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a b s t r a c t

Matrix swelling effect will cause the change of microstructure of coal reservoir and its permeability,
which is the key factor affecting the engineering effect of CO2-ECBM technology. The Sihe and Yuwu
collieries are taken as research objects. Firstly, visualization reconstruction of coal reservoir is realized.
Secondly, the evolution of the pore/fracture structures under different swelling contents is discussed.
Then, the influence of matrix phase with different swelling contents on permeability is discussed. Finally,
the mechanism of swelling effect during the CO2-ECBM process is further discussed. The results show
that the intra-matrix pores and matrix-edge fractures are the focus of this study, and the contacting area
between matrix and pore/fracture is the core area of matrix swelling. The number of matrix particles
decreases with the increase of size, and the distribution of which is isolated with small size and inter-
connected with large size. The swelling effect of matrix particles with larger size has a great influence on
the pore/fracture structures. The number of connected pores/fractures is limited and only interconnected
in a certain direction. With the increase of matrix swelling content, the number, porosity, width, fractal
dimension, surface area and volume of pores/fractures decrease, and their negative contribution to ab-
solute permeability increases from 0.368% to 0.633% and 0.868%-1.404%, respectively. With the increase
of swelling content, the number of intra-matrix pores gradually decreases and the pore radius becomes
shorter during the CO2-ECBM process. The matrix continuously expands to the connected fractures, and
the width of connected fractures gradually shorten. Under the influence of matrix swelling, the bending
degree of fluid flow increases gradually, so the resistance of fluid migration increases and the perme-
ability gradually decreases. This study shows that the matrix swelling effect is the key factor affecting
CBM recovery, and the application of this effect in CO2-ECBM process can be discussed.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The CO2 geological storage and enhanced coal bed methane
recovery (CO2-ECBM) technology has dual advantages of energy
and environment (Fang et al., 2021; Yang et al., 2021). While
enhancing CH4 recovery to increase CBM production, this
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technology can also sequester CO2 to reduce greenhouse gas
emissions in the atmosphere (Fang et al., 2019a; Zhang et al.,
2021a). A series of CO2-ECBM demonstration projects successively
carried out by various countries have made important progress in
the effectiveness study of the CO2-ECBM (Fujioka et al., 2010; Bustin
et al., 2016), which focuses on CO2 injection, storage mechanism
and capacity, and CH4 stimulation effect (Li et al., 2020a; Zheng
et al., 2020). The changes of permeability caused by competitive
adsorption of CO2 and CH4 after CO2 injected are key to the
commercialization of CO2-ECBM engineering.
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The CO2-ECBM process is accompanied not only by mass
transfer between substances of different phases (Yang et al., 2021),
but also by competitive adsorption between CH4 and CO2 (Sun et al.,
2018; Yang et al., 2021). Compared with CH4, coal matrix has higher
physical adsorption affinity for CO2 (Guo et al., 2018; Hu et al.,
2019). The molar adsorption capacity of the matrix for CO2 is
twice that of CH4, and the volumetric adsorption capacity ratio for
CO2 is about 5 times that of CH4 (Luo et al., 2019; Long et al., 2021),
and this ratio will be further improved under supercritical condi-
tions (i.e., Pressure is greater than 7.3 MPa and temperature is
higher than 31.5 �C), which will result in the matrix swelling and
further lead to the permeability change (Li et al., 2021; Wei et al.,
2021). Therefore, it is very important to accurately quantify the
matrix swelling effect on permeability after CO2 injection.

The influence of matrix swelling on porosity and permeability
can be indirectly reflected in the alteration of pore/fracture struc-
tures. Compared with the fluid as medium to explore matrix
swelling effect (Zhang et al., 2021b; Zeng et al., 2021), the X-ray
computer tomography (CT) technology has significant advantages
(Hao et al., 2020;Wang et al., 2021a). Based on X-ray CT technology,
the 3D visualization reconstruction and quantitative analysis of
matrix swelling effect can be achieved (Fang et al., 2020; Li et al.,
2020b), and the geometric (i.e., Radius, area, volume et al.) and
topological (i.e., Coordination number, Connectivity function et al.)
changes of pore/fracture network under different matrix swelling
contents can be further visualized (Fang et al., 2020; Zhu et al.,
2020). After CO2 is injected into reservoir, the influence of matrix
with different scales, shapes, scales and spatial distribution on
pore/fracture structures under different swelling contents can be
clarified, which is the latest research idea in digital core for digital
reconstruction and characterization of matrix swelling effect in
CO2-ECBM process.

In order to quantitatively and intuitively analyze the pore/frac-
ture structure characteristics caused by matrix swelling, and then
the changes of permeability, the Sihe (SH) and Yuwu (YW) mining
area in Qinshui basin were taken as research objects in this study.
Firstly, the quantitative analysis of coal reservoir was realized.
Secondly, the visualization reconstruction of matrix swelling effect
based on image processing technology was realized, and the evo-
lution of pore/fracture structures under different swelling contents
was discussed. Then, the analysis of geological and mathematical
model for permeability calculation with pore/fracture structure
network as geological carrier was realized, and the influence of
matrix on permeability under different matrix swelling contents
was discussed. Finally, the application and mechanism of matrix
swelling effect during the CO2-ECBM process were further
discussed.

The innovations of this study are mainly reflected in the
following aspects: (1) The visualization reconstruction of matrix
swelling effect based on image processing technology is realized;
(2) The evolution of pore/fracture structure under different
swelling contents is discussed; (3) The influence of matrix on
porosity and permeability under different matrix swelling contents
is discussed; (4) The application and mechanism of matrix swelling
effect in CO2-ECBM process are discussed. This study shows that
matrix swelling effect is the key factor affecting the engineering
realization of CO2-ECBM technology.

2. Samples and methods

2.1. Sample collection and basic testing

The No. 15 coal seam of Taiyuan Formation and No. 3 coal seam
of Shanxi Formation in Qinshui Basin are the main gas-bearing
reservoirs (Zhang et al., 2019a; Hou et al., 2020; Fang et al., 2021),
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and the experimental samples were taken from the fresh working
face of SH and YW mining areas in this area with the sampling
depth of 200e800 m (Fig. 1). The fresh coal samples collected
require specific anti-oxidation treatment (Fig. 1c), and the sample
preparation should be carried out in accordance with the corre-
sponding national standard (i.e. GB/T 6948e2008 and GB/T 8899-
2013; Liu et al., 2017; Fang et al., 2019b; Fang et al., 2021).

Themaximumvitrinite reflectancewas determined according to
the national standard with GB/T 6948-2008 (Fang et al., 2021; Feng
et al., 2021), the proximate analysis follows the national standard of
GB/T 30732-2014 (Liang et al., 2021), and the maceral analysis was
carried out according to the national standardwith GB/T 8899-2013
(Wu et al., 2021). Table 1 shows the key properties of coal samples
used in this study. The maximum vitrinite reflectance of two
samples ranges from 2.19% to 3.33%, which are anthracite. The coal
samples are mainly bright coal, followed by dark coal, which be-
longs to semi-bright coal, and the vitrinite is the main organic
component (Table 1).

2.2. Sample scanning and visualization analysis

2.2.1. Sample scanning
The two samples scanned by X-ray CT technology are small coal

pillars with a diameter of 2 mm and a height of about 6 mm drilled
in a coal pillar with a diameter of 2 cm and a height of 5 cm (Fig. 2a).
The X-ray source, precision sample table, high resolution detector,
data processing system and controller system are the main controls
of this scanning and imaging system used in this study (Fig. 2b;
Fang et al., 2020, 2021) The gray, black and white areas respectively
represent the distribution of organic matter, pores/fractures and
minerals (Fig. 2c).

In this study, the scanning resolution is 1.00 mm, the 990 non-
destructive 2D CT slices with each layer of 988 � 1013 voxels
were obtained from SH sample, and the 990 non-destructive 2D CT
slices with each layer of 988� 1014 voxels were also obtained from
YW sample (Table 2).

2.2.2. Visualization analysis
On the basis of considering the computer memory and running

speed, in order to eliminate the influence of background edges, CT
slices were cut into cubes with sides of 600 voxels according to
their respective effective regions (Fig. 3a), which were the regions
of interest for this image analysis. In order to obtain reliable in-
formation on the image, the median filtering algorithm can be used
to filter the original CT slices (Fig. 3b; Li and Zhang, 2019; Jing et al.,
2021). The watershed algorithm is adopted to determine the seg-
mentation threshold with good recognition ability for weak edges
(Fang et al., 2021; Wang et al., 2021b), and the pore/fracture, matrix
and mineral components can be respectively extracted in digital
coal (Fig. 3c). The representative elementary volume (REV) can
effectively reduce the amount of computer memory and speed up
the calculation (Ni et al., 2017; Wang et al., 2019). The RVE size can
be determined by analyzing the change law of porosity and RVE
size, that is, when porosity does not change any more, the corre-
sponding RVE is used as the RVE of the whole digital coal (Fig. 3d).

2.3. Numerical analysis of matrix swelling process

During the matrix swelling process, the pixel value in matrix is
set to the maximum pixel value in the neighborhood. The matrix
swelling process will firstly fill small pores in matrix (i.e. the B2
region in Fig. 4a and 4b), and the indentation at the boundary in
binary imagewill continue to amplify particle size andmay connect
adjacent particles to the matrix (i.e. the B1 and B3 region in Fig. 4a
and 4b). Specifically, in the original input image, the swelling of



Fig. 1. Sampling point distribution of experimental samples. (a) Location of the Shanxi province in China; (b) Location of the Qinshui Basin in China and the distribution of sampling
point, and (c) Anti-oxidation treatment of coal sample.

Table 1
Key properties of two coal samples used in this study.

Sampling location Ro,max, % Proximate analysis, wt. % Macerals analysis,
vol. %

Mad Aad Vdaf FCad Vit Ine Min

SH 3.33 1.48 13.12 6.32 81.39 79.84 18.36 1.80
YW 2.19 1.10 11.98 13.44 76.19 73.16 23.66 3.18

Notes: wt. %, weight percent; vol. %, volume percentage; Ro,max, maximum vitrinite
reflectance; Mad, moisture; Aad, ash yield; Vdaf, volatile matter; FCad, fixed carbon
content; “ad”, air-drying base; “daf”, dry ash-free basis; Vit, vitrinite content; Ine,
inertinite content; Min, mineral content.
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matrix element A first fills its internal pore B2 and then its marginal
portion B3. When the matrix expands to a certain extent, the pores
and fractures between matrix element A and matrix elements B1

and B3 will be filled (Fig. 4).
Previous studies show that the volumetric swelling rate of CH4

and CO2 adsorbed by reservoir is between 0.2% and 1.6% under
conventional temperature and pressure conditions (George and
Barakat, 2001; Majewska and Zietek, 2007; Zhu et al., 2020).
Therefore, in this numerical simulation, the matrix swelling con-
tent can be set as 0.3%, 0.6%, 0.9%, 1.2% and 1.5% respectively, and
the matrix swelling process can be controlled by combining
porosity. The segmentation threshold of pores/fractures under
different swelling contents of SH and YW samples are shown in
Table 3.

In this study, firstly, the pores/fractures can be extracted from
the selected REV and the initial porosity can be calculated. Sec-
ondly, the corresponding porosity under different matrix swelling
contents can be calculated, and the segmentation threshold of
pore/fracture can be pushed back according to the porosity under
different swelling contents. Then, pores/fractures can be extracted
and their connectivity can be analyzed based on the newly deter-
mined threshold value. Finally, the controlling effect of pore/
89
fracture structure evolution on permeability can be quantitatively
analyzed (Fig. 5).
2.4. Connectivity analysis of microstructures of digital coal

The connectivity of pore/fracture space is an important topo-
logical information of porous media, which will affect the physical
properties of porous media. If the pore phase is continuous from
one end to the other in one direction of the 3D digital coal, it means
that the digital coal is connected in that direction. Digital coal is
composed of a large number of discrete pixels, and the connectivity
between pixels can be described in three ways: 6-connected (i.e.,
voxels with a common face are said to be connected), 18-connected
(i.e., voxels with at least one common edge are said to be con-
nected) and 26-connected (i.e., voxels with at least one common
vertex are said to be connected; Fig. 6; Zhang et al., 2018; Wang
et al., 2020; Fang et al., 2021).

In this study, the connectivity analysis was mainly carried out by
means of 6-connected processing, that is, voxels with common
faces were considered to be connected (Fig. 6a). The reservoir
porosity and connected porosity can be respectively calculated
according to Eqs. (1)-(2):

4 ¼ Vp

Vc
(1)

4c ¼
Vc�p

Vc
(2)

where, 4 and 4c respectively represent reservoir porosity and
connected porosity, Vp and Vc-p respectively represent pore volume
and connected pore volume, and the Vc characterizes the analytical
volume of digital sample.



Fig. 2. The X-ray CT scanning system using the YW sample as an example. (a) Preparation of sample; (b) Imaging system components; (c) Typical 2D CT slices of YW sample.

Table 2
Dimensions of two coal samples used in this study.

Sample ID Sample shape Number of voxel Voxel size

SH Cylindrical type 988 � 1013 � 990 1.00 mm
YW Cylindrical type 988 � 1014 � 990 1.00 mm
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2.5. Calculation of fractural dimension in digital coal

The box-counting dimension method is one of the most
commonly usedmethods to calculate the fractal dimension of pore/
fracture networks in digital image (Wu et al., 2019a, 2019b), which
can be characterized by Eq. (3):

Df ;2D=3D ¼ lim
r/0

log½NðrÞ�
�logðrÞ (3)

where Df is the fractal dimension; N(r) is the number of boxes (i.e.,
Fig. 3. Image processing flow diagram using the SH sample as an example. (a) Original CT se
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sub-cubes) covering the 3D cubes; and r is the side length of the
sub-cube, which can be calculated by dichotomy (He et al., 2021),
and the calculation formula can be shown as follows:

dk ¼
1

rk�1

�
�
�
�
0< k � logminðx; y; zÞ

log r

�
�
�
�
þ 1 ðk ¼ 0; 1; 2; 3 :::::Þ (4)

where, x, y and z respectively represent the side lengths of the sub-
cubes divided.

Fig. 7 is a schematic diagram of calculating fractal dimension by
using box-counting dimension method: (1) Determine the side
length r of box; (2) Cover and segment the digital coal image after
binarization process with boxes of different scales; (3) Cumula-
tively calculate the number of cubes N(r) covering the pore/fracture
space; (4) The set of (r, N(r)) can be obtained by changing the side
length r of the sub-cube; (5) Perform linear fitting between log
[N(r)] and �log(r), and the slope of the fitting curve is the fractal
dimension (Fig. 7).
ction; (b) Median filtering processing; (c) Threshold selection; and (d) Selection of REV.



Fig. 4. Numerical simulation of matrix swelling process. (a) Original image; (b) Swelling image with the pore B2 in matrix; and (c) Swelling image with B1 and B3 regions at the edge
of the matrix.

Table 3
Threshold range of pores/fractures of SH and YW samples under different matrix swelling contents.

Sample ID Threshold range of pores/fractures Threshold segmentation range of pores/fractures

0.00% 0.30% 0.60% 0.90% 1.20% 1.50%

SH �31744/�9767 �31744/�9767 �31744/�9773 �31744/�9779 �31744/�9785 �31744/�9793 �31744/�9799
YW �32512/�22467 �32512/�22467 �32512/�22469 �32512/�22472 �32512/�22474 �32512/�22476 �32512/�22478

Fig. 5. Schematic operation flow of matrix swelling.
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2.6. Calculation of absolute permeability in digital coal

This study mainly explores the pore/fracture structure of coal
reservoir and its corresponding changes of permeability under
different matrix swelling contents. The analyzed samples require
Fig. 6. Schematic diagram of extraction of minerals touched by interconnected po
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effective interconnected pores/fractures to provide corresponding
seepage channels. Therefore, the connectivity analysis of two
samples should be required and the isolated pores/fractures should
be removed (Fig. 8).

In this study, it is assumed that the fluid density is constant and
there is no slip phenomenon at the boundary. That is, it is thought
to be an incompressible viscous flow. The micro-flows can be
simulated using Navier-Stokes equations (Zhang et al., 2019b;
Wang et al., 2020), and the absolute permeability can be calculated
using Darcy's law (Ni et al., 2020; Xie et al., 2020), which are as
follows:

K ¼ QmL
A,DP

¼ G
A

mL
r,DP

(5)

where, K is the absolute permeability, m2; Q is the volume flow, m3/
s; m is the dynamic viscosity coefficient, Pa$s; L is the fluid flow
length, m; A is the cross sectional area of fluid passing through the
pore/fracture grid, m2; DP is the pressure difference, Pa; G is the
mass flow rate; and r is the fluid density.

In this study, the inlet and outlet of fluid flow were set as two
opposite surfaces, the pressure constraint was set as the boundary
res and fractures. (a) 6-connectivity; (b) 18-connectivity; (c) 26-connectivity.



Fig. 7. Schematic diagram of fractal dimension calculation based on the digital coal images.

Fig. 8. Schematic diagram of boundary condition setting using the X direction in YW sample as an example. (a) Three-dimensional view; and (b) Two-dimensional view.
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conditions of the inlet and outlet, and the boundary conditions of
the other four surfaces were set as the no-slip surface. The inlet
pressure was 0.13 � 10�6 MPa, the outlet pressure was
0.10 � 10�6 MPa, and the dynamic viscosity of water was
0.001 Pa$s, and the density of water is equal to 1000 kg/m3 (Fig. 8).
3. Results

3.1. Microstructure characteristics and segmented phases of digital
coal

In order to intuitively explore the influence of matrix on pore/
fracture structure, the FIB-SEM technology was used to scan the
region of interest in the analysis domain with nano-scale resolu-
tion, and its typical 2D slices can be shown in Fig. 9. The black, gray
and white in typical 2D slices represent pores/fractures, matrixes
and minerals, respectively, which indicates the microstructure of
the reservoir is highly heterogeneous (Fig. 9). The pores/fractures
are often filled with minerals, which will make the permeability
92
worse. There are intra-matrix pores (i.e., the pores are developed
within the matrix), matrix-edge fractures (i.e., the fractures are
developed at the edge of the matrix) and intra-mineral pores (i.e.,
the pores are developed within the mineral) in coal reservoir,
among which, the intra-matrix pores andmatrix-edge fractures are
the focus of this study, and the contacting area betweenmatrix and
pores/fractures is the core area of matrix swelling (Fig. 9).

The pore/fracture, matrix and mineral can be respectively
extracted from REV, and the connected pores/fractures can be
further extracted from pores/fractures (Fig. 10). The gray area rep-
resents the pores, which are ellipsoidal and conical in each region
of the sample space. Blue area is inorganic mineral, which is mainly
distributed in the middle of sample space with irregular shape.
Green area represents the matrix, which is a kind of organic matter
that accounts for a large proportion of coal (Fig. 10). The inter-
connected pores/fractures in SH sample are mainly distributed in
sheets, while those in YW sample are mainly distributed in bands
(Fig. 10). The spatial distribution of the interconnected pores/frac-
tures has a great influence on the permeability evolution, and the



Fig. 9. Microstructure characteristics of coal reservoir. (a) Distribution of pore, matrix and mineral phases in coal reservoir, and (b) Pores and fractures distribution in mineral and
matrix phases.
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transformation and reconstruction of the interconnected pores/
fractures by the swelling effect is the core content of this study. The
visualization and reconstruction results of SH and YW samples
show that the reservoir structure has high spatial heterogeneity.

Calculate the volume fraction of each component in REV, and
the calculation results are shown in Table 4. For SH sample, the
volume fraction of pores/fractures, matrixes and minerals are
10.823%, 83.024% and 6.153%, respectively. For YW sample, the
volume fraction of pores/fractures, matrixes and minerals are
8.059%, 58.780% and 33.161%, respectively (Table 4). The porosity of
the interconnected pores in SH and YW samples is 3.33% and 5.44%
respectively, which indicates that the coal samples have good
connectivity. The 3D fractal dimension is between 2 and 3, and the
higher the fractal dimension is, the more complex the pore/fracture
structure is. The fractal dimension of the interconnected pores/
fractures of SH and YW samples is 2.27 and 2.18 respectively, which
indicates that the structures of the interconnected pores/fractures
in coal samples are simple.
3.2. 3D visualization of matrix phase under different particle sizes

This study mainly discusses the influence of matrix swelling on
the interconnected pore/fracture structures. Therefore, it is neces-
sary to further analyze thematrix phase in digital coal. In this study,
the matrix phase in digital coal is regarded as equivalent particles,
and the size, area, volume and other parameters can be analyzed
according to the size of the particles, and then the evolution
morphology of the matrix can be evaluated.

In the analytical domain of SH sample, the number of matrix
particles is limited, and they are concentrated in the size range of
0e3 mm and >12 mm, and there is no matrix development in other
size ranges (Fig. 11a). When the size of matrix particles is less than
12 mm, the matrix development is usually isolated (Fig. 11a). When
the size of matrix particles is larger than 12 mm, the matrix
development shows a connected distribution, and the swelling
effect of this matrix part has a great influence on the reconstruction
of the interconnected pore/fracture structures (Fig. 11a). When the
size of matrix particles is 0e3 mm, the mean values of equivalent
radius, length, width, area and volume are 1.41 mm, 1.68 mm,
1.30 mm, 4.54 mm2 and 4.58 mm3, respectively (Table 5). When the
size of matrix particles is greater than 12 mm (i.e. 349.80 mm), the
average length, width, area and volume of matrix particles are
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519.07 mm, 328.45 mm, 7490870 mm2 and 22411200 mm3, respec-
tively (Table 5).

For the matrix phase of YW sample, it is distributed in different
size ranges, and the number of particles decreases with the increase
of size. In 0e3 mm, 3e6 mm, 6e9 mm, 9e12 mm and >12 mm, the
number of particles is 9818, 1165, 50, 7 and 1, respectively (Fig. 11b;
Table 5). Similar to SH sample, when the pore size of matrix par-
ticles is less than 12 mm, the development of matrix usually pre-
sents an isolated distribution (Fig. 11b). When the size of matrix
particles is larger than 12 mm, the matrix development shows a
connected distribution. The swelling effect of matrix in this part has
a great influence on the interconnected pore/fracture structures,
which is the key part of the matrix phase in this study (Fig. 11b).
With the increase of particle diameter, the average value of
equivalent radius, length, width, area and volume all increase.
When the diameter of matrix particles is 311.16 mm, the average
length, width, area and volume of matrix particles are 519.07 mm,
328.45 mm, 6548020 mm2 and 15773900 mm3, respectively (Fig. 11b;
Table 5).
4. Discussion

4.1. Microstructure evolution of pores and fractures due to matrix
swelling

Fig. 12 shows the microstructure evolution of the inter-
connected pores/fractures in SH and YW samples under different
swelling contents. The different colors in Fig. 12 respectively
represent different pores/fractures. Although there are a large
number of pores/fractures in the analysis domain, the distribution
of interconnected pores/fractures is limited, and only 2 connected
pores/fractures are distributed in sample (Fig. 12). The change of
the characterizing color for same pores/fractures under different
swelling contents reflects the influence of swelling effect on the
pore/fracture structures. In SH sample, the pores/fractures are only
connected in the Z direction (Fig. 12b), while in YW sample, which
are only connected in the X and Y directions (Fig. 12d). Although
there is little difference between the visualization results of inter-
connected pores/fractures under different swelling contents
(Fig. 12), the influence of swelling on reservoir microstructure can
be quantitatively analyzed through the change of geometric pa-
rameters of pore/fracture structures (Figs. 13e14).



Fig. 10. 3D visualization characterization of coal reservoir structure model and its connectivity analysis. (a) SH sample; (b) YW sample.

Table 4
Calculation results of coal sample component content.

Sample ID Pore model Matrix model Mineral model

Voxel count Volume, mm3 Volume fraction, % Voxel count Volume, mm3 Volume fraction, % Voxel count Volume, mm3 Volume fraction, %

SH 2.92 � 106 2.92 � 106 10.823 2.24 � 107 2.24 � 107 83.024 1.66 � 106 1.66 � 106 6.153
YW 2.18 � 106 2.18 � 106 8.059 1.59 � 107 1.59 � 107 58.780 8.97 � 106 8.97 � 106 33.161
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Fig. 11. Results of X-ray CT data analysis showing 3D visualization of matrix phase under different scales. (aee) SH sample; (fej) YW sample.

Table 5
Results of parameter calculation of matrix phase under different scales.

Samples Parameters Particle sizes, mm

0e3 3e6 6e9 9e12 >12

SH Number 12 0 0 0 1
Diameter, mm (1.24e1.79)/1.41 e e e (349.80e349.80)/349.80
Length, mm (1.09e3.08)/1.68 e e e (519.07e519.07)/519.07
Width, mm (1.09e1.63)/1.30 e e e (328.45e328.45)/328.45
Area, mm2 (3.00e8.28)/4.54 e e e (7490870-7490870)/7490870
Volume, mm3 (1.00e3.00)/1.58 e e e (22411200-22411200)/22411200

YW Number 9818 1165 50 7 1
Diameter, mm (1.24e2.99)/1.73 (3.06e6.00)/3.78 (6.02e8.85)/6.84 (9.18e11.02)/9.81 (311.16e311.16)/311.16
Length, mm (1.09e7.87)/2.63 (4.49e21.60)/8.39 (10.58e28.45)/18.99 (23.34e37.39)/29.73 (519.07e519.07)/519.07
Width, mm (1.09e4.03)/1.62 (3.35e8.72)/4.12 (6.10e14.51)/9.19 (12.60e17.20)/14.79 (328.45e328.45)/328.45
Area, mm2 (3.00e35.65)/8.69 (27.88e223.58)/61.16 (157.35e644.15)/303.21 (644.21e1248.63)/874.60 (6548020-6548020)/6548020
Volume, mm3 (1.00e14.00)/3.43 (15.00e113.00)/31.00 (114.00e363.00)/174.00 (405.00e700.00)/499.29 (15773900-15773900)/15773900

Notes: (Minimum valueeMaximum value)/Average value.
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Fig. 13 shows the parameter changes of pores/fractures struc-
tures under different swelling contents. With the increase of
swelling content, the number of pores/fractures decreases. The
number of pores/fractures in SH sample changes evenly, while
which significantly changes at a lower level and gently at a higher
level in YW sample (Fig. 13a). The porosity of SH and YW samples
decreases from 10.9% and 8.08% to 10.63% and 7.81%, respectively.
The porosity shows a decreasing trend, and the variation trend
between samples was relatively consistent (Fig. 13b). The fractal
dimension of SH and YW samples decreases from 2.4832 and
2.3780 to 2.4822 and 2.3723, respectively. The decreasing trend of
the fractal dimension between samples indicates that the increase
of the swelling content made the development of pores/fractures
simpler and its complexity gradually decreased (Fig. 13c). The pore
width of SH and YW samples decreases from 2.4799 mm and
2.24699 mm to 2.4722 mm and 2.24399 mm, respectively. The
decreasing trend of width between samples indicates that with the
increase of swelling content, the spacing between samples became
narrower and narrower, which shows that the swelling effect has a
great influence on the development of pore/fracture structures
(Fig. 13d). The surface area and volume of pores/fractures also
decrease in accordance with the above structural parameters. The
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surface area of SH and YW samples decreases from 51.70 mm2 and
87.697 mm2 to 49.07 mm2 and 84.912 mm2, respectively (Fig. 13e).
The volume decreases from 28.23 mm3 and 62.362 mm3 to
26.69 mm3 and 60.0417 mm3 (Fig. 13f). The variation of structural
parameters under different swelling contents indicates that the
matrix swelling has an effect on the microstructures of coal
reservoir.

Fig.14 shows the variation of structural parameters of connected
pores/fractures in reservoir under different swelling contents. With
the increase of swelling content, the number of connected pores/
fractures did not change (Fig. 14a), which mainly because there
were only two connected fractures in SH and YW samples, and the
reconstruction effect of swelling effect on pore/fracture micro-
structures was weak in connected pores/fractures. The porosity of
SH and YW samples decreases from 5.44% and 3.33% to 5.16% and
3.04% respectively (Fig. 14b), and the decrease of porosity of con-
nected pores/fractures led to poor connectivity of samples, which
will be bound to have a negative impact on fluid migration in the
process of CO2-ECBM. The fractal dimension of SH and YW samples
decreases from 2.180 and 2.269 to 2.145 and 2.258, respectively
(Fig. 14c), which indicates that the morphological development of
connected pores/fractures is relatively simple and its spatial



Fig. 12. Microstructure evolution under different matrix swelling contents. (aeb) SH sample; (ced) YW sample; (a/c) Total porosity; and (b/d) Connected porosity.

Fig. 13. Parameter evolution of pores/fractures under different matrix swelling contents. (a) Number; (b) Volume fraction; (c) Fractal dimension; (d) Width; (e) Surface area; and (f)
Volume.
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Fig. 14. Parameter evolution of interconnected pores/fractures under different matrix swelling contents. (a) Number; (b) Volume fraction; (c) Fractal dimension; (d) Width; (e)
Surface area; and (f) Volume.
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complexity is low, which also indicates the influence of matrix
swelling on the reconstruction of connected pores/fractures is
weaker than that of non-connected pores/fractures. The widths of
connected pores/fractures of SH and YW samples remains at
212.832 mmand 151.873 mm, respectively (Fig. 14d), which indicates
that matrix swelling effect has almost no influence on the widths of
connected pores/fractures. The surface area of SH and YW samples
decreases from 919308.8 mm2 and 621451.5 mm2 to 873969.5 mm2

and 552877.9 mm2, respectively (Fig. 14e). The volume decreases
from 733930.5 mm3 and 449787.5 mm3 to 696687.0 mm3 and
410939.5 mm3, respectively (Fig. 14f). The changes of structural
parameters of connected pores/fractures under different matrix
swelling contents indicate that the matrix swelling will affect the
microstructure changes of interconnected pores/fractures, and
further affect the fluid migration during CO2-ECBM process.

Fig. 15 shows the variation range of structural parameters of
pores/fractures in coal reservoir under different matrix swelling
contents. When the swelling content increases from 0.30% to 0.60%,
and 0.90% to 1.20%, the variation range of structural parameters
increases. When the swelling content increases from 0.60% to
0.90%, and 1.20% to 1.50%, the variation range of each structural
parameter shows a decreasing trend. Therefore, with the increase
of swelling content, the variation range of structural parameters of
pores/fractures in digital coal increases first and then decreases.
The number and width of interconnected pores/fractures are
almost not affected by the matrix swelling content. The variation
range of volume fraction and fractal dimension is consistent be-
tween different samples (Fig. 15).

4.2. Effects of matrix swelling on reservoir permeability

In order to investigate the influence of different swelling con-
tents on permeability evolution, the numerical simulation of single-
phase fluid was carried out using the connected pores/fractures as
geological carrier. In this numerical simulation study, it is assumed
that the contacting surface of fluid and solid is non-slip surface, and
the interconnected pores/fractures are separated from the matrix.
In this study, the analysis domain was 300 � 300 � 300 pixels, and
its actual voxel was 300 � 300 � 300 mm3. The maximum inter-
connected pores/fractures was firstly extracted in the analysis
domain.
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The absolute permeability in reservoir is calculated under
different matrix swelling contents, and the quantitative results are
shown in Table 6. During the simulation process of matrix swelling
effect, the absolute permeability of SH and YW samples decreases
from 19.122 mD to 18.696 mD and 20.618 mD to 19.522 mD,
respectively. The negative contribution of matrix swelling effect to
absolute permeability of SH and YW samples increases from 0.368%
to 0.633% and 0.868% to 1.404%, respectively, and the net contri-
bution is 0.265% and 0.836% (Table 6). The absolute permeability of
samples decreases with the increase of matrix swelling effect,
which indicates that matrix swelling can reduce the fluid flow ca-
pacity in reservoir, which is bound to negatively affect the transport
of CO2 and CH4 in the process of CO2-ECBM.

The evolution of fluid velocity field under different matrix
swelling contents is shown in Fig. 15. The flow direction of SH and
YW samples is X and Z axis respectively, which is consistent with
this direction. The density of streamlines decreases with the in-
crease of matrix swelling, and the fewer routes through which the
fluid flows, the lower its permeability (Fig. 16b and 16d). For SH and
YW samples, the difference of streamline density is small under
different swelling contents, which also indicates that the change of
absolute permeability is small, and the single swelling effect has a
limited influence on permeability. The interconnected fractures of
YW sample are more developed than that of SH sample (Fig. 16a
and 16c), and the interconnected fractures have a greater impact on
permeability, which also well explains that the absolute perme-
ability of YW sample is higher than that of SH sample, and the
negative contribution of matrix swelling effect to YW sample is
greater than that of SH sample.

4.3. Mechanism analysis of permeability evolution during CO2-
ECBM process with matrix swelling effect

In the process of CO2-ECBM, the connected pores/fractures of
coal reservoir, as the main channel of fluid migration, are bound to
have a negative impact on CO2 storage and CH4 stimulation under
the influence of matrix swelling effect. As the matrix swelling
content increases, the number of pores in matrix gradually de-
creases and the pore radius becomes shorter (Fig. 17). The matrix
continuously expands to the connected pores/fractures, and the
width of which gradually shorten (Fig. 17). Under the influence of



Fig. 15. Reduction degree of parameter of pore/fracture with different swelling contents. (a) Number; (b) Volume fraction; (c) Fractal dimension; (d) Width; (e) Surface area; and (f)
Volume.

Table 6
Variation of absolute permeability of SH and HD samples under different swelling contents.

Sample ID Absolute permeability, mD/Negative contribution degree, %

0.00% 0.30% 0.60% 0.90% 1.20% 1.50%

SH 19.122/e 19.001/0.633 18.931/0.368 18.847/0.444 18.736/0.589 18.696/0.213
YW 20.618/e 20.439/0.868 20.152/1.404 19.970/0.903 19.713/1.287 19.522/0.969

Fig. 16. 3D visualization of velocity field of SH and YW samples in the experiment simulation.
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matrix swelling on connected pores/fractures, the bending degree
of fluid flow increases and the connectivity gradually decreases, so
the resistance of fluid migration increases and the permeability
decreases gradually.
98
In the process of CO2-ECBM, the reservoir permeability is
affected not only by matrix swelling caused by competitive
adsorption of CH4 and CO2, but also by reservoir effective stress
effect (Fig. 18). In the area near the gas injection well (i.e. point A in
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Fig. 18), the injection of CO2 will reduce the reservoir effective
stress, which will lead to the improvement of porosity and
permeability. At the same time, the injected CO2 will have
competitive adsorption with CH4, and due to the preferential ab-
sorption of CO2 by coal matrix, the injected CO2 will cause great
matrix swelling, which will result in the decrease of permeability.
At the same time, the matrix swelling effect caused by the
competitive adsorption of CH4 and CO2 has a more important in-
fluence on permeability than the effective stress effect, and its main
importance is increasing (Fig. 18). Therefore, in the process of CO2-
ECBM, the permeability of the area near the CO2 injection well
gradually decreases, and the closer it is to the gas injectionwell, the
permeability decreases. In the area near the production well (i.e.
point B in Fig. 18), when the injected CO2 does not spread to this
area, the permeability evolution mechanism is similar to that of the
direct exploitation of coalbed methane, which will result in the
increase of permeability at the initial stage. When the injected CO2
began to spread to the area, the permeability evolution mechanism
was similar to that of the area near the gas injection well (Fig. 18),
whichwill result in the gradual decrease of permeability in the later
stage.
5. Conclusions

Based on the fact that the expansion effect of matrix will affect
the pore and fracture structures of coal reservoir and its porosity
and permeability, and the core conclusions are as follows:

(1) Pores are usually ellipsoidal and conical and the inorganic
minerals are irregular in shape. Interconnected pores/frac-
tures are mainly distributed in sheets and bands, which in-
dicates that reservoir microstructure has high spatial
heterogeneity. There are intra-matrix/mineral pores and
matrix-edge fractures, among which the intra-matrix pores
Fig. 17. Schematic diagram of matrix swelling and its effect on micro
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and matrix-edge fractures are the focus, and the contacting
area is the core area of matrix swelling.

(2) The number of matrix particles tends to decrease with the
size increase. With the increase of particle diameter, the
mean values of radius, length, width, area and volume all
increase. When the size is small, the matrix usually presents
an isolated distribution, while when the size is large, the
matrix presents a connected distribution, and the swelling
effect of matrix with larger size has a great influence on the
reconstruction of interconnected pores/fractures.

(3) There are many pores/fractures in analysis domain, but the
interconnected pores/fractures are limited in distribution
and only connected in a certain direction. With the increase
of swelling content, the number, porosity, width, fractal
dimension, surface area and volume of interconnected pores/
fractures decrease, which will influence the microstructure
of interconnected pores/fractures, and further affect the fluid
migration during the CO2-ECBM process.

(4) With the increase of swelling content, the negative contri-
bution of swelling to absolute permeability of SH and YW
samples increases from 0.368% to 0.633% and 0.868% to
1.404%, respectively. The less the flow route, the density of its
streamline gradually decreases, which can reduce the flow
capacity. Under different swelling contents, the difference of
streamline density is small, which indicates that the change
of absolute permeability is small.

(5) During the CO2-ECBM process, the change of permeability is
mainly affected by the matrix swelling effect caused by the
competitive adsorption of CH4 and CO2. As the matrix
swelling content increases, the number of pores in matrix
decreases and the pore radius becomes shorter. The matrix
continuously expands to the interconnected fractures, and
the width of which gradually shorten. Under the influence of
the matrix swelling, the bending degree of fluid flow in-
creases and the connectivity gradually decreases, so the
structure of pore and fracture under different swelling contents.



Fig. 18. Schematic diagram of permeability evolution mechanism of CBM reservoir after CO2 injection.
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resistance of fluid migration increases and the reservoir
permeability gradually decreases.
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