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Guaranteeing CO, injectivity has been the precondition for implementing the
CO,-enhanced coalbed methane recovery (CO,-ECBM), however, it
dramatically decreases during the CO, injection process because it is
influenced by the dynamic change of the anisotropic permeability of coal.
To reveal and evaluate the CO, injectivity of coal, the anisotropic permeability
test and the CO, injectivity simulation test were first conducted, then the
corresponding numerical models were established and verified by the
experimental data. The results show that the permeability of coal in parallel
face cleat direction is the largest, followed by the permeability of coal in parallel
butt cleat direction and that in vertical bedding direction is the minimum. The
peak value of the instantaneous injectivity rate is enhanced and the injection
time is prolonged with the increase of the CO, injection pressure. The total CO,
injectivity rate is nonlinearly increased from 13.61 to 311.87 cm?/MPa min when
the CO; injection pressure raises from 2 to 10 MPa. The anisotropic permeability
model is appropriate to describe the dynamic evolution of permeability under
different boundary conditions, the CO, injectivity prediction model can be used
to evaluate the CO, injectivity during the CO; injection process. Increasing the
CO; injection pressure may temporarily promote CO, injectivity, while the CO,
injection increment is limited. The CO, fracturing by phase transition may be an
available reservoir stimulation method for enhancing the CO, injection and
should be focused on in the future.
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Introduction

In 2018,
2.74 billion
adjusting its

China’s total coal consumption has reached
tons. Although the Chinese government is
energy structure, it is predicted that the coal
up to 50% of total
consumption in 2025 (Xie et al, 2019). Coal burning has

consumption demand is energy

caused a lot of additional environmental problems, such as
the sharp increase in greenhouse gas emissions and some
heavily polluted weather (Rao and Rubin, 2002; Liu et al,
2021). The Chinese government pledges to reach a peak in its
emissions by 2030 and strives to achieve carbon neutrality by
2,060, and a set of carbon emission reduction actions have been
established. The carbon capture, utilization, and storage (CCUS)
technology have been identified as the only option for
substantially reducing GHG emission intensities while using
fossil-fuel-based processes (Xu et al, 2019; Janzen et al,
2020).
reservoirs, the main CCUS forms are: utilizing CO, for
enhanced oil recovery (CO,-EOR) (Wei et al, 2019), gas
recovery (CO,-EGR) (Shi et al, 2017), coalbed methane
(CO,-ECBM) (Niu et al., 2017a; Niu et al., 2020a). As clean
and efficient energy, the exploration and development of coalbed

According to the differences in the geological

methane (CBM) can both relieve the energy crisis and improve
the safety of coal mine operations (Wen et al., 2020; Niu et al,,
2022). The Chinese government and related enterprises have
advocated some technologies to improve the CBM extraction
rate, among them, CO,-ECBM is an effective and significant
feasible way, and lots of pilot tests have been implemented all
over the world (Godec et al, 2014; Pan et al, 2018). The
theoretical basis of CO,-ECBM is that the adsorption capacity
of CO, on coal is stronger than that of CH,, more CH, molecules
are replaced and displaced out of the coal seam with the benefit of
their competitive adsorption effect. However, the volumetric
swelling induced by CO, adsorption is extremely serious,
which compresses the space of fractures in coal seam and
causes the significant attenuation of the reservoir permeability
(Wang et al,, 2020; Wang et al,, 2021) and the CO, injectivity
(Kumar et al.,, 2012), which has been confirmed by field tests (van
Bergen et al., 2006; Shi et al., 2008). Guaranteeing CO, injectivity
has been the precondition for implementing the CO,-enhanced
coalbed methane recovery (CO,-ECBM) (Niu et al., 2021a).
For this issue, many researchers analyzed the evolution
mechanism of coal permeability during the CO, injection
process. Lin et al. found that the permeability reduction can
reach 13 %-70% for the CO, exposure time in different testings
(Lin et al., 2021), however, the permeability is also affected by
many factors, for example, effective stress has a significant
control effect on the permeability (Lv et al, 2022), when the
CO, is injected into coal seams at high pressure, the decrease of
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effective stress has a dominated on permeability and can
compensate the permeability loss induced by adsorption
swelling (Anggara et al, 2016). Moreover, the moisture,
temperature and coal rank are also related to the permeability,
their positive and negative effects on the permeability of coal
during CO, injection have been thoroughly studied (Niu et al.,
2019a).

The coal has a complex pore-fracture structure, with the face
cleat, butt cleat and bedding plane developing in it (Wang et al.,
2018a; Jin et al,, 2022; Liu et al,, 2022), the permeability thus
exhibits strong anisotropic characteristics. The fracture system is
the medium to connect the wellbore and the pores in the coal
matrix, the anisotropic characteristic of permeability should be
emphasized because the permeability in any direction can affect
the CO, injectivity of coal. To quantitatively describe the
permeability of coal, Pan and Connell developed a model to
predicate the behavior of anisotropic permeability for primary
and enhanced coalbed methane recovery (Pan and Connell,
2011). And lots of investigators have improved the anisotropic
permeability model by considering more conditions, such as the
temperature (Zhou et al,, 2020), the damaging effect (Cheng
etal., 2022) and the gas slippage (Chen et al., 2020). However, the
dynamic evolution of anisotropic permeability is complex and
the evolution mechanism is not clear, meanwhile, the CO,
injectivity model is lacking and causing the prediction of CO,
injectivity to be difficult.

Therefore, in this paper, the anisotropic permeability and
CO, injectivity experiments are first performed by a self-
developed CO, injection and coalbed methane enhanced
then  the
permeability evolution characteristics and mechanism are

development model platform, anisotropic
analyzed in depth, and finally, the anisotropic permeability
and CO, injectivity models are established and verified by the
experimental data. This research will provide technical guidance
for the efficient CO, injection of coal seams and lay the

theoretical foundation of CO,-ECBM.

Experimental work
Sample preparation

The coal samples used in this paper were selected from the
Chengzhuang coal mine and Sihe coal mine in Shanxi Province,
China. The cubic sample (30 mm x 30 mm x 30 mm) was
obtained by cutting from the block coal of Chengzhuang coal
mine along the face cleat direction, the butt cleat direction and
the bedding plane direction. The cylinder sample (50 mm x
100 mm) was obtained by core drilling rig from the block coal of
Sihe coal mine along the vertical bedding direction. Then the
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TABLE 1 The basic information of samples used in this work.

Sample source

Ro,max (%) Proximate analysis (wt%)

Miaa  Aaa Vdat
Chengzhuang coalmine 2.96 271 12.18 6.94
Sihe coalmine 3.33 1.48 13.12 6.32

10.3389/feart.2022.1042477

Ultimate analysis Maceral composition

(wt%) (vol%)
FCad Odaf Cdaf Hdaf Ndaf Vit Ine Min
81.72 3.27 92.84 2.31 3.27 75.80 21.40 2.80
81.39 2.98 93.45 2.15 1.00 79.84 18.36 1.80

Note: M,4, moisture content of air-dried basis;

A,q, ash content of air-dried basis; V4, volatile content of dry ash-free basis; FC,q, fixed carbon content of air-dried basis; Ogap 0Xygen

content of dry ash-free basis; Cq,p carbon content of dry ash-sfree basis; Hg,p, hydrogen content of dry ash-free basis; Ng,p, nitrogen content of dry ash-free basis; Vit, vitrinite; Ine, inertinite;

Min, mineral.
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FIGURE 1
The anisotropic permeability testing system.

surfaces of the sample were polished with diamond sandpapers to
ensure the accuracy of the experimental results. The proximate
analysis, ultimate analysis and maceral composition were
according the suggested by
International Standardization Organization (ISO 589, ISO 562,
ISO 1171 and ISO 7404-3) (Table 1). The R, may of coal samples
from Chengzhuang coal mine and Sihe coal mine are 2.96% and

measured to standards

3.33%, respectively, and the fixed carbon, the carbon content and
the inertinite are dominant in the results of proximate analysis,
ultimate analysis and maceral composition.

Experimental setup
The anisotropic permeability was measured by the testing

system shown in Figure 1. The CO, is stored in the gas tank and
provides the gas source for the whole experimental setup. The
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Pressure control

Upstream system

Mould

IO

Computer

Sample

booster pump is used to promote the gas pressure to the target
value. The pressure gauge and the mass flowmeter are adopted to
measure the gas real-time gas pressure and gas flow, with the
accuracy of 0.01 MPa and 0.01 ml/min. The temperature control
system is employed to guarantee that the experimental setup is
still in a state of the constant target temperature. The pressure
control system permits independent control of the axial stress
The
monitored data is transmitted to the computer and the

and confining pressure of the sample, respectively.

experimental process is operated by the control software
installed on the computer. For the measurement of the
permeability of the cubic sample, the sample is first installed
in the homemade mould and then placed in the rubber sleeve
with corrosion resistance, then the anisotropic permeability is
tested by changing the sample orientation according to the
method by Niu et al. (2018). For the measurement of the

permeability of the cylinder sample, the sample is wrapped by
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FIGURE 2

Schematic diagram of the representative elementary volume (REV) of coal and adsorption-induced swelling.

a rubber sleeve and placed in the sample room to measure the
permeability.

Experimental scheme

The influence of the confining pressure and the gas pressure
is analyzed and thus the permeability of coal is measured by
alternately changing the confining pressure and the gas pressure.
Referring to actual reservoir conditions, the confining pressure is
set to 10, 12, 14 and 16 MPa, the gas pressure is set to 1, 2, 3 and
4 MPa, and the temperature is set to 35°C during the whole
experimental process. The permeability of coal is calculated by
the steady-state method based on the Darcy law, the principle has
been introduced in previous research (Niu et al., 2019b; Niu et al.,
2020b). For the simulation test of the CO, injection process, the
confining pressure is 12 MPa, the injection pressure is increased
from 2 MPa, 4 MPa, 6 MPa, 8-10 MPa, and the CO, injection
flow is dynamically monitored by the inlet flowmeter and
recorded in the computer.

Anisotropic permeability model of
coal during the CO, injection process

Model establishment

A large number of studies show that the pores and
fractures are widely regularly distributed in coal (Pan et al.,
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2016; Niu et al., 2017b; Niu et al.,, 2019a), i.e., the pores with
different scales occur in the coal matrix (Jin et al., 2017; Jin
etal., 2020), while the fractures occur between the coal matrix
and cut coal into a system of matrix blocks. The fractures
mainly include the face cleat, the butt cleat and the bedding
plane fracture, they are vertically staggered with each other
and distributed in the coal body (Rodrigues et al., 2014; Wang
et al., 2018b; Jin et al., 2019). For the primary coal without
geological structural fractures, the three-dimensional model
of coal can be simplified to the representative elementary
volume (Figure 2).

The cleats and bedding plane fractures are the main seepage
channels, while the permeability of coal has a direct relationship
with the porosity (Mckee et al., 1988):

kK (o)
o (2)

where the k and ¢ represent the permeability and porosity

1

respectively, and the subscript 0 represents the initial value.
For the REV, taking the oz direction as an example, the
porosity in this direction is the plane porosity degree
perpendicular to the oxy section:

A
A

‘/’f = (2)
where the Af represents the porosity in the oxy section, A,,
represents the area of oxy section. The oxy section is composed of
several fractures. Assuming the fracture number is 15 A, and Ay
can be expressed as:
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{Af = nyayl, 3)

A, =1,

where bf represents the width of the coal matrix, the width of
REV (1) is thus composed of fracture width (a,) and coal matrix
width:

ln = (af + bf)nf (4)
Substituting Eqs 3,4 into Eq. 2 to obtain:
Ar _ el nyas a5
¢p=-L= = = (5)
A, lnlp (af + bf)nf as + bf

Considering the anisotropic characteristics of coal, the
porosity of the face cleat, butt cleat and bedding plane are

respectively:

ax

¢ = a,+b,
a

¢, = —— 6

7 oay+y O

a,

9= a,+b,

Taking the face cleat as an example, the derivative of Eq. 6
can be obtained:

a, I-b,\ b, (dl, db,
d¢*=d<ax+bx>‘d<ax+bx>‘i<f bx> @

Where:

) ®
Substituting Eq. 8 into Eq. 7 to obtain:
It can also be written as:
A9, _ AL _Ab, (10)

1-¢, I, b,

The porosity of coal is quite low. To simplify the formula, the
1-¢, is approximated to 1. And the variation of face cleat width is
caused by the strain in the direction of the butt cleat, then Eq. 10
can be converted into:

A, = Asy” - Ag) (11)

The strain of coal is composed of two parts, i.e., the strain
caused by the change of effective stress (Ae,) and the strain
caused by gas adsorption (Aeg,), then the strain caused by the
change of effective stress and gas adsorption in butt cleat
direction are:
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b_ Ab b
{Asy = Asay +Asey (12)

m __ n n
Asy = Asay + Aeey

According to Pan and Connell. (2011), for the anisotropic
media, the strain caused by the effective stress in the face cleat
direction under the action of three-dimensional stress can be
expressed as:

b b
Ao,y — ViyOex = V00

b
Asey = B
'y
(13)
m m

Ae™ = Ao,y — ViyOex =V, 0z
sey - E™
y

In this work, the compression is set as negative, the tension is
set as positive, and the effective stress of coal is

Ao, = aAp — Ao, (14)

Where the Ao, represents the change of the external stress, «
represents the Biot coefficient, Ap represents the change of the
gas pressure. The deformation increment of coal due to gas
adsorption is:

Al=1- lo =art 2bf - (afo + 2bf0)
= ag0 — 2A£::-nbf0 + beo (1 + As;"t) - (afo + beo)

= 2by, (Aely — A€l

ain

(15)

Where Ae”} represents the total swelling strain change caused by

the gas adsorption under limited conditions; Ael)} represents the
internal swelling strain change caused by the gas adsorption,
which compresses the fractures in the coal and affects the
permeability of the coal seam. In combination with Eq. 15,

the swelling strain change of coal can be expressed as:

Al beo (2em-aem )

Agb = —
sy + 2bf0

at — 10

(16)

Since the fracture width in coal is far smaller than the size of the
coal matrix, i.e., af < by Eq. 16 can be rewritten as:
Al _ beO (Aa;';—As"'

b _ nin) - m _ m
Ag,, = — = A, — Ae

! 17
lo s t+ 2bf0 ain ( )

The measured swelling strain change is Ae’, and the internal
swelling strain is difficult to measure directly. Therefore, the
internal swelling coefficient (f;,) is introduced in this paper,
which is the ratio of internal swelling strain to total swelling
strain. In addition to the influence of gas adsorption, the
temperature and moisture will affect the permeability by
affecting the internal swelling coefficient of coal. Therefore,
assuming that fi, fiur and fj,, are the internal swelling
coefficients caused by gas adsorption, temperature and
moisture respectively, the total internal swelling coefficient is:

Sin =Fina * Foir + Fimw

Then Eq. 17 can be converted into:

(18)
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b
Asat = A'f::: _mAsur;:‘n = 8% - 8:::‘0 _m(sur;:‘n _msﬂo ”
=& T Earo ~ (finsat _finO'EatO) =&y (1 _fin) ~ &0 (1 _fino)

(19)

The change of swelling strain caused by gas adsorption in the
face cleat can be expressed as:

Ae’l:y = sz,lv(l _fin) - samyo(l _finO) (20)

The matrix swelling of coal conforms to the Langmuir-type
equation, then the strain of matrix caused by gas adsorption of
face cleat is:

Er. P
m _ 24
Ag;

=—7 21
4 P+PLy ( )

Taking Eqs. 12, 13, 18, 20, and 21 with Eq. 11, the variation of
porosity of face cleat is:

b b

Ao,y — VoyOex = V0 Ao,y — v;';,aex - v;”yaez
A¢X - Eb - E™
y y

Y (fina +finT +finw)xp _ (fina + inT +finw)x0P0
b P+Py, Py + Py,

(22)

In the same way, the variation of porosity of the butt cleat and
bedding plane is as follows:

b b m m
B Ao, — V3iOey = V.06 AG . — ViiOey = ViOez

= B £
3 sﬂ( (Fina + Fiur +finw)yP 3 (Fina + Finr +finw)y0P0>
P+ Py, Py + Py,
(23)
Ag, = Ao, — ng;:y - o, B AG,, — v}',"zgmey — V"0
z 2
_ st< (Fina + i + Fimo)P B (Fina + Fint +finw)zOP0>
P+Pp, Py + Py,
(24)

Therefore, the porosity in any seepage direction is:

Ao, - v;Aae,» - v,':jAaek Aoy — ViAo, — ViAo
b - m
E ' Ej
AG g — vkaaei - v]'?kAaej AC g — ViAo, — vj"‘kAaej
' E E"
¢ = ¢y + k .
e (Fina + Finr +finw)jP B (Fina + Fiur +finw)j0P0
1 P+ PL] P+ PL]
¢ (.fina +finT +finw)kP _ (fina +finT +finw)k0P0
| P+ Py Py + Py ]

(25)

Substitute Eq. 25 into Eq. 1 to obtain:
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—&— Confining pressure=10 MPa
8 4| —e— Conlfining pressure=12 MPa
—=A— Conlfining pressure=14 MPa

¥ Confining pressure=16 MPa

Permeability (10™* m?)
N

CO, injection pressure (MPa)

FIGURE 3
Changes in the permeability of cylinder sample with the
increasing CO, injection pressure.

443
Aaejfvg,Aae,- ’szA‘Tek Aaejfv;}'.'Aae,- 7V;;A0,k

b "
Ei EJ.

Auek—vf’kAaeg—v”,’kAagj _ Aa,k—v‘f;Acrg,-—vj'"kAaq

1 E, E;
k,‘ = k,‘o 1 1+— -
¢i0 (finn+flnT+finw),~P (fina+finT+finw)i0P0
& PPy - P+Py

—e (f ina it inw ) kP _ (f inatfinrtf inw) k(,P 0
| ~ Lk P+Py Po+Pr ]

(26)

Where, i # j # k, for coal with a porous structure, the elastic
modulus of the matrix is far greater than that of coal,
ie., E]"‘ > E]'.’, Eq. 26 is converted into:

b b
Aaej—vijAae,-—vijcrek Aaek—ngcre,-—v;Aa,j
b g
EJ' i

k=ked1+ i (fina+fin'l'+finw)fp (fina+fin'l'+finw)jgpl)
i i0 b —&ij PPy - Po+Py;

_ (fina+finT+finw)kP_ (finn+finT+finw)kQP0
€Lk P+Pyy Po+P

27)

Boundary condition
(1) Constant confining pressure

Under this boundary condition, the pore pressure changes
while the total stress remains unchanged:

Aoy, = Aoy, = Aoy, = 0 (28)

The effective stress can be expressed as:
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AO = Ao,y = Ao, = AP (29)

Substitute Eq. 29 into Eq. 27 to obtain the permeability model

under the boundary condition of constant confining pressure:
3

b b b b
(1—Vx.j—VkI.)AP . (I—V'.k—V’,k)AP
Eb Eb

J k

ki=kpq1+ L (fina*fin'r*finw)JP (fina*fin'r*finw)jgpo
¢i0 €1 P+Py; - Py+Py;

e (finu+finT+finw)kP _ (finu+finT+finw)k0P0
Lk P+Py Po+Pr

(30)
(2) Constant effective stress

Under this boundary condition, the effective stress remains
unchanged, i.e., the increment of the effective stress is always zero:
Ao = Aoy, = Ao, = 0 (31)

Substitute Eq. 31 into Eq. 27 to obtain the permeability model
under the boundary condition of constant effective stress:
(f ina it inw ) P (f inaFin tf inw ) oFo 3
1| & PPy - Po+Py
ki=kipql-—
¢i0 + st( (f inatfinr tf inw)kp _ (f inatFinrtf inw)kQP 0)

P+Ppy Py+Ppy

(32)

(3) Constant pore pressure

Under this boundary condition, the pore pressure remains
unchanged, i.e., the increment of pore pressure is constant at zero:
AP =0 (33)

The effective stress formula can be changed to:
Ao, = —Ao, (34)

Substitute Eq. 34 into Eq. 27 to obtain the permeability model

under the boundary condition of constant pore pressure:

b b b b 3
Aa,j—vijAo',,-—vija,k Aa,k—vikAaﬁ—vjkAa,j

b "
Ej El.

1 SinatF it Finw )~ (FinatFinr +Finw ) P
ki=kipq1- 6 +8Lj(( d );)'*'(PLj i )P0
1

Py+Pry

+£Lk( (fina*finr*fmw)k* (fina*finx"rfinw)koPO)

(35)

Results and discussion

Permeability and model validation of
cylinder sample

The permeability of the cylinder sample under different CO,
injection pressures and confining pressures is shown in Figure 3.
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When the CO, injection pressure increases from 2 to 8 MPa, the
permeability averagely increases from 0.95m” x 10 m’ to
5.81 m* x107** m* when the confining pressure increases from
10 to 16 MPa, the permeability averagely decreases from
3.64m* x 107" m” to 1.96 m* x 107'® m®. Apparently, the CO,
permeability of coal is positively related to the injection pressure
and negatively related to the confining pressure. Increasing the
confining pressure will compress the fractures developed in coal
and reduce the permeability while increasing the injection
pressure will decrease the effective stress and promote the
permeability.

For the cylinder sample, the permeability is assumed to be
isotropic, hence, and Eq. 36 can be transformed into:

W= = =B - B B o0
] 2(1 ) b)AP (fina+finT+finw)P 3
— 27 P+Py
¢i0 E _ (fina*finl'*finw)opv
P0+PLj
(37)

To verify the reliability of the proposed model, the relevant
parameters are from the literature (Peng et al., 2017), as shown in
Table 2. The experimental data for permeability were first
converted to k/ky and then fitted by the permeability model
(Figure 4). The experimental data has a high correlation with this
model, the correlation coefficients are all greater than 0.99. It
indicates that the anisotropic permeability model can be used to
predict the change of isotropic permeability if the difference of
mechanical parameters in different directions is ignored. It can
be seen that the k/k, gradually increases with the increase of CO,
injection pressure. This is because the CO, injection causes the
closed fractures to reopen. At the same time, the coal matrix
swells to the outside, resulting in the widening of the fractures
and improving the permeability of coal.

Permeability and model validation of cubic
sample

The permeability of the cubic sample under different CO,
injection pressures and confining pressures is shown in
Figure 5. As a whole, the variation trends of permeability
in either direction with confining pressure and CO, injection
pressure are coincident, this indicates that the influence of the
effect stress on the seepage capacity of face cleat, butt cleat and
bedding plane fracture is analogous. However, the
permeability measured in different directions shows distinct
anisotropic characteristics. The ratios of k,:k,:k, are 1.53:1.35:
1,1.58:1.42:1,1.58:1.33:1, and 1.61:1.43:1 respectively, e.g., the
permeability of coal in parallel face cleat direction is the
largest, followed by the permeability of coal in parallel butt
cleat direction, and that in vertical bedding direction is the
minimum. The ky, ky and k, of coal are respectively
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Fitting results of the permeability results of cylinder sample.
TABLE 2 Parameter values used for model validation of permeability of To Verify the correctness of the anisotropic

cylinder sample.

Parameter Value Unit
E* 1,300 MPa
" 0.3 —

b0 03 %

Po 0 MPa
pPL 6 MPa
& 0.025 —

contributed by the “face cleat + bedding plane fracture”, the
“butt cleat and bedding plane fracture” and the “bedding plane
fracture”, generally, the sequence of the average aperture from
large to small is bedding plane fracture, face cleat and butt
cleat (Busse et al., 2017; Shi et al., 2018; Wang et al., 2019).
According to the parallel-plate law of fractures (Klimczak
et al, 2010), it can be deduced that the permeability
distribution in the different directions measured in this
paper is reasonable and correct.

Frontiers in Earth Science

permeability model proposed in this paper, the parameters
of elastic modulus, Poisson’s ratio, Langmuir strain and
the

literatures and the porosity was the assumed value. The

Langmuir pressure were selected from previous
elastic modulus, Langmuir strain and Langmuir pressure
are considered isotropic in the parallel bedding plane
direction, while the Poisson’s ratio is considered isotropic
in three directions. The permeability results of the cubic
sample are fitted by Eq. 38, it can be seen that the
model value and the measured value show the same change
trend (Figure 6), their correlation coefficients are higher than
0.96. Obviously, this anisotropic permeability model can be
appropriate to evaluate the permeability evolution of
heterogeneous coal reservoirs with CO, injection under in

situ conditions.

CO;, injectivity characteristic of coal

As analyzed above, CO, injectivity is the most critical factor
restricting the implementation of CO,-ECBM projects. To
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FIGURE 5
Changes in the permeability of cubic sample with the increasing CO, injection pressure.

investigate the CO, injectivity, the parameter of injectivity rate (J)
is used to characterize the CO, injectivity of coal (Heddle et al., k= ik k, @1)
2003):
J= Qe (38) Combining Egs. 35, 39 the CO, injectivity evaluation model
h(P,; - P) . .
is obtained as follows:

The equivalent permeability can be expressed as:

where h is the coal reservoir thickness, m; p, is the pressure at A0y~ ViAGy ~ViyAdu Aoy — Aoy —Vidoy

the wellbore, MPa; p is the reservoir pressure, MPa; Q;, is the E E
P . 3 _ AP, -P) kio (Fina t i t Fin); (Fina + it + Fin)joPo
injection flow, m*/d. = WPy —PYPuL gk kot G ’Eli( o :P” - b Py = )
The indoor permeability test formula is: Gt for )P (o + for + Fun )P
N *Sl.k( Pi + Pre - P, + Py )
k — P a[’l (39) (42)

A (P t%n - P tzmt)
Then, the CO, injectivity evaluation model under the

Where k is the permeability, 107'* m?, Q is the volumetric rate of constant confining pressure condition can be converted to:

flow, cm?®/s; u is the fluid viscosity, cp; L is the length of the
/ ‘u . . ty p g . (lfvz.fvij)AP (lfvf;‘fvj"k)AP
sample, cm; A is the cross-section area of the sample, cm?, Pin IS

E E}
'j k
the inlet gas pressure, Pa; po, is the outlet gas pressure, Pa. J- APL-P) T4k s Ko ((f,m, +Foit *Fun )P Fina +For + f‘.nw)ﬂ,Pg>
= 77 i0 | —&;
Q=Qi,-V/t, V is the volume of pore in coal (cm?) and ¢ is the 1 (Poy = PIPtil i of Py Po+ Py

e . . . ina * it ¥ Fi WP _ Fina + Fiir + Finn o P
injection time (min). _m((f Sur + L )iP _ Fina *fir + L io o)

P+ Py Py +Py;
Thus, the calculation formula for CO, injectivity of coal is: 3)
J= kA(P;, - P2,) (40) The changes in instantaneous injectivity rate with the time
h(P,s - P)P,uL of coal under the confining pressure of 12 MPa are shown in
Frontiers in Earth Science 09
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Fitting results of the permeability results of cubic sample.

Figure 7. When the CO, injection is injected into coal, the
instantaneous injectivity rate is advanced immediately and
shows several fluctuations. The maximum instantaneous
injectivity rate for the subcritical CO, (CO, injection
pressure < 7.4MPa) can reach 1.8cm’/MPa min. The
injection pressure is then reduced after 1h and the CO,
the

monitoring process. Compared with the subcritical CO,,

injectivity ~ cannot  recover  during subsequent
there is no improvement in the instantaneous injectivity rate
when the injection pressure reaches 8 MPa, while the
maintenance time of the CO, injection process is promoted.
In particular, two instantaneous injectivity rate peaks appear
after 2 h of CO, injection. When the CO, injection pressure is
equal to 10 MPa, the instantaneous injectivity rate increases
dramatically, the maximum instantaneous injectivity rate is
close to 5cm?’/MPa min, and the injection process has the
longest duration (3 h). It can be seen that the CO, injectivity of
coal increases with the increase of injection pressure, which is
because the closed fractures of coal are effectively supported
and reopened under high injection pressure. At the same time,

the high reservoir pressure drives more CO, molecules to
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migrate and diffuse into coal pores and further causes the
injectivity increase of the coal seam.

Sum the instantaneous injectable rate at each injection
the
relationship between the total CO, injectivity rate and the

pressure to obtain the total CO, injectivity rate,
CO, injection pressure is shown in Figure 8 The total CO,
injectivity rate is nonlinearly increased from 13.61 cm*/MPa
min to 311.87 cm’’MPa min when the CO, injection pressure
raises from 2 MPa to 10 MPa. The total CO, injectivity rate
increases slowly during the subcritical CO, injection process and
increase quickly during the supercritical CO, injection process.

The Formula (45) is used to fit the results between the total
injectivity rate and the CO, injection pressure, the comparison
results of the model value and the measured value are shown in
Figure 8. The parameters used in the fitting process are from Table 3,
the overall change trend of the CO, injectivity evaluation model is
consistent with the experimental value. The main reason for the
inconsistency depends on the selection of parameters and supposed
conditions. Despite all this, the proposed CO, injectivity evaluation
model is capable of predicting the CO, injectivity of a coal seam and
will guide the favorable area optimization of CO,-ECBM.
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Changes in instantaneous injectivity rate with time.

Analysis of improving CO injectivity of
coal

CO, injectivity is the first requirement for evaluating the
effectiveness of CO,-ECBM, the main reason for CO,-ECBM not
being carried out on a large scale in China is that the CO, is
difficult to be injected into coal seams. The key to restricting CO,

Frontiers in Earth Science
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injectivity is the permeability reduction induced by the
adsorption swelling of the coal matrix. While the cleats are
more susceptible to the swelling strain compared with the
bedding plane fractures or other larger structural fractures
(Niu et al, 2018), therefore, the narrowing or closing of the
cleats intercepts the continuous injection process of CO, from
the wellbores to the coal matrix pores. And both our experiment
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TABLE 3 Parameter values used for model validation of permeability of
cubic sample.

Parameter Value Unit Data source
E/'=E/’ 2,800 MPa Zhao et al. (2014)
E} 2,120 MPa

Ve =V, =V, 0.24 — Jia, (2016)

Px0 0.340 % Experimental value
b0 0.350 %

a0 0.295 %

EL=ELy 0.634 % Wang et al. (2013)
ern 1.063 %

Prs= Pry 2.707 MPa

pr 2.582 MPa

and numerical simulation confirm that increasing the CO,
injection pressure can first offset the permeability decrease
induced by adsorption swelling and then promote the
permeability, this positive effect may be more favorable for
the larger fractures and has little effect on the cleats (Zhang
et al,, 2019). Thus, increasing the CO, injection pressure may
temporarily promote CO, injectivity, while the CO, injection
increment is limited.

In the previous research, the intermittent CO, injection, N,
displacing CO, and pre-fracturing for improving CO, injectivity
were validated by the indoor experiment (Niu et al.,, 2021b), the
reservoir stimulation may be the direct and effective measures to
solve the problem of CO, injectivity attenuation. While
traditional hydraulic fracturing induce

can large-scale
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fractures and cannot connect the fractures on the cleat scale.
The high-pressure CO, gas fracturing can damage the coal seams
and promote the formation of the complex network of micro-
fractures (Cao et al., 2022), which may promote the cleat seepage
of coal during the CO, injection process and then increase the
CO, injectivity. Thus, the CO, fracturing by phase transition may
be available for enhancing the CO, injection and should be
focused on in the future.

Conclusion

In this paper, the anisotropic permeability and CO,
injectivity of coal during CO, enhanced coalbed methane
recovery process were measured, and the corresponding
numerical models were established and verified by the
experimental data. Based on this, the dynamic evolution of
CO, injectivity and methods of improving CO, injectivity was
clarified. The major conclusions are drawn as follows:

(1) The anisotropic permeability of coal during the CO,
injection process can be measured by the cubic coal
samples. The permeability of coal in parallel face cleat
direction is the largest, followed by the permeability of
coal in parallel butt cleat direction, and that in vertical
bedding direction is the minimum. The ratios of kykyk,
are 1.53:1.35:1, 1.58:1.42:1, 1.58:1.33:1, and 1.61:1.43:
1 respectively when the CO, injection pressure increases
from 10 MPa to 16 MPa. The CO, injectivity is transformed
from the data of CO, inlet flow, with the increase of the CO,
injection pressure, the peak value of instantaneous injectivity
rate is enhanced and the injection time is prolonged. The
total CO, injectivity rate is nonlinearly increased from
13.61 cm?*/MPamin to 311.87 cm?*/MPamin when the CO,
injection pressure raises from 2 to 10 MPa.

(2) The anisotropic permeability model of coal considering the
influence of adsorption swelling, effective stress, water and
temperature are established, the injectivity rate is proposed
to describe the CO, injectivity of coal and the CO, injectivity
prediction model is built based on the anisotropic
permeability model. The validity of these models is
confirmed by the experimental results in this paper.

(3) The narrowing or closing of the cleats during the CO,

intercept the

process of CO, from the wellbores to coal matrix pores.

injection process continuous injection
Increasing the CO, injection pressure may temporarily
C02 the COZ

increment is limited. The CO, fracturing by phase

promote injectivity, while injection
transition may be effective for connecting the cleats in
coal, which is thus an available reservoir stimulation
method for enhancing the CO, injection and should be

focused on in the future.
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