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Abstract: The adsorption of CO2 fracturing fluid into coal reservoirs causes the expansion of the
coal matrix volume, resulting in changes in the fracture opening, which alters the permeability of
the coal reservoir. However, it is not yet clear whether thermal expansion during CO2 adsorption
on coal is the main cause of coal adsorption expansion. Therefore, by testing the thermal properties,
expansion coefficient, and adsorption heat of the three coal samples, the adsorption thermal expansion
characteristics of coal and their impact on the permeability of coal reservoirs are clarified. The results
reveal the following: (1) Under the same conditions, the adsorption heat increases with increasing
pressure, while it decreases with increasing temperature. The relationship between adsorption heat
and pressure conforms to the Langmuir equation before 40 ◦C, and it follows a second-order equation
beyond 40 ◦C. At 100 ◦C, the adsorption heat of coal samples to CO2 is primarily determined by
temperature. (2) The maximum temperature variation in coal samples from Xinjiang, Liulin, and
Zhaozhuang during CO2 adsorption is 95.767 ◦C, 87.463 ◦C, and 97.8 ◦C, respectively. The maximum
thermal expansion rates are 12.66%, 5.74%, and 14.37%, and the maximum permeability loss rates
are 16.16%, 7.51%, and 18.24%, respectively, indicating that thermal expansion is the main reason for
coal adsorption expansion. (3) This research can elucidate the impact of CO2 fracturing fluid on coal
reservoirs and its potential application value, thus providing theoretical support for coalbed methane
development and CO2 geological storage.

Keywords: coal; thermal properties; adsorption heat; adsorption thermal expansion; permeability;
coal deformation

1. Introduction

The adsorption and desorption of CO2 fracturing fluid into coal reservoirs result in the
expansion and contraction of the coal matrix, respectively. The expansion and contraction
alter the fracture openings, thereby altering the permeability of the coal reservoir, and
affecting the output of coalbed methane [1–3]. Generally, higher reservoir pressure results
in more significant adsorption expansion and desorption contraction effects [4]. Scholars
worldwide [5–7] have long studied the deformation effects of coal during adsorption
and desorption reaching a consensus that adsorption causes expansion while desorption
causes contraction. There are three main theories explaining the adsorption expansion and
desorption contraction mechanisms of coal: First, gas adsorption drives gas molecules into
the pores and fractures of the coal, causing the sorption layer to wedge open micropores
and cracks similar in size to the gas molecules, thus triggering coal expansion [8,9]; second,
the interaction between gas molecules adsorbed on the coal surface and the coal surface
molecules causes expansion [10,11]; third, gas adsorption weakens the van der Waals
forces between coal macromolecules, reducing the internal attraction energy of the coal and
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increasing the expansion energy, which leads to coal expansion [12,13]. However, these
theories are based on the exothermic nature of adsorption and the endothermic nature of
adsorption and are not entirely convincing.

Coal is an organic material composed of high-molecular polymers, making it a unique
substance. Like any material, coal exhibits thermal expansion and contraction and is
sensitive to temperature changes. Variations in the thermal expansion and contraction
coefficients of coal are due to differences in coal rank, petrological composition, molecular
structure, and rock mass structure [14–16]. Heating experiments on coal indicate that, as
the temperature increases, the deformation of coal gradually increases, and its permeability
decreases [17,18]. Additionally, the heat released during gas adsorption (adsorption heat)
causes changes in coal temperature. This adsorption heat is influenced by factors such
as adsorption pressure, coal rank, coal rock composition, gas type, adsorption capacity,
and temperature. The greater the adsorption heat of coal to gas, the more significant
the temperature change in the coal, and the more pronounced the thermal expansion
caused by heating [19]. There are no clear conclusions on whether thermal expansion
during adsorption is the main cause of coal adsorption. The thermal properties of coal, the
variation in coal temperature, and the change in thermal expansion rate with adsorption
pressure caused by the adsorption heat of adsorbed gas have not been comprehensively
studied. Additionally, the impact of coal deformation during thermal expansion on the
permeability of coal reservoirs is rarely addressed in comprehensive research.

Therefore, this paper selects three types of primary structural coal with different
metamorphic grades from China’s coalbed methane exploration and development hot
spots as experimental samples. By testing the thermal properties, expansion coefficient, and
adsorption heat of these coal samples, the study investigates the adsorption heat generated
during CO2 adsorption, the resulting coal temperature variation, the thermal expansion
rate, and the permeability loss rate at different adsorption pressures. This research aims to
clarify the thermal expansion characteristics of coal during adsorption and their impact on
the permeability of coal reservoirs. Through this study, we seek to further elucidate the
effects of CO2 fracturing fluid on coal reservoirs, thereby providing theoretical support for
coalbed methane development and CO2 geological storage.

2. Coal Sample Source and Experimental Test
2.1. Coal Sample Source

Three types of primary structural coals with different metamorphic grades from the
southern margin of the Junggar Basin (Xinjiang), the eastern margin of the Ordos Basin
(Liulin), and the central and southern parts of the Qinshui Basin (Zhaozhuang) were
selected as experimental samples (Table 1).

Table 1. Basic parameters of coal samples.

Coal Samples RO
a/% Porosity/%

Industrial Analysis Elemental Analysis

Mad
b/% Aad

c/% Vad
d/% Fcad

e/% C/% H/% O/% N/%

Xinjiang 0.64 5.18 3.24 1.92 28.42 66.42 79.55 4.13 10.09 0.80
Liulin 1.52 9.3114 0.95 18.93 10.35 69.77 79.43 3.28 2.89 1.54

Zhaozhuang 3.46 7.8654 1.14 8.48 10.91 79.47 71.65 3.16 3.97 1.50

a RO: vitrinite reflectance; b Mad: moisture (air drying basis); c Aad: ash (air drying basis); d Vad: volatile (air drying
basis); and e Fcad: fixed carbon (air drying basis).

2.2. Experimental Test
2.2.1. Thermal Property Test

The coal sample was processed into a thin sheet with a diameter of 10 mm and a
thickness of 2 mm, and then, the thermal capacity, thermal conductivity, and thermal
diffusivity of the coal sample were tested using the LFA 467 laser-flash apparatus produced
by NETZSCH located in Selb, Germany (Table 2). The sample preparation process is as
follows: grind the coal sample into a powder of about 60 mesh, then take the appropriate



Processes 2024, 12, 1229 3 of 12

amount of powder into the powder tablet press mold, pressurize to more than 10 Mpa,
wait for five minutes, and then the tablet production is completed.

Table 2. Thermal properties and linear expansion coefficient of coal samples.

Coal Samples Temperature/(◦C) Thermal
Capacity/[J/(g·K)]

Thermal
Conductivity/[W/(m·K)]

Thermal
Diffusivity/(mm2/s)

Linear Expansion
Coefficient/(K−1)

Xinjiang

25 0.613 0.120 0.086 3.91 × 10−5

40 0.560 0.109 0.085 2.83 × 10−4

60 0.564 0.102 0.079 1.02 × 10−3

80 0.543 0.092 0.074 1.72 × 10−3

100 0.540 0.088 0.071 2.21 × 10−3

Liulin

25 0.851 0.193 0.119 1.87 × 10−5

40 0.766 0.161 0.110 1.39 × 10−4

60 0.776 0.154 0.104 6.36 × 10−4

80 0.870 0.168 0.101 7.64 × 10−4

100 0.783 0.144 0.096 8.70 × 10−4

Zhaozhuang

25 0.624 0.162 0.109 1.75 × 10−5

40 0.627 0.157 0.105 4.53 × 10−4

60 0.698 0.169 0.101 1.06 × 10−3

80 0.743 0.171 0.097 1.87 × 10−3

100 0.795 0.182 0.096 2.56 × 10−3

2.2.2. Linear Expansion Coefficient Test

The coal sample was processed into a rod with a diameter of 10 mm and a height
of 25 mm. The linear expansion coefficient of the coal sample was then tested using the
DIL 402 PC thermal expansion coefficient tester produced by NETZSCH located in Europe
(Table 2).

2.2.3. Adsorption Heat Test

The heat released by coal in the process of adsorbing gas is called adsorption heat.
The coal sample was ground to about 20 mesh and placed in a 60 ◦C drying oven. After
drying for 48 h, remove the sample and store it in a sealed plastic bag for later use. The
adsorption heat of coal samples during CO2 adsorption was determined using the C80
Calvet Calorimeter (Figure 1) produced by SETARAM located in Caluire-et-Cuire, France.
Each sample weighed 1 g, and the test pressures were set to 1 MPa, 2 MPa, 3 MPa, and 4
MPa, with test temperatures of 25 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, and 100 ◦C. The curves of adsorp-
tion heat versus adsorption pressure (Figure 2) and adsorption heat versus temperature
(Figure 3) during the CO2 adsorption process were obtained by fitting Equation (1) [20]
and a two-order equation, respectively.

q =
qL p

pL + p
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Here, q denotes the adsorption heat in J/g. p denotes the pressure in MPa. qL denotes
the maximum value of adsorption heat in J/g. pL denotes the pressure at which the
adsorption heat reaches 50% of the maximum adsorption heat in MPa.

3. The Adsorption Thermal Expansion Characteristics of Coal
3.1. Adsorption Heat

As depicted in Figure 2, at 25 ◦C and 40 ◦C, the adsorption heat generated by the
adsorption of CO2 by coal samples increases rapidly with the increase in adsorption pres-
sure, and then gradually stabilizes, which is consistent with the Langmuir equation. The
measured adsorption heat is the integral heat of adsorption, defined as the heat released by
the solid adsorbing a certain amount of gas. Therefore, the greater the adsorption capacity,
the greater the adsorption heat. Considering that the adsorption capacity and adsorption
pressure of coal adsorbing CO2 follow the Langmuir equation, the relationship between
adsorption heat and pressure also follows the Langmuir equation. The numerical value
of adsorption heat is affected by temperature and pressure. The increase in temperature
is not conducive to adsorption, so the adsorption heat decreases. The increase in pres-
sure is conducive to adsorption; thus, the adsorption heat increases. It can be seen from
Figure 2 that, at 25 ◦C and 40 ◦C, the adsorption heat increases with increasing pressure,
indicating that pressure is the main factor affecting the adsorption heat at this time. At
60 ◦C and 80 ◦C, before 2 Mpa, the adsorption heat increases with increasing pressure,
and beyond 2 Mpa, the adsorption heat decreases with increasing pressure, indicating that
before 2 Mpa, pressure is still the main factor affecting the adsorption heat, and beyond
2 Mpa, temperature is the main factor affecting the adsorption heat. Under the condition
of 100 ◦C, the adsorption heat decreases with the increase in pressure, indicating that
temperature is the main factor affecting the adsorption heat. At 60 ◦C, the adsorption heat
first increases and then decreases with the increase in adsorption pressure. The relationship
between adsorption heat and pressure no longer follows the Langmuir equation but instead
conforms to a second-order equation. At 80 ◦C, the adsorption heat also increases first
and then decreases with increasing adsorption pressure. At 100 ◦C, the adsorption heat
decreases with increasing pressure. In summary, from 25 ◦C to 100 ◦C, the adsorption heat
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showed an obvious stage variation with increasing adsorption pressure. At 25 ◦C and 40 ◦C,
the adsorption heat increases rapidly at first and then stabilizes with increasing pressure.
At 60 ◦C and 80 ◦C, the adsorption heat first increases and then decreases with increasing
pressure. At 100 ◦C, the adsorption heat decreases with increasing pressure. According to
the fitting curve and equation (Table 3), at 25 ◦C, the adsorption heat of the coal samples
follows the order: Liulin > Zhaozhuang > Xinjiang. The order corresponds to the porosity of
the coal samples: Liulin > Zhaozhuang > Xinjiang (Table 1). Under the same conditions, the
adsorption capacity also follows the order: Liulin > Zhaozhuang > Xinjiang. Considering
that greater adsorption capacity results in more heat being released, the adsorption heat
capacity is stronger. At 40 ◦C, the relationship of adsorption heat among the three coal
samples does not show consistency under the same conditions. After 60 ◦C, the adsorption
heat follows the order: Zhaozhuang > Liulin > Xinjiang; the relationship of adsorption heat
among the three coal samples becomes consistent. This indicates that 40 ◦C is a transition
period where temperature begins to exert a major influence on adsorption heat. After
60 ◦C, temperature has completely become the main factor influencing adsorption heat.
Figure 3 illustrates that the adsorption heat decreases with increasing temperature, indicat-
ing that a higher temperature is not conducive to gas adsorption. As temperature increases,
molecular thermal motion intensifies, and intermolecular van der Waals forces decrease,
which facilitates gas desorption. Additionally, at 100 ◦C, the adsorption heat at 3 MPa
and 4 MPa is negative, indicating an endothermic reaction. This occurs because, under
high pressure, the pore size of the porous medium decreases to a certain extent, making it
more difficult for adsorption molecules to enter the pores owing to the higher barrier and
reduced diffusion caused by smaller pore size. This phenomenon leads to instability after
adsorption and an increase in energy, resulting in a positive enthalpy change greater than
0, characterizing an endothermic reaction [21]. Additionally, with increasing temperature,
the rate of reduction in adsorption heat varies under different pressures. The higher the
pressure, the stronger the inhibitory effect of temperature on adsorption heat. Because
under high-pressure conditions, the forementioned endothermic situation occurs, and the
higher the pressure, the earlier this phenomenon arises during heating. Therefore, the
inhibitory effect on adsorption heat becomes more pronounced. Consequently, the higher
the pressure, the more significant the inhibitory effect of temperature on adsorption heat.

Table 3. Fitting equation of adsorption heat with adsorption pressure during the CO2 adsorption
process on coal.

Coal Samples Temperature/◦C Fitting Equation R2

Xinjiang

25 q =
172.35192p
7.76848+p 0.98259

40 q =
42.18156p
0.67293+p 0.95297

60 q = −1.785p2 + 7.317p + 12.475 0.99414

80 q = −2.06825p2 + 7.16875p + 7.66475 0.99448
100 q = −1.3955p2 − 0.9495p + 6.259 0.95906

Liulin

25 q =
365.42921p
15.81137+p 0.99582

40 q =
60.51198p
1.9773+p 0.95973

60 q = −2.63025p2 + 11.22675p + 11.31375 0.99949
80 q = −1.80775p2 + 6.36785p + 9.49875 0.99507

100 q = −1.3235p2 − 1.8991p + 10.8335 0.95838

Zhaozhuang

25 q =
170.73432p
7.26795+p 0.99104

40 q =
44.01623p
0.74781+p 0.95459

60 q = −1.902p2 + 7.6698p + 19.9625 0.99539
80 q = −2.25325p2 + 7.26075p + 13.31575 0.9991

100 q = −1.8625p2 + 2.8413p + 11.7185 0.98806
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3.2. Effect of Adsorption Heat on Coal Temperature

The heat released from CO2 adsorption by coal alters the coal temperature. If the
adsorption system is considered an isolated system with no energy exchange with the
surroundings, the temperature change in a unit mass of coal after the release of heat from
CO2 adsorption can be calculated using the specific heat formula (Formulas (2) and (3)).
This temperature change (Formula (4)) of coal is directly proportional to the adsorption
heat and inversely proportional to the thermal capacity.

Q = qm (2)

Q = cm∆T (3)

∆T = q/c (4)

Here, Q is the heat absorbed/released by the increase/decrease in the object’s temper-
ature, measured in joules (J); q is the adsorption heat, measured in joules per gram (J/g); c is
the thermal capacity of the object, measured in joules per gram per degree Celsius (J/(g·K));
m is the mass of the object, measured in grams (g); ∆T is the temperature variation in the
object, measured in degrees Celsius (◦C).

The temperature variation during the CO2 adsorption process of coal samples (Table 4)
is calculated using Formula (4) and the thermal capacity test results of coal samples (Table 2).
Owing to the abundance of data, only the maximum temperature variation in CO2 adsorp-
tion for coal samples under each temperature condition is listed in the table (Table 4).

Table 4. Adsorption heat and temperature variation in coal samples during the CO2 adsorption process.

Coal Samples Temperature/(◦C) Pressure
/(MPa)

Adsorption Heat
/(J/g)

Temperature
Variation

/(◦C)
Temperature Variation Fitting Equation R2

Xinjiang

25 4 58.705 95.767 ∆T = −3.56444p2 + 39.39641p − 6.1093 0.98553
40 4 36.507 65.191 ∆T = −1.125p2 + 12.17321p + 34.86964 0.98758
60 2 20.230 35.869 ∆T = −3.16489p2 + 12.9734p + 22.11879 0.99414
80 2 13.319 24.529 ∆T = −3.80893p2 + 13.20212p + 14.11556 0.99448
100 1 3.085 5.713 ∆T = −2.58426p2 − 1.75833p + 11.59074 0.95906

Liulin

25 4 74.431 87.463 ∆T = −1.01763p2 + 25.46745p + 1.19741 0.9956
40 4 40.704 53.138 ∆T = −2.62403p2 + 21.8451p + 6.66612 0.95178
60 2 23.349 30.089 ∆T = −3.3895p2 + 14.46746p + 14.57957 0.99949
80 2 15.333 17.624 ∆T = −2.07787p2 + 7.31937p + 10.9181 0.99507
100 1 6.715 8.576 ∆T = −1.69029p2 − 2.42542p + 13.83589 0.95838

Zhaozhuang

25 4 61.027 97.800 ∆T = −2.71274p2 + 35.06162p − 0.10617 0.99403
40 4 37.140 59.234 ∆T = −2.43461p2 + 18.28214p + 24.189 0.93276
60 2 27.950 40.043 ∆T = −2.72493p2 + 10.98825p + 28.59957 0.99539
80 2 19.026 25.607 ∆T = −3.03264p2 + 9.77221p + 17.9216 0.9991
100 1 12.330 15.509 ∆T = −2.34277p2 + 3.57396p + 14.74025 0.98806

According to the above, the relationship between adsorption heat and adsorption
pressure conforms to the Langmuir equation. Similarly, according to Formula (4), the
relationship between c∆T and adsorption pressure also conforms to the Langmuir equation.
Therefore, mathematically, the relationship between temperature variation and adsorption
pressure does not follow the Langmuir equation. However, the trend of the relationship
between the temperature variation and pressure and the trend of adsorption heat with
pressure should be similar. Hence, it is more appropriate to fit a second-order equation to
the temperature variation. The curve of temperature variation with adsorption pressure
during CO2 adsorption on coal samples is obtained through fitting (Figure 4). The pattern
of temperature variation with adsorption pressure during CO2 adsorption on coal samples
is similar to that of adsorption heat with adsorption pressure during CO2 adsorption.
Specifically, at 25 ◦C and 40 ◦C, the temperature variation increases rapidly with the increase
in adsorption pressure and then gradually stabilizes. At 60 ◦C and 80 ◦C, the temperature
change initially increases and then decreases with the increase in adsorption pressure. At
100 ◦C, the initial temperature variation decreases with the increase in adsorption pressure.
At 4 MPa, the temperatures of Xinjiang, Liulin, and Zhaozhuang coal samples increased
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by 95.767 ◦C, 87.463 ◦C, and 97.8 ◦C, respectively, after CO2 adsorption (Table 4). This
aspect has not been recognized in previous studies. During the adsorption/desorption
process of coal reservoirs under in situ conditions, the environment cannot be considered an
independent energy system; it must exchange energy with the surrounding environment.
The temperature change in the coal may not be severe, but there will be changes. However,
owing to the influence of terrestrial heat flow, the temperature will quickly return to the
original reservoir temperature. Consequently, the change in reservoir temperature caused
by this adsorption heat is not significant.
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3.3. Thermal Expansion Rates

Coal is a material composed of organic matter, and like any material, it exhibits thermal
expansion and contraction. Anthracite, in particular, which shares some characteristics with
metals, demonstrates more pronounced thermal expansion and contraction phenomena.
The results of the linear expansion coefficient tests for coal samples (Table 2) are utilized in
Formula (5) to determine the volume expansion coefficient of coal (Table 5). By substituting
the volume expansion coefficient and temperature variation in coal (Table 4) into Formula
(6), the thermal expansion rate of coal samples can be derived (Table 5). Owing to the
abundance of data, only the maximum thermal expansion rate of CO2 adsorbed by coal
samples at each temperature condition is listed in the table (Table 5).

γ = 3α (5)

η = γ∆T × 100% (6)

Table 5. Volume expansion coefficient and thermal expansion rate of coal samples during CO2 adsorption.

Coal
Samples Temperature/(◦C) Pressure/(MPa)

Volume Expansion
Coefficient

/(K−1)

Thermal Expansion
Rate/(%)

Thermal Expansion
Rate Fitting Equation R2

Xinjiang

25 4 1.17 × 10−4 1.12 η = −4.18108E − 4p2 + 0.00462p − 7.16621E − 4 0.98553
40 4 8.49 × 10−4 5.53 η = −9.55125E − 4p2 + 0.01034p + 0.0296 0.98758
60 2 3.06 × 10−3 10.98 η = −0.00968p2 + 0.0397p + 0.06768 0.99414
80 2 5.16 × 10−3 12.66 η = −0.01965p2 + 0.06812p + 0.07284 0.99448
100 1 6.63 × 10−3 3.79 η = −0.01713p2 − 0.01166p + 0.07685 0.95906

Liulin

25 4 5.61 × 10−5 0.49 η = −5.70888E − 5p2 + 0.00143p + 6.7175E − 5 0.9956
40 4 4.17 × 10−4 2.22 η = −0.00109p2 + 0.00911p + 0.00278 0.95178
60 2 1.91 × 10−3 5.74 η = −0.00647p2 + 0.0276p + 0.02782 0.99949
80 2 2.29 × 10−3 4.04 η = −0.00476p2 − 0.01678p + 0.02502 0.99507
100 1 2.61 × 10−3 2.24 η = −0.00441p2 − 0.00633p + 0.03611 0.95838

Zhaozhuang

25 4 5.25 × 10−5 0.51 η = −1.42419E − 4p2 + 0.00184p − 5.57392E − 6 0.99043
40 4 1.36 × 10−3 8.05 η = −0.00331p2 + 0.02485p + 0.03287η 0.93276
60 2 3.18 × 10−3 12.73 η = −0.00867p2 + 0.03494p + 0.09095 0.99539
80 2 5.61 × 10−3 14.37 η = −0.01701p2 + 0.05482p + 0.10054 0.9991
100 1 7.68 × 10−3 11.91 η = −0.01799p2 + 0.02745p + 0.11321 0.98806

Here, γ denotes the volume expansion coefficient, measured in K−1; α is the linear
expansion coefficient, measured in K−1; η is the thermal expansion rate, measured in %.
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Equation (6) illustrates that the thermal expansion rate is directly proportional to the
temperature variation, which, in turn, is proportional to the adsorption heat. Consequently,
the thermal expansion rate is also directly proportional to the adsorption heat. Although
the relationship between temperature variation and adsorption pressure does not adhere to
the Langmuir equation, the relationship between thermal expansion rate and adsorption
pressure is likely to exhibit a similar trend to that of the adsorption heat pressure curve.
A second-order equation is fitted to the thermal expansion rate data to obtain the curve
describing the thermal expansion rate with adsorption pressure during CO2 adsorption
by coal samples (Figure 5). At 25 ◦C and 40 ◦C, the thermal expansion rates of the three
coal samples increase rapidly and then stabilize with increasing adsorption pressure. At
60 ◦C and 80 ◦C, they initially increase before decreasing with increasing pressure, while at
100 ◦C, they decrease with increasing pressure. Moreover, the maximum thermal expansion
rates of CO2 adsorption by Xinjiang, Liulin, and Zhaozhuang coal samples reach 12.66%,
5.74%, and 14.37%, respectively (Table 5). These significant changes in coal matrix volume
resulting from the release of adsorption heat indicate that thermal expansion is the primary
driver of coal adsorption expansion in actual coal reservoirs.
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3.4. Effect of Thermal Expansion on Coal Permeability

The coal matrix releases heat during CO2 adsorption, leading to thermal expansion,
and absorbs heat and contracts during CO2 desorption, resulting in a change in fracture
width (Figure 6).
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To characterize the relationship between fracture width and permeability, the cubic
law [22] can be utilized to depict the seepage behavior within a single fracture. The fracture
is abstracted as a parallel plate with a certain opening. Under the influence of a stable
equilibrium pressure gradient, the cubic law expression derived from the Navier–Stokes
equations is as follows:

Qv =
lb3

12µ
× dp

dl
(7)
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Here, Qv is the flow rate, measured in m3/s. b is the fracture opening, measured in m.
p is pressure, measured in Pa. l is the length of the parallel plate, measured in m. µ is the
dynamic viscosity coefficient of the fluid, measured in mPa·s.

Fracture porosity is expressed as follows:

φ f =
bl
A

× 100% (8)

Here, φf is fracture porosity, expressed as a%. A is the sectional area of the sample,
measured in m2.

By substituting Formula (8) into Formula (7), we obtain the following:

Qv =
φ f Ab2

12µ
× dp

dl
(9)

Here, assuming that the effective permeability of the fracture model is kf, Darcy’s law
is given as follows:

Qv =
k f A

µ
× dp

dl
(10)

where kf is the effective permeability of the fracture model, measured in m2.
Through the combination of Formulas (9) and (10), the relationship between perme-

ability and fracture width can be obtained (note: for a single fracture, A = bl, so the single
fracture porosity is 1):

k f =
b2

12
(11)

Then, the permeability per unit fracture width is expressed as follows:

k f =
1

12
(12)

After the thermal expansion of the adsorbed gas, the permeability per unit fracture
width is expressed as follows:

k′ f =
(1 − 2α∆T)2

12
(13)

Here, k′f is the permeability per unit fracture width after thermal expansion, measured
in m2, and α is the linear expansion coefficient, measured in K−1.

By combining Formulas (12) and (13), we obtain the following:

∆k =
k f − k′ f

k f
× 100% = 4α∆T(1 − α∆T)× 100% (14)

Here, ∆k is the permeability loss rate after the thermal expansion of the adsorbed gas,
expressed as a%.

Through the substitution of the linear expansion coefficient (Table 2) and temperature
variation (Table 4) of coal samples into Formula (14), the permeability loss rate of coal after
thermal expansion can be obtained (Table 6). Owing to the abundance of data, only the
maximum permeability loss rate of CO2 adsorbed by coal samples at each temperature
condition is listed in the table (Table 6).

As depicted in Formula (14), the permeability loss rate is not directly proportional
to the temperature change; therefore, the relationship between the permeability loss rate
and the adsorption pressure may not conform to the Langmuir equation. The permeability
loss rate is fitted using a second-order equation to obtain the curve illustrating the change
in permeability loss rate with adsorption pressure during the CO2 adsorption process
of the coal samples (Figure 7). The correlation coefficient R2 exceeds 0.9, indicating a
good fit to the second-order equation. Additionally, as depicted in Figure 6, the change
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in permeability loss rate with adsorption pressure is similar to the change in adsorption
heat with adsorption pressure. At 25 ◦C and 40 ◦C, the permeability loss rate increases
rapidly with increasing adsorption pressure and then stabilizes. At 60 ◦C and 80 ◦C, the
permeability loss rate first increases and then decreases with increasing adsorption pressure.
At 100 ◦C, it decreases with the increase in adsorption pressure.

Table 6. Permeability loss rate of coal samples during CO2 adsorption.

Coal Samples Temperature/(◦C) Pressure/(MPa)
Linear Expansion

Coefficient
/(K−1)

Permeability
Loss Rate/(%) Permeability Loss Rate Fitting Equation R2

Xinjiang

25 4 3.91 × 10−5 1.49 ∆k = −5.57943E − 4p2 + 0.00615p − 9.4661E − 4 0.98551
40 4 2.83 × 10−4 7.24 ∆k = −0.00124p2 + 0.0134p + 0.03916 0.9877
60 2 1.02 × 10−3 14.10 ∆k = −0.01213p2 + 0.04969p + 0.08844 0.99468
80 2 1.72 × 10−3 16.16 ∆k = −0.02499p2 + 0.08685p + 0.09317 0.99367

100 1 2.21 × 10−3 4.99 ∆k = −0.02678p2 − 0.00386p + 0.09423 0.96285

Liulin

25 4 1.87 × 10−5 0.65 ∆k = −7.65918E − 5p2 + 0.0019p + 8.99226E − 5 0.9956
40 4 1.39 × 10−4 2.93 ∆k = −0.00145p2 + 0.01205p + 0.00374 0.95175
60 2 6.36 × 10−4 7.51 ∆k = −0.00835p2 + 0.03565p + 0.03691 0.99957
80 2 7.64 × 10−4 5.31 ∆k = −0.00624p2 + 0.02198p + 0.03303 0.99535

100 1 8.70 × 10−4 2.96 ∆k = −0.00616p2 − 0.00744p + 0.0472 0.95944

Zhaozhuang

25 4 1.75 × 10−5 0.68 ∆k = −1.9009E − 4p2 + 0.00245p − 6.13574E − 6 0.99042
40 4 4.53 × 10−4 10.45 ∆k = −0.00425p2 + 0.03181p + 0.04366 0.93277
60 2 1.06 × 10−3 16.26 ∆k = −0.01071p2 + 0.04316p + 0.11772 0.99583
80 2 1.87 × 10−3 18.24 ∆k = −0.02141p2 + 0.06931p + 0.12793 0.99948

100 1 2.56 × 10−3 15.25 ∆k = −0.02466p2 + 0.04182p + 0.13959 0.99002
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In addition, the maximum permeability loss rates of CO2 adsorbed by Xinjiang, Liulin,
and Zhaozhuang coal samples reached 16.16%, 7.51%, and 18.24%, respectively (Table 6).
This indicates that the coal expands owing to heating, which reduces the fracture opening
between the coal matrix blocks. Consequently, the channels for coalbed methane migration
become smaller, reducing the permeability of the coal reservoir.

4. Conclusions

(1) Under the same conditions, the adsorption heat increases with increasing pressure and
decreases with increasing temperature. The relationship between adsorption heat and
adsorption pressure conforms to the Langmuir equation up to 40 ◦C. Beyond 40 ◦C, the
relationship conforms to a second-order equation, and at 100 ◦C, the adsorption heat
during CO2 adsorption is more affected by temperature. The relationship between
temperature variation, thermal expansion rate, permeability loss rate, and adsorption
pressure during CO2 adsorption conforms to a second-order equation, and the change
trends of these parameters with pressure are similar to the change trend of adsorption
heat with pressure.

(2) At 4 MPa, the temperatures of Xinjiang, Liulin, and Zhaozhuang coal samples in-
creased by 95.767 ◦C, 87.463 ◦C, and 97.8 ◦C, respectively, after CO2 adsorption.
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Under the in situ condition of the coal reservoir, owing to energy exchange with the
surrounding environment, the temperature variation in the coal is not severe.

(3) The maximum thermal expansion rates of Xinjiang, Liulin, and Zhaozhuang coal
samples reach 12.66%, 5.74%, and 14.37%, respectively, after CO2 adsorption. Under
the in situ condition of the coal reservoir, the change in coal matrix volume caused by
the heat released by adsorbed CO2 is considerable, indicating that thermal expansion
is the main reason for coal adsorption expansion.

(4) The thermal expansion of coal samples during the CO2 adsorption process leads
to a decrease in coal reservoir permeability, with the maximum permeability loss
rates of Xinjiang, Liulin, and Zhaozhuang coal samples reaching 16.16%, 7.51%, and
18.24%, respectively.
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