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a b s t r a c t

Gas channeling in fractures during CO2 injection into the deep coal seam seriously reduces the CO2

storage efficiency after the development of coalbed methane. The generation and migration of coal fines
causes blockages in the fractures in the stage of drainage and gas production, reducing the gas chan-
neling effect of injected CO2 caused by the heterogeneity of the coal seam. To explore the impact of coal
fines within coal seam fractures on the efficacy of CO2 storage, experiments on the production stage and
CO2 injection for storage were conducted on coal combinations containing propped fractures, fractures,
and matrix. The CO2 storage characteristics of coal at the constraint of coal fines, as well as the influence
of multiple rounds of intermittent CO2 injection and different injection parameters on the CO2 storage
effect, were analyzed. The research results show that blockage by coal fines increases the resistance to
fluid flow in the fractures by 71.2%. The CO2 storage capacity and storage potential of coal with coal fines
are 6.5 cm3/g and 8.8% higher than those of coal without coal fines, while the CO2 storage capacity of
fractured coal under the influence of coal fines has the largest increase of 9.4 cm3/g. The CO2 storage of
coal containing coal fines is significantly higher (6.6%) than that of the coal without coal fines. The CO2

storage effect of the coal with coal fines is improved with the increase in injection rate, whereas the CO2

storage effect of the coal without coal fines decreases significantly (by 7.8%). Multiple rounds of inter-
mittent injection increases the CO2 storage volume of coal by 20.4% (with coal fines) and 17.1% (without
coal fines). The presence of coal fines in fractures also slows down the downward trend of CO2 storage
fraction after multiple rounds of CO2 injection. The blockage in fractures significantly increases the CO2

injection time and difficulty, but can increase the CO2 storage fraction by 4.7%e17.1%, and the storage
volume by 1.9%e14%, increasing the feasibility of CO2 storage in fractured coal seams that have previ-
ously been exploited for methane production. The multiple rounds of intermittent CO2 injection and
shut-in periods has shown potential for greater CO2 storage and injection efficiency.
© 2025 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

Deep coal seams are widely distributed in China, and they
represent a great potential for both the development of coalbed
methane resources and CO2 storage (Li et al., 2018; Qin et al., 2020).
Partially produced methane production wells can be converted to
inject CO2 in the late stage of coalbedmethane development, which
y Elsevier B.V. on behalf of KeAi Co
not only improves the overall recovery of CH4 from the coal seam,
but also achieves significant CO2 storage (Fan et al., 2019a, 2019b,
2021; Zhang and Ranjith, 2019). Deep coal reservoirs exhibit poor
reservoir properties, typically with matrix porosity ranging from
2.0% to 6.5% and permeability ranging from 0.001 to 0.1 mD. The
permeability can be as low as 0.0001mD or even lower in deep coal
seams with high stress or underdeveloped fractures, categorizing
them as ultra-low porosity and ultra-low permeability reservoirs
(Li et al., 2023; Lin et al., 2024). Hydraulic fracturing and other
measures are commonly used to enable the economical and
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efficient extraction of coalbed methane (Clarkson and Bustin, 2010;
Ma et al., 2022). One of the unfortunate results of inducing fracture
systems is that the high-permeability channels that are formed lead
to an increase in heterogeneity of fluid flow within the coal seam.
The heterogeneity induced by the fracturing may potentially result
in injected CO2 flowing directly from injection wells to production
wells along high-flow rate fracture channels (Song et al., 2018;
Zhang et al., 2021), leading to limited access of the injected CO2 to
the coal matrix, where it can be adsorbed and stored, as well as
early break-through at production wells. This is a very inefficient
way of attempting to store CO2. Consequently, gas flow heteroge-
neity in fractured coal seams is a key factor in determining the
feasibility of CO2 injection and storage. Intuitively, it would be
optimal for injection and productionwells to straddle the dominant
fracture direction, rather than having the fractures directly linking
the injection and production wells.

Coal fines are produced to varying degrees in coal seams during
drilling, fracturing, and coalbed methane drainage stages. They
have a wide particle size distribution, ranging from tens of nano-
meters to several millimeters (Cheng and Pan, 2020; Wang et al.,
2023), and are carried by the fluid and transported, causing
blockage in the natural and induced fracture systems (Wang Z.
et al., 2021). The migration of coal fines is a typical issue in coal-
bed methane development research. The mechanism of coal fines
transport and blockage is characterized usingmathematical models
and simulation displacement experiments such as
gaseliquidesolid three-phase flow model, visualization simulation
of coal fines migration using a visualization model, experiments on
coal finesmigration in fractured core samples (Han et al., 2024; Guo
et al., 2016). It was found that gasewater two-phase flow has a
strong disturbance effect on coal fines, causing them to be activated
and carried by the fluid. The water phase is highly effective at
transporting coal fines. The transported coal fines can easily rede-
posit in the narrow parts of fractures, leading to blockages that
significantly reduce the fracture conductivity (Huang et al., 2024;
Zhu et al., 2017).

The blockage of coal fines can significantly affect coalbed
methane production as well as CO2 storage through several
competing mechanisms (Guo et al., 2018). Coal fines can block
fractures completely or partially, leading to reductions in both
methane production and CO2 injection. However, the inhibition of
gas flow by coal fines can increase the volume of CO2 that can be
injected and stored because the injected CO2 flows into the matrix
more, interacting with the coal surfaces there, and being adsorbed
(Cheng et al., 2021; De Silva et al., 2012). Consequently, it is
important to study the influence and mechanism of coal fines
retention in fractures on the CO2 storage characteristics of the coal
seam during CO2 injection, in order to lay the foundation for
demonstrating the feasibility of CO2 storage by CO2 injection into
fractured coal seams in the late development stage.

The adsorption of CO2 onto coal surfaces takes time. The rate of
CO2 adsorption onto coal depends on pressure, temperature, and
the size of the coal surface area. The geometric shape of coal is a
determining factor for the rate of CO2 adsorption under the same
conditions. Experimental results show that the rate of CO2
adsorption by coal fines is more than 50 times that of coal in small
blocks (Busch et al., 2004; Feng et al., 2021; Sun et al., 2021).
Additionally, diffusion time of CO2 from fractures into the matrix
also has an effect. As a consequence, coal seams cannot adsorb CO2
until fully saturated during the short CO2 injection periods (Du
et al., 2021; Wang et al., 2020; Yang et al., 2022). As a result, the
full CO2 storage potential of the coal seam is not fully utilized.

A multi-cycle intermittent gas injection technique has been
proposed to address this problem, allowing more time for coal to
adsorb CO2, while also reducing ineffective CO2 circulation caused
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by gas flowing predominantly through the fractures (Jin et al., 2021;
Rezk and Foroozesh, 2022; Rezk et al., 2023). Consequently,
exploring the influence of injection parameters and intermittent
CO2 injection on the CO2 storage effect in coal seams considering
the constraint of coal fines retention in the fractures is essential for
efficient CO2 injection and storage in fractured coal seams.

In this paper, anthracite samples from the Qinshui Basin, China,
were prepared to represent coal with propped fractures, unprop-
ped fractures, and the unfractured coal matrix. The coalbed
methane drainage, gas production, and CO2 storage experiments
were carried out on the coal sample combinations both with and
without coal fines occupying the fractures. Variations in flow
resistance caused by coal fines blockage in the fractures were
observed, and the CO2 storage ability of propped fractures,
unpropped fractures, and coal matrix samples, both with and
without coal fines, were compared. The influence of coal fines on
the ability of coal seams to store CO2 at different injection pres-
sures, injection speeds, and in multiple intermittent CO2 injection
processes was also studied. Theoretical and experimental data
support was provided for evaluating the feasibility and storability
of injected CO2 after the coal seam is fractured for coalbed methane
development was also considered.

2. Methodology

2.1. Materials

The research target reservoir is the #3 coal seam in the southern
part of the Qinshui Basin (south-eastern Shanxi Province, China),
which occurs at a depth of 800e1300m and temperatures between
41.6 and 53.8 �C. It is very difficult to obtain large coal samples from
such depths. Consequently, the anthracite samples used in our
experiments were all collected from a large coal block sample at a
depth of 712 m in the #3 coal seam of the Lu'an Yuwu Coal Mine. Its
properties are shown in Table 1, where Ro,max is the maximum
vitrinite reflectance value when using polarized light and is a
measure of coal maturity; and Mad, Aad, Vdaf, FCad are fractions of
moisture (water), ash, volatiles, and fixed carbon in the coal,
respectively, summing to 100 wt% (Zhang et al., 2023).

The large coal block sample was cut using a wire-cutting
method to obtain seven cylindrical coal samples with uniform
size and similar physical properties. These samples were prepared
to facilitate comparative experiments exploring the CO2 storage
characteristics of coal, focusing on the CO2 storage characteristics of
coal with and without coal fines in fractures. The basic parameters
for each sample are shown in Table 2. Among these, coal samples
P1, P2, F1, F2, M1, and M2 were used for CO2 storage experiments,
and coal sample AQwas used in maximum CO2 adsorption capacity
tests.

The brine used in the experimentwas prepared in the laboratory
according to the formation water data, the main cations were Ca2þ,
Naþ, Kþ, and Mg2þ; the main anions were Cl�, and HCO3

�. The for-
mation water salinity was 5000 mg/L, and the water type was
calcium chloride type.

2.2. Coal sample preparation

In experimental core flooding, the scale of the core is smaller,
these processes of fluid flow take less time to develop to their
fullest extent than they would at the field scale. Consequently, the
drainage and gas production stage for the core flooding is shorter
than that in the actual coal seam, and the amount of coal fines
produced from the coal sample is much less.

In this work some of the coal samples had their fractures pre-
loaded with coal fines before the experimental simulation of the



Table 1
Analysis of coal composition.

Coal rank Source Ro,max, % Mad, wt% Aad, wt% Vdaf, wt% FCad, wt%

Anthracite Qinshui Basin 2.83 0.38 8.12 9.58 81.92

Table 2
Basic parameters of the coal cores.

Coal number Length, cm Diameter, cm Mass, g Porosity, % Permeability, 10�3 mm2 Type of coal sample prepared

P1 9.64 5.041 275.3 4.58 0.084 Propped fracture with coal fines
P2 9.57 5.027 278.4 4.46 0.082 Propped fracture without coal fines
F1 9.62 5.031 276.6 4.64 0.086 Unpropped fracture with coal fines
F2 9.57 5.028 274.7 4.65 0.088 Unpropped fracture without coal fines
M1 9.58 5.021 286.5 4.77 0.087 Matrix coal
M2 9.53 5.015 288.6 4.89 0.086 Matrix coal
AQ 9.59 5.026 283.3 4.56 0.083 Coal for CO2 adsorption capacity tests
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drainage and gas production stage. The state of coal fines migration
and blockage in the fractures at the end of water drainage and gas
production can better simulate the distribution of coal fines
retained in the fractures before the CO2 injection into the actual
coal seam. Other fractured coal samples were measured without
preloading coal fines in order to act as control samples, so that the
influence of coal fines in the fractures on CO2 storage could be
measured. Different types of coal samples were prepared using a
wire-cutting method. Among these, coal samples P1, P2, F1, and F2
were cut axially into two equal parts. The cutting process was
intended to simulate a fracture. The preparation process of propped
and unpropped fractured cores is shown in Fig. 1.

A mixture of quartz sand and coal fine particles was prepared to
be placed in the ‘fractures’ between the two halves of certain
samples. The quartz sand was consistent with the 40e80 mesh
quartz sand proppant used during on-site fracturing operations.
Synthetic coal fines were prepared by grinding and sieving
anthracite samples to obtain a mesh size of 100e350 mesh, ac-
cording to the particle size characteristics of the coal fines
(150e350 mesh) produced in the coal seam (Shi et al., 2018).
Because smaller coal fines are more easily transported and pro-
duced, it is possible that relatively larger coal fines may become
trapped in the fractures. Therefore, the size range of coal fines
placed in fractures during the experiment was appropriately
expanded during the process. Themass fraction ratio of quartz sand
to synthetic coal fines in themixture during the experiment was set
to 4:1, which was chosenwith reference to themeasuredmass ratio
of proppant to coal fines output from the coal seam (Wei et al.,
2019; Zhu et al., 2023). Only quartz sand without coal fines was
used as the fracture filling material in some samples. It is worth
noting that the effect of CO2 adsorption by coal fines on the
experimental results was neglected, considering that the mass of
coal fines in the fractures is much smaller than the mass of the coal
Fig. 1. The preparation process of propped fracture and unpropped fracture cores. (a)
Core wire sawing, (b) the placement of coal fines and proppant, (c) the fixation of core
with heat shrink films.
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core combination and the volume of CO2 adsorbed by coal fines was
much lower than that adsorbed of coal pillars.

In each case, the filling, if present, was added to one surface of
the fracture to the desired thickness before placing the other half of
the sample on it (Hu et al., 2020; Yang et al., 2018). For sample P1,
the filling was a mixture of quartz sand and coal fines with a
thickness of 3 mm. This sample represents a hydraulically fractured
coal that produces coal fines. For sample P2, the filling consisted
only of quartz sand, with no coal fines, with a thickness of 3 mm.
This sample represents a hydraulically fractured coal producing no
coal fines. For sample F1, the filling consisted only of coal fines with
a thickness of about 0.5 mm, representing a naturally fractured
sample containing coal fines. The final fractured sample, F2, which
was given no filling, represents a naturally fractured sample that
produces no coal fines.

Finally, each of the samples was wrapped in heat-shrink film.
The heat-shrinkable film was heated to secure the coal sample. In
addition, unfractured coal samples, M1 and M2, were prepared to
examine the experimental results from a homogeneous, unfrac-
tured matrix (matrix coal sample). A seventh sample, AQ, was also
prepared and used for adsorption tests.
2.3. Method for evaluating CO2 storage capacity in coal

The ability of coal to store CO2 when injected with CO2 was
evaluated using the following parameters: (i) CO2 storage capacity,
Sp, which is defined as the volume of CO2 per unit mass of coal, (ii)
CO2 storage fraction, F, which represents the percentage of the
injected gas that is stored, and (iii) the extent to which the
maximum CO2 storage potential of coal is exploited during the
injection period, which is referred to as the fractional CO2 storage
potential.

To compare the capacity of CO2 stored in different coal samples,
the CO2 storage capacity, Sp, is defined as the volume of CO2 stored
per unit mass of coal (at standard conditions, 25 �C and 0.1 MPa),

Sp ¼Vs

m
(1)

where Sp represents the CO2 storage capacity, cm3/g; Vs is the
volume of CO2 stored in coal during the test, cm3; andm is the mass
of coal used in the test, g.

The CO2 storage fraction, F, refers to the percentage of the vol-
ume of CO2 stored in coal to the total volume of injected CO2, which
is used to characterize the utilization efficiency of CO2 during the
injection process,
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F ¼Vs

Vi
� 100% (2)

where F is the CO2 storage fraction, %; Vi is the injected CO2 volume,
cm3.

Due to the short injection process of CO2, the volume of CO2
stored in coal failed to reach its maximum CO2 storage capacity
(Zhang and Ranjith, 2019). The extent to which the CO2 storage
capacity of coal is exploited during the injection period is charac-
terized by the fractional CO2 storage potential

Pd ¼
Sp
Spm

� 100% (3)

where Pd is the fractional CO2 storage potential, %; Spm is the
maximum CO2 storage capacity of coal, cm3/g.

The maximum CO2 storage capacity of coal, Spm, can be obtained
through experiments (Lin et al., 2023; Xiong et al., 2024). The free
space volume in the core holder was measured using an iron core
before the tests. Coal sample AQ was placed in a core holder, and
CO2 was continuously injected into it under a confining pressure of
15 MPa and 50 �C to test the maximum CO2 adsorption capacity of
the coal sample under different equilibrium pressures. The purpose
of the tests was to simulate the ability of block coal to store CO2

under reservoir conditions, rather than the conventional tests of
CO2 adsorption by coal particles. The results are shown in Fig. 2.
Since CO2 injection pressure in this work was 12 MPa and the
constant back pressure was 10 MPa, it is expected that the
maximum CO2 storage capacity of the coal samples will be
60±2 cm3/g of rock at these pressures and 50 �C. The test duration
was approximately 90e180 h. Although it involved testing the CO2
adsorption process of coal blocks under stress conditions, the
adsorption process is relatively short due to the continuous
replenishment of CO2 into the coal.
2.4. Experimental apparatus and procedure

The experimental apparatus is composed predominantly of a
displacement system, a fluid collection andmetering system, a data
Fig. 2. Maximum CO2 storage capacity of coal samples at different equilibrium pres-
sures and 50 �C. The dashed black line represents the trend of the data points. The fluid
pressures experienced by the rock samples vary between 10 MPa (the back pressure at
the output face) and 12 MPa (the injection pressure). These values give rise to
maximum storage capacities of 60±2 cm3/g.
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acquisition system, and a temperature control system. A schematic
diagram of the experimental apparatus is shown in Fig. 3.

The CO2 injection experiment consists of 7 steps.

(1) The transfer tanks were filled with brine, CO2, and CH4, and
the core holders were placed in a thermostat, with the
temperature set to 50 �C for 24 h before the experiments.

(2) Experiments were carried out using three samples at a time
in order to mimic the situation in the reservoir as closely as
possible. Each group of 3 samples was a sample combination.
The prepared coal samples P1, F1, and M1 were placed into
three core holders, left to right, respectively, to form a coal
sample combination containing coal fines, where the first
sample encountered by the injected gas is the propped
fracture (in Core holder 1) followed by the unpropped frac-
ture (in Core holder 2), and finally the unfractured matrix
(Core holder 3). The cores were vacuumed and then satu-
rated with CH4 at a pressure of 0.5 MPa (the bottom hole
flowing pressure) and the confining pressure of 1 MPa before
the experiment.

(3) The confining pressure was set to 15 MPa. The switch con-
nected to the gaseliquid separator on the right side of each
holder was closed at this point, and brine was injected into
the coal sample combination from the right end of Core
holder 3 at a rate of 2 mL/min for 5 h with the back pressure
of 0.5 MPa. The brine was produced from the left end of Core
holder 1 to simulate the drainage stage and the process of
coal fines migration to production wells in coal seams.

(4) Humidified CH4 was injected in the same direction at a speed
of 2 mL/min (at Pconf ¼ 15 MPa and T ¼ 50 �C) to displace the
water in the coal sample combination. The total CH4 injection
time was 5 h to simulate the CH4 production stage in con-
ventional coal seam gas extraction.

(5) The back pressure was then set to 10 MPa, and CO2 was
injected continuously from the left end of Core holder 1 with
an injection pressure difference of 2 MPa, collecting the
produced gases from the right-hand end of Core holder 3,
and performing chromatographic detection until the pro-
duced gas was completely CO2. The total injection time was
13.1 h.

(6) The valves were closed at both ends of each of the three core
holders, and the pressure decay process in the holders was
recorded. After the pressure decay stage, the CO2 stored in
each of the coal samples was recorded. The values of Sp, F, Pd
were primarily calculated based on data such as the injected
CO2 volume, the produced CO2 volume, the volume of CO2
desorbed and released from the coal after the experiment,
and the adsorption test results of the AQ samples (Fig. 2).

(7) After the experiment, the propped fracture and unpropped
fracture of the coal sample were divided into four equal
portions along the CO2 injection direction in order to (i)
collect the coal fines, (ii) rinse and separate the quartz sand,
(iii) collect the flushing liquid to prepare a coal fines solution
to test its concentration using the ultravioletevisible spec-
trophotometry method, and (iv) observe the change in the
fracture morphology. The coal fines distribution was, hence,
measured as a function of sample type, location within each
sample type and fracture.

Steps (1) to (6) were repeated to conduct experiments on the
P2-F2-M2 coal sample combination, which does not contain coal
fines. The injection pressure and final injected CO2 volumewere the
same as the P1-F1-M1 combination. In addition, steps (1) to (5)
were repeated to carry out CO2 injection and storage experiments
at an injection pressure of 8e13 MPa and an injection flow rate of



Fig. 3. Experimental device for CO2 injection into coals.

Fig. 4. Schematic diagram relating the position and type of fractures in the experi-
mentally modelled coal seam in relation to the sample types that are used to represent
each part of the system arranged in the same direction as implemented in the
experimental rig (Fig. 3). The large arrows represent flow processes occurring during
each of the main stages of core-flooding, and the colour bar represents the utilization
of the total CO2 storage capacity (schematically) based on the results described in this
work.
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1e4 mL/min for both the P1-F1-M1 and P2-F2-M2 coal sample
combinations. The volume of CO2 injected into the P1-F1-M1 and
P2-F2-M2 coal samples was the same, and the experiments were
carried out under the same conditions.

Following the experiment, the total volume of CO2 stored in the
coal sample combination was released and measured. Finally, steps
(1) to (5) were repeated. The multiple rounds of intermittent CO2
injection with equal time intervals were carried out after the first
pressure decay stage. The total time of each subsequent round was
4 h and the injection timewas 2 h, and the CO2 storage data for each
subsequent round was calculated during the experiments.

Fig. 4 shows how the different types of samples represent
various aspects of the fracture system in the coal seam, and how
they are arranged relative to each other. The figure is arranged in
the same direction as the core holders in Fig. 3, the coal containing
the propped fracture on the left-hand side and the coal matrix on
the right-hand side, with that containing the unpropped fracture
between them. The figure also shows the flow of fluids in the
subsurface as modelled in the experimental methodology (steps (3)
to (5)). The coal fines are shown in the positions they would be
occupying at the end of Stage II in Fig. 4 (step (3) of the experi-
mental methodology). The coal seam is colour-coded according to
the utilization of the maximum CO2 storage space. This schematic
representation is based on our interpretation of the quantitative
experimental data presented in the remainder of this paper.

3. Results and discussion

3.1. Migration and blockage of coal fines in fractures during
drainage and CH4 production stages

During the injection of water and subsequent flushing with CH4,
the differential pressure across the sample changes as the relative
permeability of the mobile fluid changes in response to their
saturation and distribution. Fig. 5 shows the changes in injection
pressure and the concentration of coal fines in the expelled fluid as
a function of time during the water drainage and methane pro-
duction stages of the core flooding for both the sample combination
2506
containing coal fines and the sample combination without coal
fines. As coals tend to be water-wet at low pressures but methane-
wet at high pressures (Mazumder andWolf, 2008), we assume that
the experimental conditions (confining pressure of 15 MPa and
temperature of 50 �C) have rendered the sample methane-wet. In
this case the initial injection of water represents a drainage process.
This water drainage stage models the production of flowback water
from the hydraulic fracturing.

In the drainage stages of the experiment, where water is being



Fig. 5. Time evolution of water and CH4 injection pressure for coal sample combina-
tions with coal fines (black solid line) and without coal fines (red solid line), together
with the variation in coal fines concentration in the expelled fluid for the sample
combination containing coal fines (purple dashed line). There was no expulsion of coal
fines for the sample combination that contained no coal fines, and its curve is omitted
as zero).
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injected and flows through all three samples at Pconf ¼ 15 MPa and
T¼ 50 �C, the progressive increase in injection pressure is governed
by the reduction in water relative permeability. Subsequent injec-
tion of humidified methane leads to a rapid breakthrough and
production of methane. The development of efficient gas flow
pathways then leads to a significant drop in injection pressure and
is associated with a continuous increase in the gas saturation in the
coal pore and fracture space. The gas concentration in fluid be-
comes higher, and the corresponding displacement pressure dif-
ference decreases (due to the lower viscosity of gas). However,
water continues to be produced with the gas stream, in small, and
intermittent globules. As the water is removed from the core, the
gas phase exhibits enhanced flow capability, resulting in a lower
displacement pressure requirement.

For the sample combination that contained no coal fines (P2-F2-
M2), no coal fineswere expelled, and hence therewas no associated
curve in the figure. For this sample combination the injection
pressure variation increased progressively but only by small
amounts and was related solely to the varying gas and water
relative permeabilities as saturation changed during the core
flooding. The small-scale variation in injection pressure was related
to the local-scale filling of voids in the sample until the sample was
fully saturated.

For the sample combination that contained coal fines (P1-F1-
M1), the same pressure behaviour was observed; however, the
overall changes in pressure were greater. The increases in injection
pressure during drainage were about approximately eight times
higher. We attribute this to the mobilized water transporting the
coal fines and which allows them to block the fracture. The coal
fines were initially evenly distributed within the propped and
unpropped fractures (as shown in Fig. 6(a)). In Stage I, the water
filling the coal fractures begins to mobilise the coal fines, trans-
porting them through the constrictions between proppant grains in
the propped fracture and between the faces of the fracture itself in
the case of the unpropped fracture. Some of these coal fines can
become trapped at the restrictions, causing blockages. The accu-
mulation of coal fines in the narrow restrictions affects the con-
nectivity of the coal fracture space (Huang et al., 2017). As a
consequence, the injection pressure rises rapidly. A large concen-
tration of coal fines was measured in the output liquid (maximum
value of 0.68 g/L) towards the end of Stage I at about 100 min,
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which represents the peak of mobile coal fines production. This
occurs just before a change in gradient of the increase in injection
pressure, which was used to distinguish between Stage I and Stage
II in the drainage process.

During Stage II, as the formation water continues to be injected,
the injection pressure rises at a lower rate and the concentration of
coal fines in the output fluid also decreases. The main reason is that
the agglomeration and blockage of coal fines formed in Stage I
gradually form a "coal fines filter cake" in Stage II. The coal fines
filter cake is made of stable coal fines agglomerates, which are
larger-scale and more compact coal fines blockages. The formation
process of the coal fines filter cake is as follows: the fluid carrying
coal fines subsequently flows through this area. As coal fines de-
posit in the constricted areas of the pores and fractures, the coal
fines carried by the fluid aggregate with the deposited coal fines,
creating an agglomerate with the ability to filter coal fines from the
fluid (Zou et al., 2014; Bai et al., 2017). The filter cake is further
compacted during the continuous water injection process
(Fig. 6(b)), leading to a reduction in the amount of movable coal
fines in the fractures and a reduction in the extent of coal fines
migration. In addition, the coal fines filter cake acts as a filter for
coal fines in the formation water, resulting in a decrease in the
concentration of coal fines in the produced liquid. During this
process, the volume of the coal fines filter cake gradually increases,
and the injection pressure rises accordingly. The difference in in-
jection pressure in the coal sample combinations with and without
coal fines at this stage reflects the decrease in permeability of the
coal sample combination after coal fines blockage.

Fig. 6 is a working model that contains a number of assump-
tions. Fig. 6(a) shows the assumed initial distribution of coal fines as
being uniform. This is not an assumption because the experimental
samples were constructed to initially have a uniform distribution of
coal fines. Fig. 6(b) illustrates an assumption that coal fines have
moved and aggregated into clusters capable of blocking flow
pathways (shown diagrammatically in the figure). This was inferred
from a number of experimental observations. First, coal fines were
produced from the samples during drainage, showing the coal fines
were mobile, but the expulsion of coal fines stopped before a
considerable mass of them remained in the sample, indicating that
water flow pathways had developed to an extent that by-passed the
remaining, now immobile fines. That the remaining fines aggre-
gated to block some flow pathways is supported by (i) the mutually
attractive (aggregating) geochemistry of coal fines in brine solu-
tions, (ii) the water flow streamlines, which would have trans-
ported the coal fines together to internal apertures, but above all
(iii) the increase in flow pressure that occurred as aggregations of
coal fines began to block apertures that would otherwise have
remained open to flow. Once aggregated (Fig. 6(c) and (d)), the CO2
flow depends on essentially a dual porosity system defined by two
different grain sizes. In such a system the potential for cross-flow is
greater because what would otherwise have been more direct flow
pathways are made more tortuous by the presence of aggregations
of coal fines that do not completely block apertures between
proppant particles, but makes flow through them more contorted.

Once the sample combinations were fully saturated with water,
methane was injected in the same direction. This step was carried
out to model the production of natural methane from the coal gas
resource. The fractures in the samples provide a very efficient
pathway for the percolation of gas injected at high pressures.
Consequently, the gas broke through the sample combinations
quickly, and, once it has done so, forms efficient pathways for
methane flow which require low injection pressures. Hence the
methane relative permeability increased significantly. The gas in-
jection pressure dropped rapidly in Stage III, and the concentration
of coal fines in the produced liquid increased slightly at this time.



Fig. 6. Schematic diagram of change in distribution of coal fines and CO2 flow in coal fractures. (a) Initial distribution of coal fines in propped and unpropped fractures, (b) assumed
distribution of coal fines after drainage, (c) flow of CO2 in propped and unpropped fractures with no coal fines, (d) flow of CO2 in propped and unpropped fractures with the presence
of coal fines.
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The gasewater two-phase flowwas able to break down some of the
aggregations of coal fines, remobilizing them and allowing them to
be produced. There are differences in the ability of fluids with
varying gas-to-water ratios to initiate the migration and carry coal
fines. The water phase has a strong ability to carry and transport
coal fines. However, when the fluid was a mixture of gas and water,
the disturbance effect on coal fines during flow (interfacial effect) is
stronger, which can re-initiate the deposited coal fines and carry
them awaywith the fluid again (Huang et al., 2024; Zhu et al., 2017).
It would be expected that the presence of remobilized coal fines in
the production fluids would likely lead to higher injection pres-
sures thanwould otherwise be expected. This is likely to be the case
for Stage III, because after the second peak in coal fines concen-
trations in the expelled fluids which occurred at approximately
400±60 min, the injection pressures dropped swiftly in Stage IV. In
Stage IV, the output liquid volume was only 3.1 mL, which was
15.5% of that in Stage III (20.67 mL).

Towards the end of Stage IV of the experiment, a stable water
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saturation had been established, with progressively less water be-
ing produced and a relative permeability of water approaching
zero. The water saturationwas approximately 29.8% with coal fines
and 26.6% without coal fines, calculated based on the volume of
injected and produced water. Although by the end of Stage IV, the
coal had retained some immobile water, this does not represent an
irreducible water saturation in the conventional sense because the
sample is gas-wet. Since coal fines are transported in the water
phase rather than the gas phase due to the higher density and
viscosity of water, production of coal fines falls to almost zero by
the end of Stage IV (Danso et al., 2021). However, the sample
combinations still contain significant coal fines blockages.

At this stage in the experiment, the storage of water in the coal
seam had been modelled together with the subsequent production
of methane from the propped and unpropped fractures and matrix
within the coal seam. The next step in the experiment was tomodel
the injection of CO2 into the coal seam through the injection of CO2
through the core combinations in the opposite direction.
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In this step (experimental step (5)), the process of CO2 storage
had been modelled, the gas CO2 was injected sequentially from the
left-hand side of each core, in such a way that the propped fracture
experienced the CO2 first, flowed by the unpropped fracture and
finally the unfractured rock matrix. The differential pressure
changes during this process were negligible essentially because
methanewas being replaced by CO2 in the same gas-filled channels.
This step was, however, critical for the science reported in this
paper, as we aimed to ascertain the efficiency of CO2 storage for
legacy coal beds that have previously been exploited for methane
and the effects of coal fines on the processes. It should be noted that
the reverse flow of injected CO2 is highly likely to cause the re-
migration of coal fines during the CO2 injection process, although
the ability of a single gas-phase fluid to carry coal fines is relatively
weak.

After the core flooding experiments, the cores were cut into four
equal parts and ground to a powder. Post-core flooding tests
(experimental step (6)) were carried out on the cores to charac-
terize the degree of migration of coal fines along the direction of
CO2 injection by liberating the remaining coal fines in each sub-
sample using a fixed volume of water and analyzing the concen-
tration of coal fines in the resulting solution. Fig. 7 shows the
relative concentration of coal fines remaining in the solutions
prepared from the core material from each of four sections of the
core sample, relative to the value at the CO2 injection end of the
sample (water flow output end).

The concentration of coal fines in the solution was highest for
the material nearest to the CO2 injection face of the sample for both
the propped and unpropped fractures. The concentration of coal
fines in the solution decreased monotonically with increasing dis-
tance from the CO2 injection face for both types of fractures, with
the greater reduction occurring for the unpropped fracture.

These data suggest that a build-up of aggregated coal fines filter
cake by the initial drainage remaining after the CO2 injection phase
of the experiment has occurred. Such an interpretation implies that
the subsequent reverse injection of CO2 does not change the overall
distribution trend of coal fines in the fractures resulting fromwater
movement.

Furthermore, the more pronounced variation in coal fines across
the samples in the unpropped fracture indicates that the presence
of the quartz proppant grains has impeded the transport of coal
fines through the fracture, resulting in a coal fines distribution that
deviates from its initially uniform state, but without concentrating
the coal fines as strongly toward thewater flow output end as in the
unpropped fracture, where no impeding mechanism is present.
Fig. 7. Distribution of coal fines in fractures after CO2 injection, represented by the
concentration of coal fines in a solution made with equal amounts of solvent.
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3.2. Characteristics and mechanism of CO2 storage in coal and the
effect of coal fines

The CO2 storage characteristics through reverse CO2 injection
into the coal sample combinations containing propped and
unpropped fractures, and the matrix, both with and without coal
fines, after drainage and methane gas production, were investi-
gated. The results are shown in Figs. 8 and 9. Fig. 8 shows CO2
storage for each sample within the sample combinations with and
without coal fines, as well as the difference in their CO2 storage
potential.

The CO2 storage is highest in the coal matrix, at 30.7 and
33.6 cm3/g for the two matrix samples. Neither of these matrix
samples was loaded with coal fines, nor could have had coal fines
flow into them during the drainage or methane production stages
of the experiment. Consequently, their difference represents only a
natural variation between the samples. It is worth noting that these
values are just over half that expected from the maximum CO2
storage capacity measurements that were discussed above and
shown in Fig. 2. The reason for this is that the maximum CO2
storage measurements are for fully stabilized storage of CO2 in a
CO2-saturated system. The core-flooding experiments are dynamic
flow measurements in which the CO2 had not reached stable
saturation, finishing 13.1 h after the commencement of injection,
not when full sorption has occurred but only when the chro-
matograph showed no more methane present in the system.

The CO2 storage amount of matrix coal without coal fines is 14.6
and 11.9 cm3/g, respectively, higher than that of propped fractured
and unpropped fractured coal. The difference is 10.8 and 5.4 cm3/g
under the conditions of containing coal fines. This is because the
propped and unpropped fractured coal samples have such high
fluid conductivities that gas channeling seriously reduces the CO2
storage effect. In other words, CO2 breakthrough occurs very
quickly and thereafter CO2 bypasses the surrounding rocks rather
than entering them for storage.

In fractured coal, the amount of CO2 that enters the fracture wall
and is adsorbed and stored by the matrix part is small (Fig. 6(c)).
Diffusion in this process is the main way for CO2 to transfer mass to
the matrix part of fractured coal. The fractures, as high-
permeability channels, shield the matrix part. As a result, coal has
a limited ability to capture CO2, and simultaneously reduces the
CO2 storage fraction and CO2 storage capacity. In downstream
matrix coal with a relatively homogeneous pore throat structure,
the displacement pressure causes CO2 to enter more pores, where
convective mass transfer plays a major role. Hence, CO2 has a high
efficiency in replacing CH4 and being adsorbed by coal. However,
Fig. 8. CO2 storage characteristics of coal sample combinations containing propped
and unpropped fractures and matrix coal.



Fig. 9. Characteristics of CO2 injection pressure difference (DPi) dropped across
propped, unpropped, and matrix coal samples.
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there is no such displacement pressure difference in coal with
fractures, which drives CO2 through the fracture wall to the matrix
part where it is stored (Li et al., 2022).

Fig. 9 shows the percentage of the total gas injection pressure
drop across the propped (< 12%) and unpropped (< 18%) fractures
was very small. This is due to the formation of gas channels which
efficiently transport the gas through the fracture systems. Most of
the injection pressure drop occurs across thematrix coal (88.2% and
70.8%). Consequently, the high gas pressure difference occurring in
the coal matrix facilitates a greater volume of CO2 to enter a wider
range of pores there. As before, the difference in the matrix values
arises from natural variation within the rocks themselves rather
than from the variation in coal fines content.

In addition, it is worth noting that the role of fractures in the
process of methane production and CO2 injection in the coal seam
is different. Multiple wells in a coal seam produce methane
simultaneously, and the hydraulic fracturing network system is a
high-permeability channel for the CH4 desorption from the coal
seam matrix to flow smoothly to the wellbore, and there is no
adverse factor for production. However, when CO2 is injected into
the coal seam, the flow field between the injection and production
wells is primarily governed by the hydraulic fractures. The fractures
are both a channel for CO2 to flow to the coal seammatrix part, and
also cause the injected CO2 to flow directly and quickly to the
production well. Moreover, the resistance to CO2 entering the ma-
trix from the fracture is significantly higher than that of CO2 flowing
along the fracture to the production well, resulting in a large
amount of injected CO2 not being effectively stored in the matrix
part. Therefore, gas channeling is themost commonproblem of CO2
injection in fractured reservoirs, and it is also the key to determine
whether the CO2 injection production and storage measures can be
successfully implemented.

Blockage of high-permeability channels may be an effective
measure (Lv et al., 2020). The coal fines blocking the fractures
during the drainage and gas production stage play a role in
increasing the fluid flow resistance in the propped and unpropped
fractures, increasing the injection pressure drop across them, hence
inhibiting gas channeling and improving the CO2 storage effect of
fracture coal seams.

Evidence for the efficacy of fracture plugging to improve CO2
storage in coal samples containing propped and unpropped frac-
tures can be found in our data. Examination of the difference in CO2
storage between coal samples with and without coal fines in Fig. 7
shows that samples which contained coal fines were associated
with greater CO2 storage. For propped fractures, the CO2 storage
value was 22.8 cm3/g for fractured samples with occluding coal
fines, compared with 16.1 cm3/g for the sample without coal fines,
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representing a storage increase of 6.7 cm3/g, or 41.6%. For
unpropped fractures, the CO2 storage value was 28.2 cm3/g for
fractured samples with occluding coal fines, compared with
18.8 cm3/g for the samplewithout coal fines, an increase of 9.4 cm3/
g, or an improvement of 50%.

As we have already mentioned, the efficiency of CO2 flow
through the propped and unpropped fractures results in little if any
of the CO2 percolating into the coal matrix each side of the fracture.
This is the situation shown by the purple to orange colour-coding in
Fig. 4. The blocking or partial occlusion of propped and unpropped
fractures allows the CO2 more time to enter the neighbouring coal
matrix through convective mass transfer (Fig. 6(d)), increasing the
contact time and area between the coal matrix bordering the
fractures, allowing CO2 to be captured, fully adsorbed and stored.
Hence partial fracture occlusion by coal fines has the dual effect of
(i) enhancing CO2 storage in the coal matrix bordering the fractures,
while (ii) reducing access of CO2 to the unfractured matrix deeper
in the coal seam. (The fractures are blocked by coal fines, which
hinders the injection of CO2 into the matrix coal further away from
the well, increasing the difficulty of CO2 injection). These two ef-
fects would need to be controlled and balanced in order to optimise
CO2 injection and storage.

The overall CO2 storage characteristics of both coal sample
combinations (i.e., with and without coal fines) are shown in
Table 3. Due to the coal fine blockage in the fractures, the overall
permeability of the coal sample combination decreases, and under
the same injection pressure difference, it takes a longer time to
inject the same volume of CO2, which increases the cost of CO2
injection. However, it also increases the interaction time between
the injected CO2 and the coal seam, which makes the total CO2
storage amount, the utilization degree of CO2 storage potential, the
CO2 storage fraction, and the CH4 recovery rate of the coal sample
combination all increase significantly. The increased CH4 recovery
rate suggests that a greater amount of CH4 in the pore space is being
displaced by CO2, accompanied by a notable expansion in the swept
volume during CO2 injection.

Consequently, after hydraulic fracturing, the coal fines remain-
ing in the coal fractures after the drainage and gas production
stages play a significant role, blocking the fractures and delaying
the breakthrough of CO2. However, since the fractures also retain a
certain conductive capacity, the injectivity of the coal seam is
maintained, and the slowing of CO2 flow can have an overall
beneficial effect on CO2 storage (Liu et al., 2020).

In summary, although coal fines blockage in fractures increases
the difficulty and cost of CO2 injection, it mitigates the negative
impact of gas channeling in the hydraulic fracturing network sys-
tem on CO2 storage, and increases the feasibility of CO2 storage by
injecting CO2 into hydraulically fractured coal seams. Since the
presence of coal fines has a significant effect on the flowand storage
of CO2, its effect on CO2 injection parameters should be taken into
account when judging the feasibility of CO2 storage by injecting CO2
into coal seams with coal fines.

3.3. Effect of injection parameters on CO2 storage effect in coal
under coal fines constraint

The pressure of CO2 injection has a significant effect on the CO2
storage effect in coal at the same temperature conditions (Fan et al.,
2021).When the injection pressure increases from 8 to 13MPawith
the same injection pressure difference, the CO2 storage potential
and CO2 storage fraction of the coal sample combination with coal
fines increase by 25.0% and 18.4%, while those of the sample
combination without coal fines increase by 14.1% and 7.2%,
respectively. The full data is shown in Fig. 10.

The ability of coal to store CO2 increases as the injection pressure



Table 3
CO2 storage characteristics of coal combinations.

Coal sample combination Injection time, h Injection volume, L Sp, cm3/g Pd, % F, % CH4 recovery rate, %

Without coal fines 10.6 51.2 21.9 34.6 35.7 45.9
With coal fines 13.1 51.2 28.4 44.5 47.5 67.8
Difference 2.5 0 6.5 9.9 8.8 21.9

Notes: Injection volume was measured at 25 �C and 0.1 MPa.

Fig. 10. Influence of injection pressure on CO2 storage effect in coal sample combinations with and without fines. (a) CO2 storage potential Pd, (b) CO2 storage fraction F.
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increases because the higher pressures allow CO2 to enter a larger
range of micropores, accessing the smaller pores which are difficult
to fill at the lower pressures. The ability of the coal to adsorb CO2
also increases as pressure increases, enhancing the CO2 storage
potential as well as ensuring that the amount of CO2 stored per
amount of CO2 injected (i.e., the CO2 storage fraction) will also
increase.

The injection pressure effect is more pronounced for samples
that contain coal fines than for those which do not contain coal
fines (Fig. 10). The presence of coal fines leads to a higher flow
resistance, which thereby increasing the time required to inject the
same amount of CO2. Indeed, the samples containing coal fines took
1.1e2.8 h longer than the samples without coal fines at the same
injection volume. This can be seen clearly in Table 4. The prolonged
injection time results in higher injection costs. Moreover, the dif-
ference between CO2 storage potential values for coal sample
combinations with and without coal fines also increases as the
injection pressure increases (Fig. 10(a)). A similar trend is observed
for the CO2 storage fraction (Fig. 10(b)). These data indicate that the
presence of coal fines improves both the CO2 storage potential and
storage fraction.

One factor contributing to the pressure differences is the frac-
ture aperture. Under constant overburden pressure, increasing the
injection pressure leads to fracture opening and easier CO2 injec-
tion. The presence of coal fines facilitates this process while also
inducing a greater degree of flow heterogeneity in the sample,
reducing CO2 gas channeling.

The CO2 storage potential and CO2 storage fraction are also
Table 4
Difference in injection time of coal sample combinations with and without coal
fines.

Injection pressure, MPa Total injection time, h Difference, h

Without coal fines With coal fines

8 8.4 9.5 1.1
9 9.9 11.8 1.9
10 10.6 13.1 2.5
11 12.1 14.9 2.8
12 12.6 15.3 2.7
13 12.1 14.3 2.2
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affected by the injection rate, as shown in Fig. 11. However, the
relationship is more complex. As the injection rate increases, there
is a slight increase in CO2 storage potential and CO2 storage fraction
for the samples containing coal fines. However, in contrast, these
parameters decrease significantly with increasing injection rate in
samples without coal fines. In this work the injection rate was
varied from 1 to 4 mL/min. Over this range of injection rates, the
CO2 storage potential and CO2 storage fraction of the samples with
coal fines increase by 4.3% and 3.3%, respectively, whereas in
samples without coal fines, these values decrease by 7.8% and 4.4%.

As the injection rate increases, the flow heterogeneity effect of
the coal sample combination becomes more significant (Wang
et al., 2019), with CO2 gas channeling becoming more significant,
and the CO2 content in the produced gas reaching a higher value
more rapidly. This is an indication of a decrease in the CO2 storage
fraction, indicating that the coal seam is not fully capturing and
adsorbing the injected CO2. However, the coal fines blockages in the
fractures can reduce the effect of increased gas channeling caused
by the increase in injection rate. On the other hand, a higher in-
jection rate corresponds to the larger injection pressure, and the
larger CO2 injection rate may cause the coal fines to migrate again.
Although the gas flow has a limited ability to disturb and carry coal
fines, the CO2 injection pressure is generally higher than the pres-
sure of coal seam fluid. Such high injection pressure inevitably af-
fects the distribution of coal fines in fractures (Han et al., 2021;
Huang et al., 2021). Under the combined influence of these factors,
the CO2 storage of the coal sample combination with coal fines
increases slightly with the increase in injection rate. Therefore,
when carrying out CO2 storage in coal seams which contain a large
amount of coal fines, the CO2 injection rate can be appropriately
increased, which can improve the CO2 injection efficiency without
causing a large negative impact on CO2 storage. However, it is worth
noting that the maximum injection pressure difference when coal
fines are present is 0.5e2.1 MPa higher than that without coal fines
for the same injection volume (Table 5), which significantly in-
creases the difficulty of CO2 injection.

In summary, the coal fine blockage in the fractures mitigates the
negative impact of the increases in injection pressure and injection
rate on the CO2 storage effect of hydraulic fractured coal seam, but at
the same time increases the time and difficulty of CO2 injection. The



Fig. 11. Influence of injection rate on CO2 storage effect in coal sample combinations with and without fines. (a) CO2 storage potential Pd, (b) CO2 storage fraction F.

Table 5
Difference in injection pressure of coal sample combinations with and without coal
fines.

Injection rate, mL/min Maximum injection pressure
difference, MPa

Difference, MPa

Without coal fines With coal fines

1 1.1 1.6 0.5
2 1.8 2.9 1.1
3 2.6 4.4 1.8
4 3.8 5.9 2.1
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difficulty of CO2 injection could be reduced and the CO2 storage effect
in the coal seam could be further improved by adjusting the injection
mode while maintaining higher injection pressure and rate.
3.4. The effect of intermittent injection on CO2 storage in coal

The coal pore space continues to adsorb CO2 significantly after
injection stops. This leads to a significant drop in gas pressure after
injection has ceased. This effect is due to a combination of flow
heterogeneity in the coal sample combination, which causes CO2
gas channeling during the injection process, and the long time
required for full CO2 adsorption in the coal matrix. Fig. 12 shows the
decay in pore gas pressure after CO2 injection at 10 MPa and 50 �C
has been stopped.

In general, all curves decrease rapidly for the first 1000 min,
followed by a progressively more gradual decrease until the end of
the experiment at 4000 min. The early time behaviour can be
modelled by an exponential decay. The shape of the curves depends
Fig. 12. Pressure decay curves for coal samples containing propped fractures and
unpropped fractures and matrix coal sample after cessation of CO2 injection at back
pressure of 10 MPa and 50 �C, together with appropriate exponential fits.
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on both the decrease in the CO2 adsorption rate, and the rate of
pressure decrease as the pressure decreases. The decay is expo-
nential because exponential relationships arise when a parameter's
value is dependent on its previous state. Here, the gas pressure in
the pores decreases because the gas is being adsorbed by the coal,
while simultaneously the efficiency of gas adsorption depends on
the gas pressure (the higher the gas pressure, the higher the
adsorption).

For the samples without coal fines, when compared under the
same conditions, the pressure decay of the matrix sample is the
slowest, followed by the propped fracture, while the unpropped
fracture exhibits the fastest pressure drop. This order reflects the
increasing mobility of CO2 within the sample, as expected. For the
samples with coal fines, the pressure decay is slower than the
corresponding case in which the samples contain no fines. This is
expected, as coal cores containing coal fines have already absorbed
more CO2 than those without coal fines during CO2 injection, the
efficiency of coal cores continuing to adsorb CO2 is lower at higher
CO2 adsorption volumes. However, the later decay becomes a little
more complex in that the early decay exhibited by the unpropped
fracture with fines ceases prematurely, while the propped fracture
maintains a continuous pressure decline, hence changing the order
of the data.

Exponential curves have been fitted to the early-time pressure
data. These are shown in Fig. 12, where the data are shown as solid
lines for samples with fines and dots for sample without fines and
the exponential fits are given by dashed lines, so that they can be
seen more easily. The fitting equation is

Ppore ¼ Aþ ðPo � AÞexpf � Btg; (4)

where Ppore is the gas pressure (on the y-axis of Fig.12), MPa; t is the
elapsed time (x-axis), min; A is a fitting coefficient, MPa; B is a
second fitting coefficient, min�1, and the corresponding time con-
stant is defined as the reciprocal of B,min. The data for these fits are
shown in Table 6.

The functional form of the decay, as given in Eq. (4), is expo-
nential, which agrees well with the expected exponential decay for
transient mass flow through a porous medium where the input
Table 6
Exponential fitting parameters for the data in Fig. 12.

Core A, MPa B, min�1 Time constant, min

Matrix with fines 8.05 9.8 � 10�4 1020
Matrix without fines 7.35 13.5 � 10�4 741
Unpropped fracture with fines 6.10 15 � 10�4 667
Unpropped fracture without fines 5.50 18 � 10�4 556
Propped fracture with fines 5.30 7.5 � 10�4 1333
Propped fracture without fines 5.15 8.9 � 10�4 1124



Fig. 14. The CO2 storage fraction F in coal sample combinations with and without fines
during 5 rounds of intermittent CO2 injection each followed by a shut-in period.
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pressure decays as a result of the flow process. In this format, the
initial gas pressure is Po (MPa), where Po ¼ 10 MPa for all mea-
surements in this work. The coefficient A represents the asymptotic
pressure towhich the pressure falls at long duration. The coefficient
B represents the time constant, which governs the speed of the
decay. Larger values of B increase the approach of the pressure to its
asymptote. Halving the value of B doubles the time taken for the
pressure to reduce to any specific value between Po and A.

The coefficients A and B are linked and should be interpreted
jointly. This is because a certain pressure Ppore, where Po > Ppore > A,
can be obtained from an infinite set of pairs of (A, B) data forming a
pair of continuous functions A ¼ f ðBÞ and B ¼ f ðAÞ, which both also
depend on Po. However, they are linked mathematically, the co-
efficients A and B carry their own independent physical information.
The coefficient A carries information about the lowest pore gas
pressure that can be physically attained during equilibration of gas
where no additional gas is being injected, and B carries information
about how quickly a certain degree of equilibration can be reached.

Referring to Table 6, the unpropped fracture with coal fines
exhibited a rapid trend of pressure decay, while got a higher final
pore pressure compared to the propped fracture with coal fines.
This is because the volume of unpropped fracture space is smaller
than that of propped fracture space. Assuming that CO2 continues
to be absorbed by the same volume in the initial stage, the gas
pressure in the unpropped fracture space decreases more rapidly
than that in propped fracture space. The unpropped fracture core
stored more CO2 after the experiment than propped fracture cores
(refer to Figs. 8 and 9). Consequently, the unpropped fracture core
has limited ability to continue absorbing CO2 during the pressure
decay stage after the experiment, resulting in a higher residual CO2
pressure in the fracture space.

It was recognised that the first injection did not effectively
exploit the CO2 storage potential of the coal seam using the
experimental parameters. We hypothesize that it would be possible
to improve the performance by extending the CO2 injection dura-
tion. However, we have chosen to implement a CO2

00soaking" stage
instead. This process involves stopping CO2 injection and shutting
the well in. Such a technique has been found to aid hydrocarbon
production in CO2-enhanced oil recovery (EOR) processes (Wang Q.
et al., 2021, 2022a, 2022b).

The implementation of multi-round CO2 injection and soaking
implemented in this work used 5 rounds where each round of CO2
injection was stopped after 120 min. Cessation of injection was fol-
lowed by pressure decay during which there were 120 min of shut-
in before the subsequent round. The CO2 storage characteristics of
the coal sample combination with multiple rounds of equal time
intermittent injection after the first injection at 50 �C and 13MPa are
shown in Figs. 13 and 14.
Fig. 13. The CO2 storage potential Pd of coal sample combinations with and without
fines during 5 rounds of intermittent CO2 injection each followed by a shut-in period.
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Fig. 13 shows that the CO2 storage potential of the coal sample
combinations with and without coal fines can reach 78.6% and
60.9% after 5 rounds, respectively, which is 20.4% and 17.1% higher
than that of the first injection of CO2. Fig. 13 clearly shows that CO2
storage is improved for the sample combinations without and with
fines, and roughly to the same degree. It is interesting to note that
the improvement of CO2 storage decreases after the first couple of
rounds for the sample combinations with and without fines, leav-
ing the sample without fines to retain a better overall storage po-
tential even after five rounds of injection and soaking. It is no
surprise that it becomes increasingly difficult to store more CO2 in a
reservoir which is progressively being filled, and has less and less
accessible space to do so, but has the consequence that it is unlikely
that 3 or more rounds would be economically justified in reality.

One would expect the CO2 storage fraction to decrease for
subsequent rounds. This is shown in Fig. 14. The CO2 storage frac-
tions in the coal sample combinations with and without coal fines
decrease by 9.2% and 13.9% after 5 rounds, respectively, based on
the first CO2 storage, as expected. However, the difference in CO2
storage fraction between the coal sample combinations with and
without coal fines increases as the rounds increase. This result in-
dicates that the coal fines blockage impedes gas flow sufficiently for
more CO2 to be stored than when no fines are present. This effect
can partially alleviate the decline trend of CO2 storage fraction in
the subsequent rounds of injection.

The “n-Round Injection-Soaking CO2” (nRIS) method described
above can be adapted according to the pressure decay character-
istics of each round. It is not necessary to wait for the pressure to
decay to a stable level before starting injection again. Indeed, the
optimal approach may be restart injection of CO2 after the rapid
pressure decay stage is over, and to stop CO2 injection immediately
when the coal seam pressure recovers to the pressure of the first
injection. Such a protocol would reduce the difficulty of CO2 in-
jection, shorten the intermittent injection time, and improve the
CO2 storage fraction.

Based on the results of this study, it is recommended that early
pressure decay data is logged and an exponential curve is fitted to
the decay. Soaking should be stopped, and a new injection should
begin after a soaking time equal to the exponential decay time
constant in Eq. (4).
4. Conclusions

Experiments were conducted to simulate the water drainage,
methane production, and subsequent CO2 injection in hydraulically
fractured coal seams. Experiments were conducted with samples
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with and without coal fines and for single CO2 injections as well as
intermittent multi-round CO2 injections separated by CO2 “soak-
ing” periods.

During the drainage stage, the migration and blockage of coal
fines in the coal fractures caused the resistance to fluid flow to
increase rapidly by 51.9%, and the coal fines concentration in the
produced liquid decreased rapidly by 54.4% after the formation of a
stable “coal fines filter cake”. The single-phase gas flow carrying
capacity of coal fines was weak during the gas production stage.

The total CO2 storage capacity and storage fraction of the coal
with coal fines were 6.5 cm3/g and 8.8% higher than that without
coal fines, respectively. Coal fines increased the CO2 storage ca-
pacity of fractured coal by the largest margin, which was 9.4 cm3/g.

The increase in injection pressure increased the CO2 storage
potential and CO2 storage fraction in coal with coal fines by 25.0%
and 14.1%, respectively, which were 6.6% and 6.9% higher than that
without coal fines, respectively. The increase in injection rate
slightly improved the CO2 storage fraction in coal with coal fines,
but the CO2 storage potential of coal without coal fines decreased
significantly by 7.8%.

Multiple rounds of intermittent injection of CO2 could continue
to exploit the CO2 storage ability of fractured coal by 20.4% if coal
fines were present, or 17.1% with no coal fines, but the improve-
ment of each subsequent round decreased rapidly from 12.1% for
Round 2, to 1.7% after Round 5.

The coal fines retained in the fractures increased the CO2 in-
jection time by 1.1e2.8 h or the injection pressure difference by
0.5e2.1 MPa. Meanwhile, they reduced the effect of gas channeling
and improved CO2 storage capacity by 1.9%e14.0%. and increased
the feasibility and effect of CO2 storage and production enhance-
ment by injecting CO2 into the hydraulically fractured coal seam.

It is recognised that although this paper contains a lot of new
data, further work needs to be carried out to elucidate the more
detailed mechanisms to which the data hint. The presence of coal
fines inhibits gas flow by increasing the tortuosity of flow path-
ways, hence reducing channelling. However, coal fines also intro-
duce a phase with a huge surface area for adsorption relative to its
volume, providing additional adsorption capacity that is immedi-
ately accessible to CO2 in the flow pathway.

Depleted coalbed methane reservoirs are prime targets for CO2
sequestration, offering accessible rock matrix often with high per-
meabilities and large surface areas for CO2 adsorption. These po-
tential CO2 depositories have undergone a complex history of
exploitation that often includes water and methane flow as well as
hydraulic stimulation. This work has managed to make measure-
ments taking all of these variables into account, including the
relative presence of coal fines. As such the data should be of great
interest to the commercial operators interested in using such
complex entities for CO2 storage. The measurements made in this
work simulate CO2 injection through propped and unpropped
fractures and then into the coal matrix. On this basis alone, the
work has great applicability in understanding these complex and
inter-related CO2 emplacement processes.
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