, and the mass
transport and stress transfer between matrix and fracture
systems.22 Meanwhile, the evolution of intrinsic permeability is
determined by the strongly coupled response incorporating
these factors.23,24 In our recent work, effective strain-based
permeability models for both matrix and fracture systems have
been proposed25−27 with the interactions between the two
systems fully considered. The impacts of the crossflow between
different gas-containing units on the intrinsic permeability have
been rarely studied. Moreover, for sedimentary rocks, the flow
properties vary considerably in the horizontal and vertical
directions.28 For coal, the permeability anisotropy ratio
between perpendicular and parallel to bedding directions
could be as low as 0.01.29 Besides the anisotropic value, the
varied permeability evolution laws because of the different
mechanical boundary conditions30 should also be considered.
The two-phase flow (gas and water co-existing) response in

the reservoir should also be taken into consideration, as single
gas phase flow models are insufficient, because of the existence
of connate water and application of hydraulic fracturing.20,31,32

The presence of water affects both the intrinsic and relative
permeabilities of the reservoir.33 Most gas-containing reser-
voirs swell when the rock is immersed into the water, affecting
the intrinsic permeability.34 Both the native formation water
and injected water during the hydraulic fracturing process
affect the degree of saturation and capillary pressure and in
turn affect the relative permeability.35,36 Gas and water relative
permeability models have been widely studied, and two well-
known relative permeability models were applicable.37,38 While
the impacts of water on the intrinsic permeability have been
seldom examined.
Although theory and field practice relating to the co-

production of CBM and tight gas have been widely
reported,5,6,39 many mechanisms and field observations are
not fully understood. This is especially true for the gas co-
production characteristics in the Linxing block, Ordos Basin.
Most previous studies in this area have focused on its geology,
gas storage state, and production potential, with few studies
investigating the coupled processes between matrix and
fracture systems, the effect of the crossflow on permeability
evolution, or the impact of well pattern, permeability
anisotropy, and gravity on the co-production behavior. In
this work, a coupled two-phase flow model is proposed to
investigate the co-production process of coalbed methane and
tight gas. In the model, the permeability is defined as the
combination of relative permeability and the intrinsic
permeability. The former is defined as the function of the
water saturation, and the latter is described by an effective
strain-based anisotropic permeability model. The interactions
between matrix and fracture systems are expressed in both flow
equations and permeability anisotropy models, and the impacts
of the crossflow are achieved through the definition of
boundary conditions of the different reservoirs.

2. THEORY
The typical unconventional gas-bearing system may contain
two or more gas-bearing units such as shale gas, coal seam gas,
and tight gas. Each gas-bearing unit has unique gas storage and
flow properties and should be treated as a separate domain.
For a specific gas-bearing unit, the water−gas flow process may

deform the gas reservoir and reservoir deformation and in turn
may affect the transport characteristics to the water−gas
mixture. This coupling process can be termed as an intra-
coupling process. Also, the liquid flow and solid deformation
characteristics in one gas-bearing reservoir are also affected by
potential crossflow from the adjacent reservoirreferred to as
an inter-coupled process. In this work, we focus on liquid
flowsolid deformation coupling processes in the sedimentary
basins, where coalbed methane and tight gas co-exist and
separated by a low porosity and permeability interlayer
mudstone in this work.
For both the coalbed methane and tight gas formations, the

reservoir consists of coupled matrix and fracture systems and
can be treated as a dual porosity medium. It should be noted
that in this work, the simplified fracture system includes both
natural and hydraulic fractures (NF and HF).33,40 The gas flow
abilities and mechanical properties exhibit large differences in
the two porous (matrix and fracture) systems.23,41,42 Moreover,
the presence of water exacerbates difficulties in representing
and analyzing the coupling processes. Detailed interactions
between the different physical processes are summarized as
follows (Figure 1):

(a) The presence of water and gas may swell the reservoir.
Conversely, the reservoir would shrink during the
water−gas depletion process. This process can occur
both in the fracture and matrix systems, while in this
work, water is only assumed to be present in the fracture
system. Besides this, the gas adsorption-induced swelling
stress should also be considered in the coalbed methane
reservoir.

Figure 1. Schematic flowchart of cross-coupling processes: reservoir
deformation, gas diffusion in the matrix system, and water−gas flow in
the fracture system in each reservoir and mass and effective stress
transfers between different reservoirs.
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(b) The deformation of the formation would change the
pore structure of the reservoir and also the intrinsic
permeability. In this work, a strain-based anisotropy
permeability model is applied to describe the relation-
ship between reservoir deformation and intrinsic
permeability.

(c) The presence of water occupies the space for gas flow;
therefore, the gas flowability is inversely proportional to
water content. The water and gas flow interact with each
other through relative permeabilities model.

(d) Because of the difference in the transport capabilities
and mechanical properties between the matrix and
fracture systems, mass transfer and mechanical inter-
action would occur among the two systems. The former
term (mass transfer) is defined as the concentration
difference between the two systems and the latter form
(mechanical interaction) would impact the intrinsic
permeability of both systems.

Besides the coupling processes that operate within each
reservoir, coupling processes also exist between the adjacent
reservoirs. When the gas/water in one reservoir is depleted, the
gas/water in the other reservoir will flow to compensate. The
gas and water flow also trigger effective stress transfer between
the different reservoirs leading to the variations of the gas
transport.
The intra-coupling processes in the gas reservoir have been

widely studied,26,33,43 with the detailed coupling equations
described in detail in Appendix B. The inter-coupling processes
between different reservoirs have been rarely investigated20

and can be achieved through the definition of boundary
conditions of the different reservoirs, which are displayed in
Section 4.1.

3. MODEL VERIFICATION
3.1. Field Data Characteristics. The Ordos Basin is

located in the northwest part of China and is encircled by the
Yellow River along its eastern, northern, and western sides.44 It

is the second largest inland sedimentary basin in China with an
area of more than 2.5 × 105 km2.45 The Linxing region is a
CBM block located in the eastern Ordos Basin near the city of
Yulin and Shenfu, as shown in Figure 2.46 The Linxing block is
a typical coal measure unconventional gas-bearing system. The
target strata for the block are the Benxi, Taiyuan, Shanxi,
Shihezi, and Shiqianfeng formations from the bottom, with the
first three being coal-bearing strata.47 The detailed strati-
graphic description of Linxing block can be found in Table
1.48,49

Initially, vertical wells were drilled for the exploration of
either CBM or tight gas. Most CBM wells are located in the
east of the Linxing block with tight gas wells located in the
western region.1 Recently, a number of wells have been drilled
to test the CBM and tight gas co-production potential in the
Linxing region, and the well locations are shown in Figure 2.50

The production performances of some representative wells are
shown in Figure 3, and the gas production rate can be
categorized in each of three types.51 Type I: Rapidly decreasing
production. The gas production rate is characterized with a
high initial rate followed by an exponential decline, as shown in
Figure 3a. This behavior is consistent with that of conventional
gas reservoirs where the free gas is the main contribution. Type
II: Increasing and then decreasing production. The initial gas
production is relatively low and then increases; after the
production rate peaks, the gas rate decreases, as shown in
Figure 3b. For this type, the well usually contains one or two
gas reservoirs. Type III: Multi-peak production. In this type, at
least two peaks are observed in the gas rate profile, as shown in
Figure 3c. In this term, the well usually contains several gas-
containing reservoirs such as Well G or one gas reservoir but
including several porosity systems such as Wells F and H.
Although the field data and the co-production characteristics
were widely reported, the mechanisms of these three types of
production are rarely presented.

3.2. Model Verification. The production data collected
from well LX-26 is used for model verification.52 This vertical

Figure 2. Location of the Linxing area in the Ordos Basin46 and test well.50
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well is located in the north part of the Linxing block, as shown
in Figure 2. The well is ∼2100 m deep and drilled through five
gas-bearing strata: Qian 5, He 2, Tai 2 (two layers), and coal
seams #8 and #9 in the Benxi formation, as shown in Figure 4.
It should be noted that the Tai 2 and coal seam #8 are strongly
interlinked, while coal seams #8 and #9 are separated by
mudstone. The gas and water production rates for 350 days are
used for verification, as shown in Figure 5.
3.3. Verification Results. To history match the

production data, the coupled gas−water flow model (Appendix
B) is implemented in and then solved by COMSOL
Multiphysics (Version 5.4) with the method of finite element.

Based on the geology condition and well structure, the
geometry of the simulation model is established with the mesh
shown in Figure 4b. The vertical well is located at the center of
the strata. The parameters are collected from the literature,20,52

as listed in Tables 2 and 3, respectively. For simplicity, each
gas-containing layer is considered as an independent system
featured with its own mechanical deformation and gas flow
boundaries. The extraction start time of each gas-containing
reservoir can be determined as the initiation of extraction
where the gas rate suddenly increases.53 Following this
approach, a three-stage bottom hole pressure is applied from
an initial gas pressure p0: (1) decreasing from an initial

Table 1. Comprehensive Stratigraphic Histogram in the Linxing Area48,49
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pressure to 0.5*p0 at a rate of 0.1 MPa/day; (2) decreasing
from 0.5*p0 to 0.1*p0 at a rate of 0.05 MPa/day; and (3)
remaining at a constant bottom pressure of 0.1*p0. This
pressure drop curve is adapted since (1) it is close to the real
field condition and (2) it can enhance the convergence of the
model. For the water flow, a similar three-stage change in water
saturation is applied for each stratum. The pre-defined “fine”
term is selected to control the mesh quantity. A desktop
computer is used for the computing, with an Intel(R) Core
(TM) i7−6700 @ 3.40GHz for CPU and 24.0 GB of memory.
The calculating time is approximately 20 min.
In the table, the subscripts f and m represent the fracture

and matrix system, and h and v mean the horizontal and
vertical directions; the superscript m and b denote to the
reservoir matrix and reservoir block.
The history matching results of gas production are illustrated

in Figure 5a. As observed in the figure, the simulation results
match the production data. Although at an early time between
0 and 50 days, relatively poor match results are obtained,

mainly due to the sudden shutdown of the well. Also in the
figure, the impact of gravity is illustrated through the
comparison of the dot line and solid line with the value of
gravitational acceleration constant is zero and 9.8 m/s2. We
can draw a conclusion that gravity has little impact on the gas
and water flow in the reservoir when the vertical well is
applied.
Figure 6 illustrates the contributions of the gas and water

from both reservoirs. As observed in the figure, the gas/water
rate from the sandstone declines rapidly, while the CBM and
water from coal seam began to deplete at later times. Similarly,
the gas/water in the sandstone contributes a significant
proportion of the total amount at an early time, while the
contributions of water and gas in the coal seam increases with
the time and becomes the main contributor to water
production at a later time.
These results demonstrate that the developed model is able

to describe the gas and water co-production from both tight
formations and coal seams. Therefore, the model is used in the
next section to study and better understand gas co-production
behavior for different reservoir properties and production
scenarios.

4. RESULTS
4.1. Numerical Model. The coupled two-phase flow

model is implemented to investigate permeability evolution,
total gas production rate, and the relative gas contributions
from the sandstone and coal seam reservoirs during the co-
production process. Also, the impacts of the crossflow between
different strata, well location and type, permeability anisotropy,
and gravity are investigated. Four co-existence patterns of
unconventional gas reservoirs appear in the Ordos Basin,
China: TG-SG-CBM, TG-CBM, TG-SG, and SG-CBM (TG
represents tight gas, SG represents the shale gas, and CBM
represents the coalbed methane).47 In these patterns, the
coalbed methane reservoir usually locates at bottom and the
tight sandstone gas reservoir situates at the top with mudstone
separating them. Therefore, a reservoir model is established
consisting of the upper sandstone tight gas, interlayer
mudstone, and lower coalbed methane. Four scenarios are
designed in this work: three with horizontal wells located in
the different strata and one with vertical well piercing all strata.
The various scenarios are illustrated in Figure 7 with the
parameters collected from the literature20,33 and listed in Table
4.
To investigate the crossflow process and its impact on the

coupling process between different reservoirs, the initial
conditions of the different strata are defined as follows. The
coal seam and sandstone have high gas pressures (∼10 MPa)
but relatively low water saturations (∼0.4). Conversely, the
mudstone has a low gas pressure (∼3 MPa) but a high water
saturation (∼0.7). In summary, two highly gas-charged
reservoirs are separated by a low-permeability water-containing
formation. The mudstone has a low gas saturation and an
extremely low porosity; therefore, the gas stored in it can be
ignored. The gas and water in it can flow with a low flowrate
because of the smallest permeability value. Four major
assumptions are made to improve the results: (1) the gas
flow is under an isothermal condition, leading to the identical
temperature and fluid properties of the strata; (2) the skin
factor of the well is not considered; (3) the well is represented
as a cylinder and the impacts of well radius are ignored; and
(4) the gas flow in the well is not simulated.

Figure 3. Production profile of co-exploitation wells in the Linxing
region.51 (a) Type I: Rapidly decreasing production; (b) Type II:
Increasing and then decreasing production; (c) Type III: Multi-peak
production. In all the sub-figures, the dotted lines represent the
trendline of the gas data, and the target strata are also added after the
well log.
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For gas flow in the fracture system, the extraction pressure is
applied to the well to simulate the pressure change in the HF,
and no flow boundary conditions are applied to the other
boundaries. For the gas in the matrix system, the gas diffusion
is driven by the concentration gradient between the matrix and
fracture systems. For the interface between different reservoirs,
the gas flow boundary is specified as follows: (1) The gas in
the mudstone does not flow until the gas pressure of its
interface with the coalbed or sandstone is below 3 MPa; (2)

the gas in the sandstone or coal seam begins to flow once the
gas pressure on its interfaces with mudstone is below 3 MPa.
For water flow, the water saturation boundary is applied on the
extraction well and the interactions of water flow between
different strata are achieved through the water saturation
difference. The water flow boundary is assigned for the
interface between the different reservoirs as follows: (1) The
water in the mudstone begins to flow once the water saturation
on the interface with the coalbed or sandstone is below 0.4;
(2) the water in the sandstone or coal seam does not flow until
the water saturation on its interfaces between mudstone is
below 0.4.
The free tetrahedron is applied to the strata where the

extraction well exists and the sweep method with hexahedra is
applied to the other strata. The predefined “finer” is adopted
for grid size control. There are a total of 20,890 elements with
a quantity of 0.88 indicating a robust mesh. The computer time
for each case is about 30 min.

4.2. Permeability Evolutions. In this section, Scenario I
(horizontal well in the coal seam), as shown in Figure 7, is
used as an example to investigate the variations of gas pressure
and water saturation, together with permeability evolution
during the gas co-production process.

4.2.1. Evolutions of Gas Pressures and Water Saturations.
In this section, the average pressures and water saturations of
the upper sandstone, interlayer mudstone, and lower coal seam
are illustrated in Figure 8. For comparison, both cases of
considering and then without considering the crossflow
between different reservoir are displayed. As shown in the
figure, the fracture pressures in the reservoir are more sensitive
to the extraction pressure and decline earlier than the matrix
pressure. For the time scale, the gas pressures in the coal seam
first decreases to the extraction pressure followed by the
mudstone and sandstone. When comparing the cases of
considering both with and without the interaction between the
different reservoirs, we found that (1) the gas pressures of the
two cases are the same in an early time until the gas in the
adjacent reservoir flows; and (2) the gas from the adjacent
reservoir (tight gas in sandstone) is recovered with the gas

Figure 4. Well structure and gas-containing strata of well LX-26.52 (a) Gas-containing strata and (b) mesh grid for the simulation model.

Figure 5. Production data of well LX-26 and simulation results: (a)
Gas rate and (b) water rate. In the legend, g is the gravitational
acceleration constant.
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resource for the coalbed methane reservoir and elevates the gas
pressure in the coal seam in late production.
The variations in water saturation are similar to those for the

gas pressure. The water saturation in the coal seam first
decreases followed by those in the mudstone and sandstone.
The water saturation turns from decline to increasing because
of the water resource supply from the mudstone. Similarly, the
water in the sandstone slows the decrease in the water
saturation in the mudstone. Based on eqs B.15 and B.16, the
water and gas relative permeabilities are directly related to the
water saturation and the water relative permeability in coal
seam remains relatively high due to the water supply in the
mudstone, therefore hindering the gas flow.
4.2.2. Intrinsic Permeability Evolutions. Figure 9a,b

illustrates the evolutions of the intrinsic permeabilities of
both coal seam and sandstone. As described in Appendix B.3.2,
the permeability in the vertical direction is only related to the
local strain, while the permeability variation in the horizontal
direction is related to both the global strain and local strain. As
illustrated in the figure, (i) the local strain due to the intra-
interaction has little impact on the permeability variation; (ii)
the local strain induced by the gas desorption would increase

the permeability value; and (iii) the global stain would
decrease permeability value in the horizontal direction during
the gas depletion process.
Figure 9a also illustrates the impacts of the intra-coupling

process on intrinsic evolution of permeability. The enhanced

Table 2. Parameters for Sandstone

sandstone

parameter description Qian 5 He 2 Tai 2 units

Ev
m Young’s modulus of the matrix 26 24 24 GPa

Ev
b Young’s modulus of the block 15 14 12 GPa

Dm diffusion coefficient of matrix 2.5e-9 5e-9 5e-9 m2/s
kfh permeability of fracture 4e-15 2.5e-15 4e-15 m2

kfv/kfh permeability anisotropy ratio 0.8 0.8 0.8
Hm Henry’s law constant 7.45e-8 1.5e-7 1.5e-7 kg/(Pa·m3)
Φf porosity of fracture 0.02 0.02 0.06
sw initial water saturation 0.6 0.55 0.6
pe entry pressure 0.2 0.1 0.2 MPa
L length of the simulated block 80 80 80 m
W width of the simulated block 80 80 80 m
H height of the simulated block 6 5 3 m

Table 3. Parameters for Coal Seam

coal

parameter description
coal seam

8#
coal

seam 9# units

Ev
m Young’s modulus of the

matrix
16 14 GPa

Ev
b Young’s modulus of the block 8 8 GPa

Dm diffusion coefficient of matrix 4.5e-10 8e-10 m2/s
kfh permeability of fracture 2e-16 5e-17 m2

kfv/kfh permeability anisotropy ratio 0.2 0.1
Φf porosity of fracture 0.04 0.04
VcL Langmuir volume constant of

matrix
0.015 0.01 m3/kg

PcL Langmuir pressure constant
of matrix

4 4 MPa

εbL Langmuir strain constant of
block

0.03 0.04

εmL Langmuir strain constant of
matrix

0.05 0.06

sw initial water saturation 0.78 0.8
pe entry pressure 0.2 0.1
L length of the simulated block 80 80 m
W width of the simulated block 80 80 m
H height of the simulated block 1 5.4 m

Figure 6. (a) Gas and (b) water contributions from sandstone and
coal seams.

Figure 7. Illustration of the designated scenarios.
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gas pressure would enhance the global strain and decrease the
desorption strain, although it has little impact on the intra-
interaction strain. Furthermore, it can be observed that the

inter-coupling process has no impact on the final value but
only the transient response.

4.3. Impacts of Well Location and Type. In this section,
the impacts of well location and type (horizontal well or
vertical well) on the co-production process of CBM and tight
gas are investigated. In all cases, fracture permeabilities of both

Table 4. Parameters Used for the Simulation

value

parameter description sandstone mudstone coalbed units

Ev
m Young’s modulus of the matrix 26 24 14 GPa

Ev
b Young’s modulus of the block 15 14 8 GPa

Dm diffusion coefficient of matrix 3e-9 3e-12 5e-10 m2/s
kfh fracture permeability 1e-15 1e-19 3e-16 m2

kfv/kfh permeability anisotropy ratio 0.8 0.2 0.1
Φf fracture porosity 0.15 0.001 0.1
Hm Henry’s law constant 7.45e-8 kg/(Pa·m3)
p0 initial gas pressure 10 3 10 MPa
εbL Langmuir strain constant of block 0.05
εmL Langmuir strain constant of matrix 0.04
VcL Langmuir volume constant of matrix 0.03 m3/kg
PcL Langmuir pressure constant of matrix 4 MPa
sw initial water saturation 0.4 0.7 0.4
pe entry pressure 0.1 0.2 0.1 MPa
m coefficient for relative permeability 0.5 0.5 0.5
λ coefficient for capillary pressure 2 2 2
L length of the simulated block 100 100 100 m
W width of the simulated block 60 60 60 m
H height of the simulated block 10 8 10 m

Figure 8. Evolution of (a) matrix and fracture pressures (p) and (b)
fracture water saturation (s). In the figure legend, the first subscripts c,
m, and s represent coalbed, mudstone, and sandstone, respectively.
The second subscripts m and f represent the matrix and fracture
systems, respectively. The third subscripts c and w represent the cases
of considering and without considering the interaction between
different reservoirs (inter-coupling process), respectively.

Figure 9. Fracture intrinsic permeability evolutions in the (a) coal
seam and (b) sandstone. The subscripts c and s represent coal seam
and sandstone, and h and v represent horizontal and vertical direction,
respectively. The dot line represents the cases without considering the
crossflow (inter-coupling process).
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reservoirs are variable to simulate the cases of original reservoir
situation or the reservoir activation process. The gas rate and
cumulative gas production amount are used for comparisons
and the contributions of both reservoirs are also illustrated.
Figure 10 illustrates the impacts of reservoir permeability on

the gas production profile of Scenario I. As can be observed in
the various panels, the coalbed methane takes the dominant
role at an early time, while the tight gas serves as the main
contributor for the long-term production. The co-production
process evolves differently with the varied reservoir perme-
ability. The change in the coal seam permeability has a
significant effect on the gas flow in the coal seam, as shown in
Figure 10a. While the gas flow in the sandstone is sensitive to
the permeability change in the mudstone, as shown in Figure
10b, and insensitive to permeability change in the coal seam
and the sandstone, as shown in Figure 10a,c. As shown in some
cases, the gas rate declines rapidly in the early time and
increases again at the later time because of the gas supply from

the tight gas. Therefore, a twin peaked gas rate profile can be
observed.
The results for other three scenarios are shown in the

Appendix A. For the horizontal well in mudstone (Scenario II),
the permeability changes in the sandstone and coal seam have
little influence on their individual gas flow. Similarly, for the
horizontal well in sandstone (Scenario III), the permeability
variations in the sandstone and coal have little influence on the
gas flow in coal seam because of the separation of the low-
permeability intervening mudstone, while for both Scenario II
and Scenario III, both the gas rates in coal seam and sandstone
are significantly enhanced with an increase in the mudstone
permeability as apparent in Figure A.1b and Figure A.2b. This
is mainly since the mudstone, characterized with a low
permeability, blocks the gas flow channels. For the vertical well
(Scenario IV), the enhanced permeability of a specified gas-
containing reservoir only influences the gas flow in itself and
has little influence on the adjacent gas-containing reservoir
(Figure A.3).

Figure 10. Impact of the permeability change in each reservoir on the gas production behaviors in Scenario I. (a) Permeability change in the coal
seam, (b) permeability change in the mudstone, and (c) permeability change in the sandstone. The number 1 represents the gas rate, and 2 denotes
the total gas amount. In the figure, the subscripts f and m represent the fracture and matrix system, respectively.
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4.4. Impacts of Multiple Branch Well. A multiple branch
well is usually referred to the one or multiple wellbores made
by sidetracking at different locations. It has two major types:
Type I, the horizontal well is treated as the main well and the
sub-branches are all in the same gas-containing reservoir;54 and
Type II, the vertical well is treated as the main well and the
sub-branches are in the different strata.55 In this section, the
impacts of a multiple branch well of Type I are investigated.
Scenario I (horizontal well in the coal seam) is used as the
benchmark model, and three sub-cases are specified to
investigate the effect of a multiple branch well (Type I) with
the main well length of 80 m and each branch length of 40 m.
Cases A ∼ C represent one ∼ three multiple branches, with
each branch uniformly distributed and the angle between the
main well and branch well is 90°. Only the gas production
characteristic of coalbed methane is analyzed, as the gas flow
properties in coal seam have little impact on the gas flow in
sandstone. As shown in Figure 11, the multiple branch well

would improve the well performance especially for the low-
permeability reservoir, as it can enlarge the contact area
between the extraction pressure and gas-containing reservoir.
The gas amount cannot be further enhanced when the number
of the branch is improved to a threshold value. The impact of
the well length is also investigated, with the well length ranging
from 40 m to 80 m and no branching, and the results are
shown in Figure 12. Similar observations can be obtained: the
increased well length can improve the well performance, while
the gas amount cannot be improved infinitely through this
approach. For both cases of multi branch well and well length,
the increased contact surface area has a more significant impact

on the low-permeability reservoir, as shown in Figures 11 and
12.

4.5. Impacts of the Permeability Anisotropy Ratio. As
shown above, the enhancement in the mudstone permeability
would improve the co-production performance for the
Scenarios I ∼ III; therefore, the permeability anisotropy ratio
of mudstone (kmv/kmh) is selected for analysis, with the
anisotropy ratio in the range of 1−0.05 and mudstone
permeability value at km0 and 20*km0. The results are shown
in Figure 13. In both cases, the enhanced vertical permeability
value would enlarge both the gas flow in coal seam and
sandstone, and therefore, the total gas production amount.
Comparing Figure 13a,b, we can find that the permeability
anisotropy ratio has a larger impact on the low-permeability
reservoir.

5. DISCUSSION

5.1. Co-production Pattern of Superposed Gas-
Bearing Systems. Based on the results of the verification
case and the various numerical scenarios, the mechanisms of
the three production patterns of unconventional gas-bearing
systems are analyzed. As the co-production process proceeds,
the gas stored in the reservoir begins to desorb and the initial
gas rates are mainly determined by the water saturation. A low
water saturation usually means low water relative permeability
but high gas relative permeability. In this case, a high gas
production rate is observed and followed by an exponential
decrease because of the insufficient gas supply. Conversely, the
high water saturation usually means low relative gas
permeability and low initial gas rate. During the co-production
process, the gas relative permeability would increase, leading to

Figure 11. Impact of the multiple branch well of Type I on the gas co-
production behaviors in Scenario I with the coal seam permeability
value of (a) kcf0 and (b) 0.05*kcf0.

Figure 12. Impact of the well length on the gas co-production
behaviors in Scenario I with the coal seam permeability value of (a)
kcf0 and (b) 0.05* kcf0. Subscript t represent the total gas amount.
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an increased gas production rate. Therefore, a slow increase in
the production rate can be observed. The gas stored in
different gas-bearing units may flow out on different time scales
because of differences in gas transportability and the varied
distance to the extraction well. When the time intervals
between different gas-bearing units are significant, multi-peak
values are observed. As for gas reservoir characterized by dual
porosity or multi-porosity systems, multi-peak values in
production are observed due to the significant gas trans-
portability difference among different porosity systems.53

5.2. Co-production Design Scheme for Unconven-
tional Gas-Bearing Systems. As conventional gas reservoirs
are exhausted, co-production of unconventional gas-bearing
systems gain significant attention. Selection of (a) well patterns
and (b) location and the choice of the (c) stimulated reservoir
are three major issues in the co-production design. Based on
the results of this work, some suggestions are made to address
these three issues. For a clear illustration, the life of a
production well is divided into three stages: short term (0−5
years), medium term (5−10 years), and long term (10−30
years) and the gas production amount in the 1st, 5th, 10th, and
30th years under different reservoir permeabilities for the four
scenarios are evaluated, as shown in Figure 14. In the sub-
figures, the vertical axis represents the total gas amount in the
different years, and the horizontal axis represents the
permeability ratio (k/k0).
5.2.1. Choice of Well Patterns. The efficiencies of the

horizontal well and vertical well are first compared. For the
short-term production (0−5 years), the horizontal well
performs better than the vertical well, especially for the low-
permeability reservoir, as shown in Figure 14a,b. For the

medium-term (5−10 years) and long-term (10−30 years)
production, (i) the behaviors for the horizontal well and
vertical well are almost identical for the high permeability
reservoir or the stimulated reservoir, as shown in Figure 14c,d;
(ii) the vertical well still behaves poorer compared with the
horizontal well for a low-permeability reservoir. Based on the
abovementioned characteristics, the horizontal well is recom-
mended (i) when most gas is stored in a specific reservoir
characterized with a low permeability and thin thickness but
widespread distribution in the horizontal direction and (ii)
when the life of the well is relatively short. The vertical well
should be considered where (i) two or three high gas-bearing
and high permeability strata co-exist in an unconventional gas-
bearing system, and (ii) the well life is relatively long. Also, the
conclusions for the application of the horizontal and vertical
wells can be equally applied to the multiple branch well
depending on its type. Furthermore, the increase of the contact
area between the well and the reservoir through the multiple
branch well and increased well length would enhance the well
performance.56 The production amount cannot be improved
infinitely through these approaches.

5.2.2. Location of the Horizontal Well. The location of the
horizontal well also plays a significant role in the co-production
from an unconventional gas-bearing system. For the short-term
production (0−5 years), the Scenario III (well in sandstone)
has the highest gas production amount with the original
permeability value (k/k0 = 1), while for the 5th year and the
follow-up time, the Scenario I (well in coal seam) has the
highest gas production amount. For the Scenario II (well in
mudstone), it has the lowest gas amount with the original
permeability value, while its production amount can be largely
improved when its permeability value is enhanced especially
for long-term production. Based on these, it can be concluded
that the well should be located in the gas-containing reservoir
such as a coal seam or tight sandstone for the short-term
production. For the long-term production, the well could be
drilled either in the gas-containing reservoir or the adjacent
blocking strata together with the stimulation technology to
achieve a better performance. For some unconventional gas-

Figure 13. Impact of the permeability anisotropy ratio on the gas co-
production behaviors in Scenario II with the mudstone permeability
value of (a) km0 and (b) 20*km0.

Figure 14. Gas production amount with different reservoir
permeabilities under four scenarios at (a) 1st year, (b) 5th year, (c)
10th year, and (d) 30th year. Scenarios I/II/III/IV are the scenarios
listed in Section 4.1 and shown in Figure 7.
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bearing units characterized by low modulus, drilling is difficult
as the drill bit is easily blocked and the borehole is hard to
maintain. In that case, the horizontal well should also be
located in the adjacent strata and stimulation techniques
should be applied to ensure that flow channels are linked
together.
5.2.3. Choice of the Stimulated Reservoir. Reservoir

stimulation will enhance the co-production process both for
vertical and for horizontal wells, especially for the short and
medium production time, as shown in our results. In other
words, the reservoir stimulation should be applied in order to
obtain the maximum profit in the shortest time. This
enhancement is most significant for the case where the
horizontal well is located in the mudstone, while the
production profiles behave different for horizontal and vertical
wells with the stimulation of the varied reservoirs. Thus,
suggestions and discussions for the reservoir stimulation are
provided separately for the two well types.
5.2.3.1. Vertical Well. For vertical wells, the gas production

rate increases rapidly for the cases where the permeabilities of
both reservoirs are enhanced. Therefore, the co-exploited
reservoirs should be stimulated simultaneously to enhance gas
co-production, as shown in our case. This can be achieved
following the approach of multistage fracturing for vertical well
(MFVW).57 In this approach, the well wall around the target
fractured strata is perforated to allow fracturing fluid to expand
during the hydraulic fracturing stage and for gas to flow during
the gas extraction stage. In the original MFVW, the fracturing
fluid is injected into all perforations at the same time in each
section. Later, the improved fracturing technology58 is
proposed, making the perforation cluster distributed based
on the reservoir geological condition and a multiple fracturing
operation carried out in each fracturing section. This approach
can form a complex fracture system to effectively increase the
gas production amount.
For the application of MFVW in our case, the HF should

extend in the horizontal planes, and the penetration from the
host reservoir to the adjacent reservoir should be avoided.59

Furthermore, the laminated rock and multiple layers are typical
properties of most unconventional reservoirs containing lots of
NF. Therefore, the main goal of the MFVW is to create new
fractures and react the pre-existing NF in the horizontal
direction. If HF do not propagate across pre-existing NF, it
would react the NF plane in the following three items: dilation,
shearing, and the combinations of both.60 The occurrences of
the abovementioned three forms are discussed: (i) At a low
approach angle (the angle between HF and NF), the fracture
overpressure at the HF tip makes the NF interface to open up,
increases its width, and thus dilates the NF;61 (ii) in the weakly
bonded rock−NF interface with shallow burial depth, low
approach angle, and NF of high cement thickness, induced HF
will get arrested at the NF interface, later resulting in NF slip
by shearing;62,63 and (iii) when the propagating HF are
arrested at the NF and continue to propagate the tip of the NF
with increase in length and width, a combined dilation and
shearing behavior is occurred.64

5.2.3.2. Horizontal Well. For the horizontal well, the
flowability of the blocking strata, mudstone in our case, plays a
significant role in the co-production of the superposed gas
system and should be considered when choosing the
stimulated strata. For Scenarios I/III, the well is drilled in
the center of the gas-containing reservoir (coal seam or
sandstone) and the HF should be extended in the host

reservoir and penetrated into the adjacent separating strata,
while for Scenario II, the well is drilled in the roof or floor of
the gas-containing reservoir, and the induced fracture should
initiate in the separating layer and penetrate the interface
between the rock and reservoir. In this section, two cases are
built to discuss the feasibility of penetration of HF. Case A is
where the well is located in the soft strata and the HF should
penetrate into the stiff strata. The opposite situation is defined
as Case B. Scenarios I and III belong to the Case A, and
Scenario II belongs to Case B. For Case A, penetration of the
HF (crossing) is difficult since the HF are easily contained
when stiffness of the host strata is smaller than that of adjacent
strata.65 However, the probability is not zero depending on the
geological factors and engineering factors. The propagating
fracture may cross the soft layer with the minimum horizontal
stress difference between the host strata and adjacent strata
below a threshold value.66 For engineering factors, the
increased flow rate and viscosity of the injected fracturing
fluid would enhance the penetration probability.66 For Case B,
the penetration of the HF is relatively easy, while the crossing
may not occur when the difference between the vertical stress
and maximum horizontal stress is below a threshold value.67

The contributing geological factors to Case A mentioned
above are also beneficial to Case B.
The impacts of the bedded interface between different strata

are also investigated. The interface in multi-layered reservoirs
disturbs the stress continuity and reselects the propagation
direction of HF.68 The interactions between the HF and
bedded interfaces can be classified into three cases:69 (i)
diverting and propagating along the interface, (ii) penetrating
into the interface directly without changing in direction, and
(iii) propagating along the interface and then penetrating into
the interface. The first scenario should be avoided, and the rest
two cases are applauded. In summary, the large difference
between the vertical stress and the maximum horizontal stress,
larger approach angle, and the bedded interface with high
elastic modulus and large friction coefficient would easily result
in the penetration of vertical fracture.68,70

5.3. Limitations. 5.3.1. Comparisons with Previous
Models. As mentioned above, only a limited number of work
paid attention to the numerical simulation of the co-
production process of unconventional gas-bearing reservoirs.
As a pioneer work, Meng et al.20 proposed a mathematical
model of gas and water two-phase flow for the co-production
process with a vertical well-penetrated sandstone−coal overlap
gas reservoir. A similar model was employed by Zhao et al.71 to
focus on the co-production of tight gas and coalbed methane.
Chai et al.7 used a commercial software, Eclipse, to simulate
the multilayer co-production of a tight gas reservoir. Santiago
et al.72 proposed a radial model to simulate the gas co-
production process of two stacked coal seams. The
commonalities between this work and the abovementioned
papers are as follows: (i) the impacts of adsorption
characteristics stress-sensitive and matrix shrinkage effects are
considered into the intrinsic permeability model; (ii) the gas
and water relative permeabilities are defined as the function of
water saturation; (iii) the impacts of interlayer permeability
contrast, interlayer pressure difference, thickness of the gas
layer, and gas saturation are addressed; and (iv) a stacked
geology model was established with two high gas-bearing
formations separated by a low gas-bearing formation. Besides
the abovementioned similarities, the proposed work has
advantages as follows: (i) the impact of crossflow on the co-
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production process and intrinsic permeability are investigated;
(ii) the interactions between fracture and matrix system were
considered in the intrinsic permeability model; and (iii) both
computing scenarios of the horizontal well and vertical well
were designed. Also, this work certainly has some disadvan-
tages and limitations as discussed below.
5.3.2. Geological Conditions. A simplified geologic model

is established to represent the geological conditions considered
in this work. The essential components of the model are two
high gas capacity reservoirs, coalbed methane, and tight gas
sandstone, separated by a water-containing interlayer mud-
stone. Based on the numerical results, the water in the
intervening mudstone would flow into the coal seam, impeding
the gas flow, while the true geological conditions are
considerably more complicated. For future work, the geological
conditions of multi-gas co-existing basins would be inves-
tigated and statistically analyzed. Therefore, the representative
geological conditions should be selected and optimized to
investigate the co-production characteristics. Furthermore, this
work only focuses on the co-production characteristics of
multi-gas reservoirs. Also, the feasibility of the co-exploitation
of coal and uranium73 has been investigated in our previous
work and the co-production of gas from multi-layer coal seams
during the protective seam mining approach has been widely
studied.18 Besides these co-production terms, other co-
production terms should also be paid attention to.
5.3.3. Dual Porosity Model. The dual porosity model is

applied in this work, and the fracture system contains both HF
and NF. This assumption is not strictly enforced as the
permeability of the HF is potentially hundreds or thousands of
times larger than that of the NF. Moreover, the DP/DK model
cannot accurately describe gas flow in the multi-scale pore
geometry of real gas reservoirs.74 Furthermore, hydraulic
fracturing may activate some previously non-connected and
thus non-effective fractures and porosities, and the dual
porosity reservoir may then be transformed into a triple
porosity or multi-porosity system.75 The main objective of the
study is to investigate the gas co-production process in the
sedimentary basins where coalbed methane and tight gas co-
exist and the triple porosity model (HF system, NF system,
and matrix system) is already well studied in our previous
work.26,76 Therefore, we simplified the flow model in this work
and the dual porosity model is applied. This approach has little
impact on the results and conclusions.
5.3.4. Interlayer Interference between Different Gas-

Containing Reservoirs. Two or more gas-containing reser-
voirs, characterized with an independent formation fluid
pressure system, co-exist vertically in the unconventional gas-
bearing system. In this work, the impacts of the crossflow
between different reservoirs are investigated, while for the
vertical well, if the pressure difference between two types of
reservoirs in the wellbore is large enough, the gas flow in the
higher-pressure system will inhibit or decrease the gas flow of
the lower-pressure system into the wellbore.7 We cannot
consider this effect in our current work since (i) the gas flow in
the well is not discretely simulated in our work and (ii) the
extraction pressure applied in the well is defined artificially
instead of being automatically computed. However, based on
our current geologic model, we can assume that the gas
pressure in the lower coal seam is much larger than that in the
upper sandstone with a vertical well going through the stratum.
To investigate this phenomenon, the gas flow in the well
should be simulated, which can be described by turbulent flow.

The interface between the well and gas-containing reservoir
should also be specified. The main goal of this work is to
propose a model to preliminarily investigate the co-production
characteristic of coalbed methane and tight gas and all
influence factors that can reasonably be taken into account
at the same time.

6. CONCLUSIONS
In this work, a coupled two-phase flow model is proposed to
investigate gas co-production from unconventional gas-bearing
systems. In the model, the permeability includes both the
relative permeability and the intrinsic permeability. The former
is defined as the function of the water saturation, and an
anisotropic permeability model is proposed to describe the
evolution of the latter term. Based on the model, the co-
production process from CBM reservoirs and tight gas
reservoirs is investigated and the impacts of crossflow between
different reservoirs, well types and location, branch well,
permeability anisotropy, and gravity are also addressed. Based
on this work, the following conclusions are drawn:

(1) The crossflow from the adjacent reservoir affects both
the relative permeability and intrinsic permeability in the
late stage of gas production. Because of the existence of
crossflow, high water-saturated adjacent reservoirs would
keep the water relative permeability of the gas-charged
reservoir at a high level, impeding the gas flow. Its
impacts on the intrinsic permeability are concentrated
mainly on the global strain and sorption induced local
strain, while it has little impact on the intra-interaction
strain.

(2) The permeability in the vertical direction is only related
to the local strain and related to both the global strain
and local strain in the horizontal direction. During the
gas depletion process, the local strain due to the gas
desorption would increase the permeability value, while
the global stain would decrease the permeability value in
the horizontal direction.

(3) The mechanisms of the three types of gas production
rate profiles observed in the Linxing Block of the Ordos
Basin are analyzed. The rapidly decreasing case is due to
insufficient gas supply and easily occurs in free gas-
dominated reservoirs. The increasing-then-decreasing
case is due to the depletion of the existing water and
is readily found in water-rich gas reservoirs. The multi-
peak distribution of production is mainly attributed to
the gas transport capabilities between different gas
supply sources: different gas-bearing units or different
pore systems in the same reservoir.

(4) The impacts of the multiple branch well and
permeability anisotropy ratio are explored. The increase
of the contact area between the well and the reservoir
would improve the well performance, while the
production amount cannot be improved infinitely
through this approach. The enhanced vertical perme-
ability value (smaller permeability anisotropy ratio, kmv/
kmh) would enhance the gas flow in vertical direction and
therefore improve the co-production performance.

(5) The impact of well type and location on the co-
production process of CBM and tight gas are discussed.
Horizontal wells are strongly recommended when most
gas is stored in a specific reservoir characterized with a
low permeability and thin thickness but widespread
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distribution in the horizontal direction, and the life of
the well is relatively short. The vertical well should be
considered where two or three high gas-bearing and high
permeability strata co-exist, and the well life is relatively
long.

(6) The suggestions and feasibility analysis of hydraulic
fracturing for different well types are provided. For the
application of vertical wells, the HF should extend in the
horizontal planes and interact with the pre-existing NF
in the form of dilation, shearing, or the combinations of
both. For the application of horizontal wells, the HF
should extend in the host reservoir and penetrate into
the adjacent strata.

■ A. RESULTS OF THE WELL LOCATION AND TYPE
The results of Scenarios II, III, and IV are shown in Figure A.1,
Figure A.2, and Figure A.3, respectively.

■ B. MATHEMATICAL MODEL
In this work, a coupled two-phase flow model is proposed to
investigate the gas co-production process of coalbed methane
and tight gas. We paid attention to the variation of gas and
water transport ability in the fracture system, as it dominates
the gas flow process, and the matrix system supplies the gas
resources.26 Several assumptions are made to achieve the goal:
(i) the dual porosity model is applied with the fracture system
containing both HF and NF; (ii) water is only assumed to be
present in the fracture system; (iii) the free gas exists in the

fracture system for both gas-containing reservoirs. Only the
absorbed gas exists in the matrix of the coal reservoir with the
free or dissolved gas existing in the matrix of sandstone. The
former term can be expressed by the Langmuir isotherm, and

Figure A.1. Impact of reservoir permeability on the gas production
properties of Scenario II (well in mudstone). (a) Permeability change
in the coal seam, (b) permeability change in the mudstone, and (c)
permeability change in the sandstone tight gas.

Figure A.2. Impact of reservoir permeability on gas production
properties of Scenario III (well in sandstone). (a) Permeability
change in the coal seam, (b) permeability change in the mudstone,
and (c) permeability change in the sandstone tight gas.

Figure A.3. Impact of reservoir permeability on the gas production
properties of Scenario IV (vertical well). (a) Permeability change in
the coal seam and (b) permeability change in the sandstone tight gas.
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the latter term can be calculated with the Henry’s law; (iv) the
gas and water flows in the fracture system are defined using the
Darcy law, and the gas flow in the matrix is described with
diffusion.
B.1. Two-Phase Flow in Unconventional Gas Reservoirs
B.1.1. Water Flow in Unconventional Gas Reservoirs. The

mass conservation law for water flow in an unconventional gas
reservoir is given as33

m

t
u Q( )fw

fw fw fwρ
∂

∂
+ ∇· =β

β β β (B.1)

where subscript w represents water and f represents the
fracture system, the subscript β represents the coalbed
methane (β = c) or sandstone tight gas (β = s), mβfw is
water mass, ρβfw is the water density, and Qβfw is the flow
source or sink. The impact of the gravity should be considered,
and the velocity uβfw of water can be calculated as

u
k k

p g( )fw
f rw

fw
fw fwμ

ρ= − ∇ +β
β β

β
β β

(B.2)

where kβf and kβrw are the intrinsic and water relative
permeabilities, respectively, g is the gravitational acceleration
constant, and pβfw is the water pressure. The water mass can be
calculated as

m sfw w fw fρ ϕ=β β β β (B.3)

where φβf is the fracture porosity in each reservoir and sβw is
water saturation.
B.1.2. Gas flow in Unconventional Gas Reservoirs. The

mass conservation law for gas flow in the fracture system of
unconventional reservoirs is given as33

m

t
u Q( )

fg
fg fg fgρ

∂
∂

+ ∇· =β
β β β (B.4)

where subscript g represents gas. mβfg is gas mass, ρβfg is the gas
density, and Qβfg is the flow source or sink. The velocity uβfg
can be calculated as

u
k k

p g( )gfg
f rg

fg
f fwμ

ρ= − ∇ +β
β β

β
β β

(B.5)

where kβ and kβrg are the intrinsic and gas relative
permeabilities of unconventional reservoirs.
The gas in the fractures consists of the free gas and the mass

sources supplied by the matrix system:

m s mfg g fg f ga mρ ϕ ρ ρ= + ββ β β β β (B.6)

where sβg is gas saturation, ρga denotes the gas density at
atmospheric pressure, ρβ is the density of the reservoir, and
mβm (m3/kg) is the average remaining gas content in the
reservoir matrix.
In our work, the concept of the dual porosity media is

applied and the continuous approach is implemented. In such
an approach, each computing note represents both fracture and
matrix system, and gas pressure gradient and stress gradient are
not considered in both systems.30 Both systems are
homogenized and at pseudo-steady states. Therefore, mβm is
calculated by a quasi-steady-state equation for gas diffusion in
the matrix40,77

m

t
m m p

d

d
1

( )m

m
m e wallτ

= − [ − ]β

β
β β

(B.7)

where me(pwall) is the gas concentration in equilibrium with
interface pressure pwall. In this equation, the diffusion time of
the matrix (τβm) is expressed as

D
1

m
m m

τ
γ

=β
β β (B.8)

where Dβm is the diffusion coefficient in matrix and γβm is a
shape factor.
Also based on the assumption of the pseudo-steady state, the

interface pressure pwall is equal to the fracture pressure pβg. In
this work, we assumed that only the adsorbed gas exists in a
matrix of the coal reservoir and only the free or dissolved gas
exists in the matrix of sandstone matrix. The former term can
be expressed by the Langmuir isotherm,40 while the latter term
can be calculated with Henry’s law.78 Therefore, we have

m
V p

P p
m p

V p

P p
and ( )cm

cL cmg

cL cmg
ce wall

cL cfg

cL cfg

=
+

=
+ (B.9)

m H p m p H pand ( )sm s smg se wall s sfg= = (B.10)

in which VcL represents the Langmuir volume constant, PcL
denotes the Langmuir pressure constant, and Hs is the Henry’s
constant in the sandstone reservoir.
B.2. Relative Permeability Model
There are four variables (sβfg, sβfw, pβfg, and pβfw) in the
abovementioned equations. These variables cannot be solved
without supplementary equations for saturation and capillary
pressure33

s s 1fw fw+ =β β (B.11)

p p pfc fg fw= −β β β (B.12)

where pβfc is the capillary pressure, which is a function of the
saturation. In this study, the Brooks and Corey formulation is
used to calculate the capillary pressure38

p p s( )fc e ew
1/= λ

β β β
− β

(B.13)

where pβe is the non-wetting phase entry pressure in each
reservoir, sβew is the effective saturation for water phase, and λβ
is a parameter related to the pore size distribution of the
reservoir. The effective water saturation (sβew) is defined as33

s
s s

s s1ew
fw wr

wr gr
=

−
− −β

β β

β β (B.14)

where sβwr is the irreducible water saturation and sβgr is the
residual gas saturation in the fracture zone.
In this study, the relative permeability is governed by the

following functions79

k s s(1 ) (1 )rg ew
2

ew
2= − −β β β (B.15)

k s s(1 (1 ) )m m
rw ew ew

1/ 2= − −β β β (B.16)

kβrg and kβrw are the relative permeabilities of gas and water,
respectively, and superscript m is the pore size distribution
index.
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B.3. Anisotropic Intrinsic Permeability Model
In this work, only the anisotropic fluid property of the fracture
system, that is, the permeability, and its evolution are
considered, and the diffusion time of the matrix (τβm) is
assumed as uniform in three directions and kept constant
during the co-production process. This treatment has little
impact on the results and conclusions, as the permeability in
the fracture system dominates the gas co-production process.
B.3.1. Intrinsic Permeability Model. The cubic law is

applied to describe the relationship between permeability and
porosity

k

k
f

f0

f

f0

3
ϕ

ϕ
=β

β

β

β

i

k

jjjjjj
y
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and the porosity variation is related to the effective strain of the
fracture (εβfe) as

27
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ε= + Δβ

β

β

β
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(B.18)

where φβf0 is the initial fracture porosity in each gas-containing
reservoir.
The effective strain of the fracture (εβfe) is the superposition

of the fracture global strain (εβfg) and local strain (εβfl). The
global strain (εβfg) can be obtained from the difference of
volume strain between reservoir block (b) and reservoir matrix
(m) as28

fg v
b

v
mε ε εΔ = Δ − Δβ β β (B.19)

The volume strains of both reservoir block (b) and reservoir
matrix (m) are affected by the effective stress and gas sorption
behavior as80

v e s
ε ε δ εΔ = Δ + Δβ

γ
β
γ

β β
γ

(B.20)

superscript γ represents the reservoir block (b) or reservoir
matrix (m), and δβ is the adsorption coefficient: 1 for coal
seam and 0 for sandstone tight gas and mudstone. The first
term denotes the effective stress change-induced incremental
strains, and the second term represents the incremental strains
induced by gas sorption, which is described by the Langmuir
equation.
The local strain is induced by the pore pressure difference

between fracture and matrix systems ((pβm − pβf)/Kβf), also
called the intra-interaction strain, and the sorption strain in the
matrix (clfεβms) depending on the reservoir type. Therefore, the
effective strain of the fracture can be written as26
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clf is defined as the local strain coefficient or internal swelling
factor. The first two terms denote the gloal strain, while the last
two terms represent the local strain.
Substituting eq B.21 into eq B.18, we now obtain the

permeability model of the fracture system as
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B.3.2. Anisotropic Permeability Change. Based on eq B.22
and under the assumption that the local strain is uniformly

distributed in the three directions,28 we can obtain the
directional permeability equation as
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in which i, j, and k represent the three directions (x, y, z). The
volume strain and stress relationship in the three directions can
be described as81
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superscript γ represents the reservoir block (b) or reservoir
matrix (m). For the gas reservoirs, the uniaxial strain
assumption is applied and the volume strain change of both
reservoir bulk and reservoir matrix in the x and y directions is
zero;28,81,82 therefore, we have
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After solving the abovementioned equations, we can obtain
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where α is the Biot’s coefficient and Δpl represents the
variation of the fluid pressure. It should be noted that the
fracture system contains both gas and water, and the fluid
pressure is written as33

p s p s pfl w w g g= +β β β β (B.27)

Under the assumption that (i) the geomechanical properties
at two directions parallel to the bedding are also the same and
(ii) all the Poisson’s ratios, ν, are the same, eq B.26 can be
simplified as
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Based on the abovementioned equations, the anisotropic
permeability changes in the horizontal and vertical directions
can be written as
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the subscripts h and v represent the horizontal and vertical
directions, respectively, δβ is the adsorption coefficient: 1 for
coal seam and 0 for sandstone tight gas and mudstone,
superscripts b and m represent the reservoir block (b) or
reservoir matrix (m), respectively. As shown in eq B.29, the
permeability in the vertical direction is only related to the local
strain, while the permeability variation in the horizontal
direction is related to both the global strain in the vertical
direction and local strain.
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