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ARTICLE INFO ABSTRACT

Keywords: CO;, capture, utilization, and storage in depleted petroleum reservoirs is one of the rapidly growing areas of
CO sequestration research in the petroleum industry. Of these reservoirs, shale gas reservoirs are particularly promising, consid-
Shale

ering the potential for trapping the injected CO3 by sorption, in addition to other trapping mechanisms expected
in other subsurface reservoirs. However, accurate characterization of the pressure transient behaviors during CO2
injection is imperative for the estimation of reservoir properties and COy storage capacity. The accuracy of
standard models for capturing transient flow dynamics remains limited in representing the early-time in-
teractions between fractures and the surrounding matrix. To address these limitations, this study proposes an
Analytically Projected Embedded Discrete Fracture Model (AEDFM), in which fractures are projected onto all six
faces of three-dimensional host matrix elements. This approach systematically incorporates the influence of
surrounding matrix blocks, enabling a more accurate simulation of the CO; pressure transient behaviors of multi-
stage fractured horizontal wells (MFHWs) in shale gas reservoirs. The accuracy of the proposed model is vali-
dated against reference solutions.

Utilizing the proposed AEDFM, we developed a workflow for CO, storage capacity evaluation based on
pressure transient analysis. Furthermore, we analyzed the impact of fracture and reservoir parameters on
pressure response and CO» storage performance. Based on pressure test data from a shale gas well in the
Longmaxi formation, reservoir rock properties, such as permeability, were obtained through curve matching.
Using the matched property values, the CO5 storage capacity was evaluated at different injection rates. Overall,
the proposed model offers an efficient and accurate framework for analyzing transient flow and assessing COy
storage capacity in shale reservoirs.

Embedded discrete fracture model
Transient flow

1. Introduction

The combination of horizontal drilling and hydraulic fracturing has
facilitated the efficient development of shale gas resources.” With the
proliferation of shale gas wells over the past 20 years, several re-
searchers have investigated the concept of carbon dioxide (CO5) injec-
tion into shale gas reservoirs to enhance natural gas recovery and
simultaneously sequester some of the injected CO».>° Furthermore,
depleted shale gas reservoirs are generally regarded as optimal candi-
dates for long-term CO, storage “~/. Conventionally, pressure transient
analysis has been a pivotal technique for characterizing reservoir
properties, and it is now also being applied to evaluate the CO storage
potential.8
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Analytical models offer certain advantages, including convenience
and computational efficiency. Consequently, researchers have proposed
analytical or semi-analytical models to investigate the pressure transient
behaviors of CO flow in petroleum reservoirs.’ For instance, Su et al.™°
developed an analytical model to analyze the pressure transient be-
haviors of CO; flow, but the effects of adsorption and diffusion were
neglected. Later, Chen et al.'' proposed an analytical approach for
pressure transient analysis during CO; injection and applied it to assess
the CO4 storage capacity in depleted shale gas reservoirs. However, the
model assumed that the reservoir contained only CO2 and that CO,
properties, such as viscosity, remained constant. Furthermore, Xiao
et al.'? developed a semi-analytical model to analyze the pressure and
rate transient behaviors during CO; injection. This model incorporates
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effects such as desorption, adsorption, and stress sensitivity. It assumes
that the hydraulic fractures are fully penetrating the formation and that
the natural fractures in the reservoir can be represented using the
dual-porosity model. However, due to the complex flow mechanisms
and the presence of natural fractures across multiple scales in shale
formations, these conventional analytical and semi-analytical models
are unable to accurately capture the transient pressure and rate behav-
iors of COs injection in shale reservoirs.

Given the widespread presence of natural and hydraulic fractures in
shale reservoirs, the accurate and effective simulation of fluid flow has
attracted considerable attention from researchers '>7'7. The discrete
fracture model (DFM) was developed to accurately simulate fractured
reservoirs, but it requires unstructured grids that conform to the ge-
ometry of the fractures within the reservoir.'® This causes excessive
meshing requirements in complex three-dimensional (3D) fractured
reservoirs, thereby greatly increasing computational expense.'®

The EDFM was developed to overcome the substantial computational
cost associated with the DFM.?" Its core concept is to represent fractures
as lower-dimensional elements (typically 2D) embedded within a 3D
matrix grid that does not need to conform explicitly to the fracture ge-
ometry.?! By introducing non-neighboring connections (NNCs) between
fracture cells and adjacent matrix cells, EDFM enables fluid exchange
between fractures and the surrounding matrix without requiring con-
forming meshes. This significantly simplifies grid generation and im-
proves computational efficiency.?” Despite these advantages, later
studies revealed several limitations of the EDFM approach. In particular,
EDFM commonly relies on permeability approximations derived from
geometric parameters when modelling low-permeability fractures,
fracture tips, and fracture intersections.”> Moreover, the method
generally assumes a linear pressure distribution between fractures and
the matrix, which can reduce the accuracy of local flow characterization,
underestimate flow behavior, and introduce local numerical errors. To
address these shortcomings, several enhanced EDFM formulations have
been proposed.” For example, Losapio, Scotti’” proposed the Local
EDFM (LEDFM), in which locally refined grids are generated around
fractures to more accurately calculate transmissibility between fractures
and the surrounding porous medium, as well as within the nearby matrix
region. By relaxing the linear pressure distribution assumption adopted
in conventional EDFM, LEDFM improves the accuracy of flow simula-
tions. In addition, Olorode, Rashid”® developed the transient EDFM
(tEDFM), which incorporates a transient correction factor into the
non-neighboring connection (NNC) transmissibility calculations of
conventional EDFM, thereby enhancing the accuracy of early-time flow
simulations. Furthermore, Zhou et al.?’ accounted for the
time-dependent evolution of the transient correction factor and pro-
posed an analytically modified EDFM for pressure transient analysis.
Guo et al.”® proposed an enriched embedded discrete fracture model
(nEDFM) that extends EDFM to arbitrary intersections of conductive and
blocking fractures by reconstructing local shape functions and
improving the star-delta formulation, thereby significantly enhancing
the accuracy and applicability of non-conforming grid simulations for
complex fractured reservoirs.

To overcome the EDFM's limitations associated with low-
conductivity fractures, Tene et al.?® initially proposed the pEDFM. In
this method, the projection areas of fractures onto adjacent matrix cell
surfaces are explicitly calculated, enabling more accurate simulation of
low-conductivity fractures. Subsequently, Jiang, Younis?’ improved the
pEDFM framework by introducing additional physical constraints dur-
ing the preprocessing stage, thereby enhancing its physical consistency.
In addition, Rao et al.*” advanced the method by developing a pragmatic
“Micro-Translation Method” to determine the optimal combination of
projection faces in pEDFM. They also incorporated fracture—fracture
connections, which further extended the applicability of the framework.
Meanwhile, Olorode et al.>' proposed a 3D pEDFM algorithm capable of
modelling naturally fractured systems with arbitrarily oriented fractures
in 3D domains. Furthermore, Rashid, Olorode®? developed the
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Continuous Projection Embedded Discrete Fracture Model (CPEDFM),
which ensures continuous projections of inclined fractures on cell sur-
faces in 3D simulations, thereby improving the physical representation
of low-conductivity fracture systems.

In addition, many researchers have applied EDFM and pEDFM to
simulate CO, flow.*>** For example, Zuloaga-Molero et al.>> applied
EDFM to simulate COz-enhanced oil recovery (EOR) in tight oil reser-
voirs. Zhao et al.>® developed a CO5 injection numerical model based on
EDFM that incorporates multiple flow mechanisms. Furthermore, Jia
et al.”’ applied pEDFM to simulate the CO- injection and recovery
process in shale-oil reservoirs. However, these studies have primarily
focused on pressure and rate behaviors over large time scales during CO»
injection, with limited attention given to the pressure transient behav-
iors at early times.

Although extensive research has been conducted on EDFM and
PEDEFM, studies on the fast and accurate simulation of transient fluid
flow in fractured reservoirs are limited. Efficient numerical models that
can capture the pressure transient behaviors of CO; injection in shale
reservoirs are also limited. However, accurately modeling such transient
behavior is essential for analyzing injection conditions and estimating
reservoir properties. To address these limitations, the traditional AEDFM
framework is enhanced by integrating the projection concept from
pEDFM. This involves projecting fractures onto all six faces of the pri-
mary matrix grid blocks. Connections are established between the
fracture and each of the six adjacent matrix cells to fully account for the
influence of the surrounding matrix on the fracture flow. This
improvement significantly enhances the accuracy of the EDFM.

The accuracy of the proposed model is validated through comparison
with the results from the analytical model. This study proposes an
enhanced model for analyzing pressure transient behaviors during CO4
injection in shale reservoirs. Furthermore, it develops a workflow for
evaluating CO, storage capacity using pressure transient analysis.
Moreover, parametric studies are conducted to evaluate the influence of
fracture properties and reservoir parameters on the pressure response
and CO, storage capacity. Finally, based on pressure test data from a
shale gas well in the Longmaxi Formation, reservoir properties such as
permeability were obtained through curve matching. Using the matched
reservoir properties, the CO, storage capacity was evaluated at different
injection rates. This study provides an efficient and accurate tool for
analyzing complex transient fluid flow in fractured reservoirs and for
evaluating CO storage potential.

2. Theory
2.1. Physical model

Fig. 1 illustrates the physical model of an MFHW in a depleted shale
gas reservoir with natural fractures. To establish the mathematical
model, the following assumptions are made:

(1) Hydraulic fractures are rectangular in shape, and natural frac-
tures are polygonal.

(2) The effects of temperature and gravity are neglected.

(3) Fluid flow obeys Darcy's law.

(4) Fluid is injected at a constant rate and enters the formation only
through hydraulic fractures.

(5) A homogeneous reservoir with closed boundaries is assumed to
facilitate parametric sensitivity analysis.

2.2. Mathematical model

It is assumed that the fluid in the shale gas reservoir exists exclusively
in the vapor phase and consists of CO,, CH4, CoHg, and C3Hg, etc.
Conversely, the injected fluid is assumed to be pure CO,. Adsorption is
one of the most important mechanisms for geological storage of CO5>°.
The Langmuir isotherm is used to account for gas adsorption/desorption
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Fig. 1. The physical model.

effects, and Fick's law is applied to model gas diffusion.>® Therefore, the
mass conservation equation for a multicomponent gas in EDFM can be
expressed as follows:
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where the subscript v denotes the vapor phase; the superscript i repre-
sents the i-th component in the vapor phase; ¢, p, g, V, t, k and y denote
porosity, density, volumetric injection rate, grid-block volume, time,
permeability and viscosity, respectively; s is a logical parameter that is
set to 1 only in the matrix; p; and p; represent the sorbed-gas density of
rock and the maximum sorbed-gas density of rock, respectively; v,
represents the Darcy velocity of the vapor phase; X!, and y; represent the
mass fraction and mole fraction of component i in the vapor phase,
respectively; p and p;, represent the reservoir and Langmuir pressures,
respectively; D!, represents the diffusion coefficient of component i in the
vapor phase.

In Eq. (1), ¢ denotes the mass flow rate of component i exchanged

L
through non-neighboring connections (NNCs), and is defined as*’:
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where A™¢ | k™ and d™ denote area, permeability and distance of
NNCs, respectively; Ty denotes the transient factor; the superscript m
represents the matrix; C; denotes the total compressibility; a? represents
the area where the fracture intersects with the matrix grid.

Although the reservoir is three-dimensional, the AEDFM simplifies
the local matrix-fracture interaction into a flow problem normal to the
fracture planes. This is based on the physical reality that the high
permeability contrast forces fluid to move predominantly in the direc-
tion of the steepest pressure gradient, which is orthogonal to the fracture
surface. By applying this dimension-reduction strategy, the 1D analyt-
ical transient factor Ty effectively captures the transient flow while
maintaining high computational efficiency.

The transmissibility coefficient for an NNC is derived to character-
izefluid exchange between fracture segments and their host matrix cells.
The transmissibility coefficient can be written as follows>':

Jerne pAnne
e = %
dnne (7)

While conventional EDFM accounts for fluid exchange between-
fractures and the matrix cells containing them, it only accounts for flow
interactions between the fracture-hosting cell and its directly adjacent
matrix cells. This approach has been demonstrated to weaken the in-
fluence of the surrounding matrix domain on fracture dynamics, espe-
cially at refined grid resolution.”’ To more accurately capture the
early-time transient flow behavior near fractures, an enhanced projec-
tion method based on the pEDFM framework is proposed. This is
referred to as AEDFM. Specifically, the fracture is geometrically pro-
jected onto all six faces of the surrounding matrix grid cells, thereby
systematically capturing the influence of the surrounding matrix do-
mains on fracture flow behavior. The schematic of the AEDFM projec-
tion is illustrated in Fig. 2(a), in which the fracture projections onto four
matrix faces in the YZ and XY planes are demonstrated. To ensure nu-
merical stability and pressure continuity, the projection weight for each
fracture segment is calculated independently within its corresponding
matrix grid cell.

The traditional pEDFM projects the fracture only onto three faces of
the matrix grid on one side of the fracture, for example, the right, bot-
tom, and front faces. Compared to EDFM, pEDFM introduces additional
NNCs between the projected matrix grid cells and the fracture cells.
These can be expressed as follows:

A, ke
_ ifL X "pM—F
T;I"I/IC—Ff dme (8)
‘pPM—F
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Fig. 2. The schematic diagram of the projection of AEDFM.
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where A . —, denotes the area in each projection direction; X represents

fL X
the X, Y and Z directions; the subscript pM denotes the projected matrix
cell; he subscript pM — F denotes the connection between the projected
matrix cell and the fracture cell.

Due to the addition of connections between the projected matrix cells
and the fracture, the original connections between the projected matrix
cells and the matrix cell are weakened:

T =T M% (10)

The development of pEDFM was originally motivated by the
requirement to simulate low-conductivity fractures. In the context of
high-conductivity fractures, the application of this method may lead to
pressure asymmetry on both sides of the fracture. To more accurately
simulate transient flow near and within fractures, AEDFM is built upon
the idea of pEDFM by projecting the fracture onto all six faces of the
surrounding matrix grid cells. The transmissibility between the pro-
jected matrix cells and the fracture is given by:

ne /}H Any?kFgﬁ/I F
M an

where f— is the projection weight corresponding to the projected ma-
trix grid. It is defined as follows:
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where L; denotes the average distance from the fracture -plane to the
projection plane, as illustrated in Fig. 2(b); The superscripts + and -
denote the positive and negative directions respectively; Ay is the area of
the fracture; x is any point on the fracture plane; x4 is any point on the
projection plane; ny is the normal vector of the projection plane. Fig. 2
(b) illustrates the calculation of projection weights in the x-direction for
the two-dimensional case. First, the average distance from the fracture
surface to the projection plane in each direction is computed. Then, the
projection weights are determined based on the ratio of these average

distances. As shown in Eq. (12), the closer the fracture plane is to a
projected matrix plane, the stronger the influence of the corresponding
projected matrix cell on the fracture. Therefore, the projection weight on
that side should be larger. Accordingly, the projection weight is defined
as the ratio of the average distance from the fracture to the projected
matrix plane on the opposite side to the sum of the average distances
from the fracture to the projected planes on both sides.

To maintain mass conservation when introducing connections be-
tween projected matrix cells and fractures, the original transmissibility
between projected matrix cells and their host matrix cells must be sys-
tematically attenuated. This adjustment prevents the overcounting of
flux pathways while preserving the physical integrity of flow in-
teractions. The modified transmissibility is formulated as follows:

Ai— foA
T = TM—M% 14)
ii

By incorporating the transient factor derived from the analytical
solution, the developed model is referred to as the analytically projected
EDFM (AEDFM).

During the processes of fluid extraction or injection, changes in
reservoir pore pressure can lead to variations in permeability due to
stress sensitivity. The exponential evaluation model is adopted to
characterize this permeability variation®!

k=K, exp[ — ax(po —p)] (15)

where K, denotes the permeability without confining pressure; ay de-
notes the stress sensitivity coefficient.

Furthermore, considering the wellbore storage effect, the wellbore
flow equation can be expressed as:

27kaWf _ 6pwf
Q/ Jn(r./ry) ( e pwf) +24Cc=2 ot (16)

r.=0.14\/L% + W? a7)

where Q, B, ks, wy, 1, and C denote the flow rate at the surface, the
volume factor, the fracture permeability, the fracture width, the well
radius, and the wellbore storage coefficient, respectively; p. and pys
denote the perforation pressure and bottomhole pressure, respectively; L
and W denote the fracture length and fracture height, respectively.

2.3. Numerical solution
The governing equations and wellbore equation are discretized using

the backward Euler scheme and the finite volume method.*” The dis-
cretized forms of Eqgs. (1) and (15) are given as follows:
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where R denotes the residual value.

The above modifications are implemented based on the open-source
framework MRST,** and transient pressure and rate solutions are ob-
tained using automatic differentiation and Newton-Raphson iteration.

3. Results and discussions
3.1. Verification

To validate the accuracy of the improved AEDFM in simulating
transient COy flow, a model containing 11 hydraulic fractures was
constructed using both the AEDFM and the analytical model. The
AEDFM employed a structured Cartesian grid without local grid
refinement, with a grid size of 20 x 20 x 20 m and a total of only 10,088
cells. The basic input parameters of the model are listed in Table 1.
Considering that CO, is mainly injected into depleted gas reservoirs, the
initial pressure was set to 5 MPa’* and assumed to be uniformly
distributed throughout the reservoir. In addition, due to inherent limi-
tations of the analytical model, the effects of diffusion and natural
fractures were not considered in this section. The results obtained from
the AEDFM were then compared with those from the analytical model,'!
as shown in Fig. 3(a). Furthermore, the results of standard EDFM and
tEDFM were generated using the same Cartesian grid as the AEDFM.
Fig. 3(b) presents a comparative analysis of the simulation results from
AEDFM, EDFM, and tEDFM.

As shown in Fig. 3(a), the log-log plots of pressure change and its
derivative demonstrate that the AEDFM results match the analytical
solution closely. The L? relative errors for pressure change and its de-
rivative are 0.0186 and 0.0492, respectively. These low error magni-
tudes confirm the high accuracy and robustness of the proposed AEDFM
in simulating transient CO5 flow.

As shown in Fig. 3(b), the standard EDFM in MRST shows notable
discrepancies from the reference solution during the early and middle
flow periods, as evidenced by pronounced deviations in curve shape.
These observations further highlight the superiority of the proposed
AEDFM. Moreover, tEDFM tends to underestimate the pressure response
in the early to middle stages, and its pressure derivative curve exhibits a
more pronounced “dip.”

Furthermore, for a simulation spanning 70-time steps, the average
total computation times over five runs were 58.6 s for EDFM, 59.1 s for

Table 1

Model parameters used for model verification.
Input Data Value Unit
Physical dimensions 2000 x 2000 x 20 m
Initial pressure 5 MPa
Matrix porosity 0.1 /
Matrix permeability 0.1 mD
Fracture permeability 10 D
Fracture aperture 0.01 m
Fracture half-length 80 m
Fracture height 16 m
Well radius 0.1 m
Skin factor 0.001 /
Wellbore storage coefficient 0.5 m’/MPa
Injection rate 50000 m®/d
Number of natural fractures 500 /
Natural fracture permeability 1 D
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tEDFM, and 59.5 s for AEDFM. Compared to EDFM, the computational
cost of AEDFM increased by only 1.54%, while it remains highly
competitive with tEDFM. The marginal time increase in AEDFM
(approximately 0.7% over tEDFM) is primarily attributed to the
analytical projection weight calculations. To ensure numerical stability
and minimize discretization errors, a grid sensitivity analysis was con-
ducted. The pressure derivative responses were compared across grid
sizes of 40 m, 20 m, and 10 m. Taking the 10 m grid as the reference, the
average relative errors for the 40 m and 20 m grids are 2.48% and 1.01%
respectively. These results indicate that the AEDFM is robust to grid
resolution and can provide high-precision solutions even with relatively
coarse grids.

3.2. Flow regime identification

To more accurately analyze the pressure transient behaviors during
CO4, injection, the following flow regimes are identified based on the
pressure derivative curve:

(1) Wellbore storage and skin effect. Due to wellbore storage and skin

effects, the pressure derivative curve exhibits a unit-slope straight

line and a characteristic "hump." This regime has been demon-
strated to be a reliable method for estimating the wellbore storage
coefficient and skin factor.

Bilinear flow. A straight line with a slope of 1/4 appears on the

pressure derivative curve, indicating fluid flow that is linear from

the wellbore to the fracture and linear from the fracture into the
reservoir.

(3) Linear flow. A slope of 1/2 on the pressure derivative curve in-

dicates linear flow from the fracture into the reservoir. This stage

can be used to estimate fracture parameters, such as fracture
conductivity.

Inter-fracture interference. Pressure waves from adjacent frac-

tures interact, resulting in a rapid pressure increase and an up-

ward trend in the pressure derivative, which reflects an increased
apparent slope.

Elliptical flow. A straight line with a slope of 1/3 appearing on the

pressure derivative curve indicates that the fluid flow is

approaching steady state, with pressure waves taking on an
elliptical shape.

(6) Pseudo-radial flow. As the flow of fluid near the MFHW stabilizes,
the pressure derivative curve flattens, forming a zero-slope
straight line. This regime is generally employed to estimate
reservoir permeability.

(2

—

(4

—

5

-

The division of flow regimes according to the characteristic features
of the pressure derivative curves facilitates a more accurate analysis of
. . . . 5

flow behaviors and the inversion of reservoir parameters.“

4. Methodology
4.1. CO; storage potential evaluation

Fig. 4 presents a schematic workflow for evaluating CO, storage
potential. For depleted shale reservoirs, key parameters such as reservoir
permeability and fracture conductivity are first estimated using a nu-
merical well test model based on geological information, hydraulic-
fracturing data, and well-test data. These parameters are then used to
update and refine the numerical well test model. Subsequently, the in-
jection rate and the safety constrained pressure, which is typically lower
than the original reservoir pressure, are determined by considering
geological conditions, injection-facility requirements, and economic
factors. Using the refined numerical model, the pressure transient be-
haviors during CO2 injection are simulated. Based on the specified
wellbore constrained injection pressure, the time required to reach this
pressure is identified. The CO5 storage capacity is then calculated as the
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Fig. 3. Comparison of results from different models.

product of the injection rate and the injection duration.'’ It should be
clarified that while Eq. (20) appears to be a product of injection rate and
time, the adsorption effect is fully integrated into the pressure transient
solution.

Qr=Q Xt (20)

The constraint pressure was set to 10 MPa. It is anticipated that the
bottomhole pressure of the injection well will reach the constraint
pressure at approximately 580 days, as indicated by the pressure dif-
ference curve in Fig. 3. In this instance, the calculation of the COy
storage capacity is as follows:

Qr=Q X ty = 50000 x 580 = 0.29 x 10°m? 21

4.2. Sensitivity analysis

To clarify the impact of injection parameters, fracture properties,

and fluid-related parameters on the pressure transient behaviors during
CO4, injection, a series of sensitivity analyses are conducted. Considering
long-term CO- sequestration, the pressure transient behaviors during 20
years of CO, injection are simulated.*® The parameters under investi-
gation include injection rate, fracture half-length, fracture conductivity,
adsorption density, diffusion coefficient, and stress sensitivity coeffi-
cient. In this section, the influence of natural fractures is considered by
randomly generating 1000 natural fractures using the Alghalandis
discrete fracture network engineering (AEDFNE) method.”” These nat-
ural fractures are primarily oriented in the NE-SW and NW-SE di-
rections. The minimum fracture length is 40 m, the maximum is 60 m,
and the average length is 50 m. The fracture aperture is 0.001 m, and the
fracture conductivity is 1 mD-m. The spatial distribution of natural
fractures is shown in Fig. 5.

4.2.1. Injection rate
As illustrated in Fig. 6, the pressure difference and pressure
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derivative curves are presented at various injection rates. It is evident
that as the injection rate increases, there is a concomitant upward shift
in both the pressure and pressure derivative curves, while their shapes
remain comparable. This phenomenon can be attributed to the obser-
vation that elevated injection rates result in accelerated increases in
bottomhole and reservoir pressure.

Additionally, Fig. 6 illustrates the CO; storage capacity at various
constraint pressures and injection rates. When the injection rate is set at
10,000 In3/d, the bottomhole pressure fails to reach the constraint
pressure, even after a 20-year simulation period. This analysis yielded a
CO, storage capacity of 0.730 x 108 m.? It is noteworthy that the storage
capacity at an injection rate of 40,000 m®/d exceeds that at 100,000
m>/d. When the constraint pressure is not higher than 9 MPa, the in-
jection rate of 10,000 m®/d yields the highest CO, storage capacity. In
contrast, when the constraint pressure is set to 10 MPa, the injection
durations for rates of 40,000 m®/d and 100,000 m3/d are approximately
1982 days and 157 days, respectively, corresponding to CO, storage
capacities of 0.793 x 108 m® and 0.157 x 10°® m.® These results indicate
that both excessively low and excessively high injection rates are unfa-
vorable for optimizing CO, storage capacity. An excessively low injec-
tion rate will fail to fully utilize the CO, storage potential of the
reservoir. Since the transmissibility between grid cells is fixed, a higher
injection rate increases the flow between grid cells, necessitating a
larger pressure drop, which in turn causes the bottomhole pressure to
reach the constraint pressure rapidly. Thus, a reasonable injection rate
should be selected in field practice to avoid overly aggressive injection
rates.

4.2.2. Fracture half-length

Fig. 7 presents the pressure difference and pressure derivative curves
for different fracture half-lengths. As the fracture length increases, the
pressure response and its derivative shift later in time, indicating that
interference between fractures occurs later. Additionally, the time
required for the bottomhole pressure to reach the constraint pressure
also increases with fracture length. The CO, storage capacity curves at
different constraint pressures, as demonstrated in Fig. 7, indicate that
higher constraint pressures and greater fracture lengths are more
conducive to enhancing CO, storage capacity. At a constraint pressure of
12 MPa, the calculated CO, storage capacities for fracture half-lengths of
60 m, 80 m, and 120m are 0.514 x 10°m,” 0.615 x 10° m,” and 0.824 x
108 m,® respectively. The storage capacity with a fracture half-length of
120 m is 60.3% higher than that with a fracture half-length of 60 m.
These results indicate that, at a constant injection rate, longer fractures
significantly enhance CO, storage capacity.

4.2.3. Number of hydraulic fractures

As illustrated in Fig. 8, the pressure difference and pressure deriva-
tive curves are shown for varying numbers of hydraulic fractures. As the
number of fractures increases, the time required for the bottomhole
pressure to reach the constraint pressure becomes longer. As demon-
strated in Fig. 8, the COy storage capacity curves illustrate that an
increased number of fractures becomes progressively advantageous in
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enhancing COs storage capacity at higher constraint pressures. This is
because a larger number of fractures provides more pathways for CO; to
enter the formation. Under the same injection rate, a smaller pressure
difference is required, causing the bottomhole pressure to rise more
slowly and reach the constrained pressure later.

In the context of a constraint pressure of 12 MPa, the calculated CO,
storage capacities for 11, 15, and 21 fractures are 0.615 x 108m,® 1.025
x 108 m,® and 1.810 x 10® m,” respectively. The storage capacity with
21 fractures is 194.3% greater than that with 11 fractures. These results
suggest that, at a constant injection rate, increasing the number of
fractures can significantly enhance CO, storage capacity.

4.2.4. Fracture spacing

The pressure difference and pressure derivative curves for different
fracture spacings are shown in Fig. 9. As the fracture spacing increases,
the pressure response and its derivative shift later in time, indicating
that interference between fractures occurs later in time. Furthermore,
the time required for the bottomhole pressure to reach the constraint
pressure also increases with larger fracture spacing. The CO; storage
capacity curves shown in Fig. 9 indicate that both higher constraint
pressure and larger fracture spacing lead to greater CO, storage capac-
ity. At a constraint pressure of 12 MPa, the calculated CO, storage ca-
pacities for fracture spacings of 60 m, 100 m, and 140m are 0.615 x 10°
m,® 1.248 x 10% m,® and 1.966 x 10 m,’ respectively. The storage
capacity at a spacing of 140 m is 219.7% higher than that at 60 m. These
results suggest that, at a constant injection rate, increasing fracture
spacing can also significantly enhance CO, storage capacity.

4.2.5. Hydraulic fracture conductivity

As illustrated in Fig. 10, the pressure difference and pressure deriv-
ative curves are presented for various fracture conductivities. As fracture
conductivity increases, the bilinear and linear flow regimes occur
earlier, and the time required for the bottomhole pressure to reach the
constraint pressure becomes slightly longer. Nevertheless, the dispar-
ities are comparatively negligible. At a constraint pressure of 12 MPa,
the calculated CO; storage capacities for fracture conductivities of 50
mD-m, 100 mD-m, and 300 mD-m are 0.566 x 10% m,® 0.615 x 10® m,’
and 0.652 x 10% m,” respectively. The storage capacity for a conduc-
tivity of 300 mD-m is 15.2% higher than that for a conductivity of 50
mD-m. These results indicate that a higher fracture conductivity slightly
improves CO, storage capacity, but the overall influence is relatively
limited.

4.2.6. Adsorption density

The pressure difference and pressure derivative curves for different
CO,, adsorption densities are shown in Fig. 11. As the adsorption density
increases, the upward shift in the pressure and derivative curves occurs
at a later point in time. The adsorption effect causes part of the injected
CO5, to be adsorbed onto the rock surface, which reduces the fluid flow
between grid cells. As a result, the required pressure difference de-
creases, leading to a slower increase in bottomhole pressure and a later
arrival at the constrained pressure. As demonstrated in Fig. 11, the CO4

X;=60m
——X;=80m
B, = 100 Ml e i i s il s i

Ap, and Ap,, (MPa)

—=— X;=60m
—e—X;=80m
——X;= 120m|

CO,-Storage capacity (10°m®*)
o

10! 10° 10° 10*

t (hour)

10°

s 00
10 3 9 10 1 12

Constraint pressure (MPa)

Fig. 7. Pressure curves and CO,-storage capacity curves at different fracture half-lengths.
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Fig. 11. Pressure curves and CO,-storage capacity curves at different adsorption densities.

storage capacity curves indicate that an enhancement in CO, adsorption
capacity can result in a substantial increase in CO; storage capacity. In
the context of a constraint pressure of 12 MPa, the calculated CO,
storage capacities for adsorption densities of 10 kg/m?, 20 kg/m°®, and
50 kg/m° are 0.615 x 108 m,® 0.725 x 10% m,® and 0.896 x 108 m,’
respectively. It is evident that the storage capacity at an adsorption
density of 50 kg/m? is 45.7% higher than that at 10 kg/m®. These results
indicate that, at a constant injection rate, a higher COy adsorption
density can significantly enhance CO, storage capacity.

4.2.7. Diffusion coefficient

As illustrated in Fig. 12, the pressure difference and pressure deriv-
ative curves are shown for different diffusion coefficients. As the diffu-
sion coefficient increases, the mid-time pressure and pressure derivative
curves shift downward. The bottomhole pressure reaches the constraint
pressure later, although the differences are relatively small. The CO,
storage capacity curves at different diffusion coefficients are shown in
Fig. 12. At a constraint pressure of 12 MPa, the calculated CO; storage
capacities for diffusion coefficients of 0, 2.8 x 102 m?/h, and 5.6 x
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Fig. 12. Pressure curves and CO,-storage capacity curves at different diffusion coefficients.

10° m%/h are 0.615 x 10° m,” 0.844 x 10° m,” and 1.04 x 10° m,’
respectively. The storage capacity at a diffusion coefficient of 5.6 x
1073 m?/sis 69.1% higher than that at 0 m?/h. These results suggest that
a higher diffusion coefficient leads to greater CO, storage capacity.

4.2.8. Stress sensitivity coefficient

Fig. 13 presents the pressure difference and pressure derivative
curves for different stress sensitivity coefficients. As the stress sensitivity
coefficient increases, the rate of bottomhole pressure buildup in the late
stage slows down, and the time required to reach the constraint pressure
becomes longer. The CO, storage capacity curves at different stress
sensitivity coefficients are shown in Fig. 13. At a constraint pressure of
12 MPa, the calculated CO; storage capacities for stress sensitivity co-
efficients of 0, 0.05 MPa_l, and 0.20 MPa ™! are 0.846 x 10° m,3 1.01 x
108 m,” and 2.737 x 108 m,* respectively. The CO, storage capacity at a
coefficient of 0.20 MPa ! is 223.5% higher than that at 0 MPa*. These
results indicate that stress sensitivity can significantly enhance COy
storage capacity. As CO; is injected, the matrix pressure increases, and
the matrix permeability correspondingly increases due to
stress-sensitivity effects. As a result, the transmissibility between grid
cells also increases. For a fixed injection rate, this leads to a reduction in
the pressure difference between grid cells, thereby extending the time
required for the bottomhole pressure to reach the constrained pressure.

5. Case study

Considering that there was a lack of pressure test data during the CO,
injection process, parameter inversion was instead based on pressure
test data from shale gas production. To demonstrate the workflow and
practicality of the proposed CO; storage capacity evaluation method, a
case study was conducted on a shale gas well (referred to as Well A)
located in the Longmaxi Formation of the Sichuan Basin, China (see
Fig. 14). Well A was completed in 2015 with a horizontal section
approximately 1400 m long. In 2016, it underwent proppant hydraulic
fracturing, comprising 21 stages. A total of 38,415 m® of fracturing fluid
and 1483 m® of proppant were used. Microseismic monitoring and test
reports indicated that the average half-length of the hydraulic fractures
was approximately 80 m. Later, a pressure build-up test was performed

in August 2016, following production at a daily gas rate of approxi-
mately 45,000 m3/d. The produced gas composition was 97.48%
methane and 0.49% ethane. The predominant orientation of natural
fractures in this area is observed to be in the southeast-northwest and
northwest-southeast directions. The ADFNE algorithm was employed to
generate natural fractures corresponding to these orientations. For
simplicity, it is assumed that the gas mixture consists only of methane
and ethane, with methane accounting for 98% and ethane for 2%, while
the injected gas is pure CO3. The PVT parameters of the components are
listed in Table 2.

As shown in Fig. 4, the following steps are to be taken to evaluate the
CO;, storage capacity of the shale reservoir. Firstly, a numerical well test
model is constructed, and reservoir and fracture parameters are inferred
from pressure-test data. Secondly, the numerical model is calibrated
using inverted parameters. Thirdly, the injection rate and constrained
pressure are determined based on the specifications of the injection
equipment, the safety requirements, and other operational consider-
ations. Finally, the calibrated numerical COz-injection well-test model is
used to simulate the pressure transient behaviors during CO5 injection
and to compute the CO5 storage capacity. The input parameters used in
the model are listed in Table 3. The pressure difference and pressure
derivative curves during the pressure build-up stage are shown in
Fig. 15.

The model parameters (such as reservoir permeability, fracture
conductivity, and wellbore storage coefficient) were iteratively
adjusted, with the simulated results matched against the actual test data
until a satisfactory curve match was achieved. The resulting model pa-
rameters are considered to be the history-matched reservoir properties.
These history-matched model curves are displayed in Fig. 15(a), and the
corresponding calibrated model parameters are listed in Table 4.

Due to the lack of pressure data during the CO; injection process, the
history-matched reservoir parameters were obtained using pressure test
data from shale gas production. It was assumed that the reservoir
pressure had declined to 5 MPa after gas production, and that the in-situ
gas composition consisted of 90% methane and 10% CO5. A CO; injec-
tion numerical model was then established to simulate pressure tran-
sient behaviors at different injection rates over a 20-year period. The
CO4, storage capacity at various constraint pressures was also evaluated.

=0
a, =0.05 MPa?!
a, =0.20 MPa?!

—a=0

—e—a; = 0.05 MPa™!

—a— g, = 0.20 MPa’!

107 107 107 107! 10° 10! 10 10° 10
t (hour)

Constraint pressure (MPa)

Fig. 13. Pressure curves and CO,-storage capacity curves at different stress sensitivity coefficients.
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Table 2
Input parameters of the model.

Parameters Carbon

Methane Ethane Unit
dioxide
Critical Temperature 304.1 190.6 305.3 K
Critical Pressure 7.38 4.60 4.87 MPa
Critical molar volume ~ 9.41 x 107° 9.86 x 107> 1.46 x 10°*  m°/mol
Molecular weight 44.01 16.04 34.07 g/mole
Table 3
Input parameters of the model.
Parameters Value Unit
Initial pressure 40 MPa
Formation size 2000 x 2000 x 20 m
Porosity 0.08 /
Hydraulic fracture half-length 80 m
Number of natural fractures 500 /
Average length of natural fractures 60 m
Natural fracture conductivity 5 mD-m

The results are shown in Fig. 15(b) and (c).

As shown in Fig. 15, the pressure and derivative curves shift upward
with increasing injection rates, while consistently exhibiting the iden-
tified flow regimes. The curves transition from wellbore storage through
linear flow into the inter-fracture interference stage. Subsequently, the
derivative reflects the characteristics of elliptical flow before finally
reaching the pseudo-radial flow stage. The upward shift across all these
regimes indicates that higher rates accelerate the pressure rise, short-
ening the time to reach the constraint pressure and thus limiting the
total CO, storage capacity. Furthermore, the CO, storage capacity is
jointly influenced by both the injection rate and the constraint pressure.
When the constraint pressure is 8 MPa, a higher injection rate causes the

11

bottomhole pressure to reach the constraint pressure earlier, thereby
reducing the overall CO, storage capacity. Conversely, at higher
constraint pressures, lower injection rates may fail to reach the
constraint pressure by the end of the simulation, thus underutilizing the
reservoir's storage potential. Specifically, the maximum CO, storage
capacity for Well A was achieved at an injection rate of 8000 m®/d and a
constraint pressure of 9 MPa, 10,000 m3/d at 11 MPa, and 12,000 m®/
day at a constraint pressure of 12 MPa. These results indicate that both
the injection rate and the constraint pressure must be optimized
simultaneously to maximize the potential for CO, sequestration.

Furthermore, comparing the pressure distribution at different in-
jection rates (see Fig. 16) reveals that higher injection rates accelerate
pressure propagation and COy migration into the reservoir. However,
they also cause a rapid increase in pressure near the fractured horizontal
well and the surrounding reservoir, resulting in the bottomhole pressure
reaching the constraint pressure prematurely. This further highlights the
importance of simultaneously optimizing both the injection rate and the
constraint pressure to enhance CO, storage capacity.

6. Conclusions

In this study, an analytically projected embedded discrete fracture
model was proposed for simulating transient fluid flow. The model was
applied to analyze the pressure transient behaviors during CO5 injection
in shale gas reservoirs and to evaluate the corresponding CO, storage
capacity. The main conclusions are as follows:

(1) The proposed AEDFM projects fractures onto all six faces of the
matrix cells and establishes direct connections between the
fractures and adjacent matrix cells, thereby accounting for the
influence of the surrounding matrix on early-time transient flow.
The results demonstrate that AEDFM can accurately simulate the
pressure transient behaviors during CO; injection.
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Fig. 15. The curve matching results, pressure curves and CO, storage capacity curves of Well A.

Table 4

History-matched reservoir parameters.
Parameters Value Unit
Permeability 5x1073 mD
Hydraulic fracture conductivity 50 mD-m
Wellbore storage coefficient 1.6 m°/MPa
Skin factor 2x107* /

(2)

(3)

(€))

The flow regimes of the MFHW during CO; injection can be
divided into six stages: wellbore storage and skin effects, bilinear
flow, linear flow, inter-fracture interference, elliptical flow, and
pseudo-radial flow.

The CO, storage capacity of the reservoir is influenced by mul-
tiple factors, including injection duration, injection rate,
constraint pressure, and permeability. It is important to note that
an elevated injection rate does not invariably lead to an increase
in CO3 storage capacity. For instance, in this study, at a constraint
pressure of 10 MPa, the injection rate of 40,000 m>/d yielded the
highest storage capacity, followed by 10,000 m3/d, while the
lowest storage capacity was observed at an injection rate of
100,000 m?/d.

Under constant injection rate conditions, increasing the fracture
half-length, number of fractures, and fracture spacing can effec-
tively enhance CO; storage capacity, although the influence of
fracture conductivity is relatively limited. Additionally, higher

12

CO, adsorption density and diffusion coefficient contribute
significantly to increasing CO5 storage capacity.

Reservoir parameters such as permeability were obtained
through history matching based on pressure test data from a shale
gas well in the Longmaxi Formation. The CO5 storage capacity at
different injection rates was then evaluated using the history-
matched parameters, demonstrating the practicality of the pro-
posed method for assessing CO, storage capacity.

6]

Despite its accuracy in characterizing pressure transient behaviors,
this study has certain limitations. The current framework adopts
isothermal and closed boundary assumptions to isolate the influence of
key parameters on CO, storage capacity. While this is reasonable for
interpreting bottom-hole pressure where thermal and boundary effects
are secondary during the transient period, it may not fully capture long-
term coupled thermal-hydro effects or complex geological connectivity.

Future research will focus on extending the AEDFM to include energy
balance equations, diverse boundary conditions, and optimized injec-
tion strategies to provide a more comprehensive and practical assess-
ment of long-term storage security in complex fractured reservoirs.
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