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a b s t r a c t

Under the policy background and advocacy of carbon capture, utilization, and storage (CCUS), CO2-EOR
has become a promising direction in the shale oil reservoir industry. The multi-scale pore structure
distribution and fracture structure lead to complex multiphase flow, comprehensively considering
multiple mechanisms is crucial for development and CO2 storage in fractured shale reservoirs. In this
paper, a multi-mechanism coupled model is developed by MATLAB. Compared to the traditional Eclipse
300 and MATLAB Reservoir Simulation Toolbox (MRST), this model considers the impact of pore structure
on fluid phase behavior by the modified PengeRobinson equation of state (PR-EOS), and the effect
simultaneously radiate to MaxwelleStefan (MeS) diffusion, stress sensitivity, the nano-confinement (N-
C) effect. Moreover, a modified embedded discrete fracture model (EDFM) is used to model the complex
fractures, which optimizes connection types and half-transmissibility calculation approaches between
non-neighboring connections (NNCs). The full implicit equation adopts the finite volume method (FVM)
and NewtoneRaphson iteration for discretization and solution. The model verification with the Eclipse
300 and MRST is satisfactory. The results show that the interaction between the mechanisms signifi-
cantly affects the production performance and storage characteristics. The effect of molecular diffusion
may be overestimated in oil-dominated (liquid-dominated) shale reservoirs. The well spacing and in-
jection gas rate are the most crucial factors affecting the production by sensitivity analysis. Moreover, the
potential gas invasion risk is mentioned. This model provides a reliable theoretical basis for CO2-EOR and
sequestration in shale oil reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

CCUS is an extension of the carbon capture and storage (CCS)
concept and technology (ICF International, 2010). CCS refers to the
process of CO2 capture from emission sources and energy industries
and storage in geological structures. CCS concept and technology
development is divided into four stages: concept, formation,
application, and promotion (Wang, 2023). Although CCS is deemed
the key reserve technology for addressing climate change, the
technology does not consider the economic return after operation,
which restricts the development of CCS technology to a certain
extent. China emphasizes and advocates the concept of CCUS,
y Elsevier B.V. on behalf of KeAi Co
emphasizing the rational and effective utilization. This concept is
widely accepted and applied in the reservoir industry, which
further guarantees the sustainable development of traditional fossil
energy industries. CCS/CCUS technologies are committed to miti-
gating the greenhouse effect and creating a sustainable and low-
carbon society (IEA, 2017; Zhang et al., 2020; Wang et al., 2022).
This process, affected by economic, technological, and quantitative
constraints, will be promising and challenging work (Bui et al.,
2018; IEA, 2020, 2021).

The CO2-EOR is deemed a promising potential direction of CCUS
strategy in the oil industry (Jia et al., 2019). Some unique mecha-
nisms, such as adsorption, diffusion, and miscible phase, have been
widely studied through physical simulation experiments as the
theoretical basis for CO2 storage and utilization, and these effects
are further amplified at ultra-tight shale reservoirs (Curtis, 2002;
Ma, 2018; Zhang et al., 2019). Meanwhile, the interaction between
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Physical model in this paper.
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CO2 and reservoir rocks enhances the seepage capacity of fluid
(Steven et al., 2013; Chi et al., 2017). Under the conventional
pressureevolumeetemperature (PVT) experiment, CO2 mixed with
oil had the least minimum miscibility pressure (MMP) and a
noticeable effect in viscosity reduction through all injection gas
tests (Luo et al., 2017; Hashemi and Sedaee, 2022), this effect will be
more significant in nanopores (Song Z.J. et al., 2020). The phase
behavior of fluid in nanopores will be shifted, which will further
lead to the change of fluid properties, these phenomena are
captured in the simulation processes of grand canonical Monte
Carlo (GCMC) (Morishige et al., 1997; Singh et al., 2009; Singh and
Singh, 2011). A series of modifications for traditional EOS with
pore-size-dependent forms were proposed to expect a more ac-
curate prediction of phase behavior in confined space (Sanaei et al.,
2014; Khanal et al., 2021). Furthermore, the interphase capillary
pressure and adsorption mechanisms were considered in subse-
quent work (Song Y.L. et al., 2020a, 2020b), which provided the
theoretical bases for CO2-EOR of shale reservoirs.

Modeling of natural and hydraulic fractures is necessary for
shale reservoirs. Some traditional approaches use local grid
refinement (LGR) with unstructured meshes to model fractures,
such as the discrete fracture model (DFM) (Sandve et al., 2012; Hui
et al., 2013), but meshing and computing are extremely time-
consuming. The EDFM was developed to improve the computa-
tional efficiency in the condition of complex multiscale fractures (Li
and Lee, 2008). The structured mesh is used to simulate the
orthogonal matrix mesh without considering the complex fracture
cells, and the fracture with complex orientation and geometric
shape communicates with the matrix mesh through NNCs. These
approaches have a significant advantage in dealing with massive
multiscale fractures and are successfully applied to developing
fractured shale reservoirs (Moinfar et al., 2014; Xu et al., 2017). Due
to unreasonable allocation rules between the NNCs, EDFM cannot
apply the condition of the fracture with small permeability and
reservoirs with impermeable flow barriers (Zhang et al., 2017). The
projection-based EDFM (pEDFM) was developed by Ţene et al.
(2017), this approach overcomes the limitation of EDFM by modi-
fying the allocation of flow flux between NNCs. In subsequent
works, the researchers extended the pEDFM by considering addi-
tional connections and conductivity modification (Cao et al., 2019;
Rao et al., 2020, 2022; Olorode et al., 2020).

Currently, CO2-EOR and storage, as an integral whole, are widely
mentioned in numerical simulation (Sanchez-Rivera et al., 2015;
Zhao et al., 2018; Eyinla et al., 2023; Wan et al., 2023). Although the
importance of multiple mechanisms in shale reservoirs has been
proved by numerical simulations, such as diffusion and adsorption
(Yanze and Clemens, 2012; Bao et al., 2018; Zhao X.R. et al., 2023),
this conclusion is unacceptable because the oil (liquid phase) is not
the dominant phase in their study. In oil-dominated shale reser-
voirs, the contribution of diffusion to production and CO2 storage in
the presence of gas only in the SRV region needs to be further
evaluated. Meanwhile, unlike water flooding of conventional res-
ervoirs, the response time of gas injection is longer in ultra-tight
reservoirs, which leads to the economic rate of return being un-
acceptable in the short term. The natural depletion of development
is commonly used in the actual field. Under the current CCUS
advocacy and policy, CO2 storage and utilization has become an
important indicator in reservoir development. Although CO2-
cycling huff and puff operation is a promising approach for shale
reservoirs, the captured CO2 amount is limited, and this approach
has not widely gained field adoption due to vague understandings
in several aspects (Fragoso et al., 2018). CO2 flooding is still prom-
ising, significantly improving oil recovery and storage. However,
this preliminary understanding needs further research and verifi-
cation, which is the purpose of this paper.
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Based on the abovementioned problems, this paper proposed a
fully coupled numerical simulation model considering multiple
mechanisms, such as the N-C effect, stress sensitivity, and molec-
ular diffusion, to evaluate the production performance and CO2
storage characteristics during CO2-EOR in shale reservoirs. pEDFM
was used tomodel complex fractures. In Section 2, the details of the
model are presented, mainly including the modeling of multiple
mechanisms, the modified PR-EOS, the connection types and
expression of the mass transfer between NNCs in pEDFM, and the
discretization and solution of the governing equation. Section 3 is
model validation and mechanisms analysis. Section 4 discusses the
sensitivity of the reservoir and production parameters on produc-
tion and CO2 storage. Section 5 is the conclusion of the paper.
2. Methodology

2.1. Physical model and assumption

Fig. 1 shows the multistage fractured shale reservoir model. The
stimulated reservoir volume (SRV) contains 15 hydraulic fracturing
fractures and natural fractures with different half-lengths. Natural
fractures are randomly generated in the model. There are four
vertical injection wells in the corners and a horizontal well in the
center of themodel, and thewell patternmodel refers to the typical
ultra-tight reservoir (Zhao et al., 2015). The fractures are modeled
using modified EDFM with unstructured grids. More details of
pEDFM will be found in Section 2.2.3.

The following assumptions are proposed to ensure the accuracy
of multi-mechanism coupling modeling and computational
efficiency.

(1) The reservoir maintains a constant temperature environ-
ment to avoid complicated modeling work considering the
non-isothermal system.

(2) The reservoir fluid contains oil phase, gas phase, and water
phase. Fluid transport is contributed by advection and mo-
lecular diffusion; and advection satisfies Darcy's law.

(3) The phase equilibrium only considers the oil and gas phases,
and the mass transfer instantaneously achieves phase
equilibrium.

(4) Neglecting hydrocarbon dissolution and escape processes in
the water phase. Only oil and gas phases are considered in
phase equilibrium calculations due to suitability of classical
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van der Waals mixing rules in PReEOS (Huron and Vidal,
1979; Lindeloff and Michelsen, 2003).

(5) The molecular diffusion of the water phase is not considered.
(6) To simplify the connection between meshes and the con-

ductivity calculation, hydraulic fractures penetrate shale
formations without interfering with each other.
2.2. Mathematical model

2.2.1. Mass governing equation
A mass-conservation governing equation coupled with advec-

tion and diffusion transport was proposed. In Eq. (1), each term
from left to right is the mass term, advection term, diffusion term,
well source, and non-adjacent connected flow rate.

v

vt

2
4f X

a¼L;V

�
raSaXa;i

� 35þ V$

0
@ X

a¼L;V

ra v!aXa;i

1
Aþ Ja;i

�
0
@ X

a¼L;V

qwell
a;i � qnnca;i

1
A�

Vcell ¼ 0

(1)

The mass-conservation governing equation of aqueous phase is
as follows:

v

vt
ðfrwSwÞ þ V$

�
rw v!w

�
�
�
qnncw � qwell

w

��
Vcell ¼ 0 (2)

where subscripts L, V, and w represent liquid phase, vapor phase,
and aqueous phase, respectively; a refers to the phase (a ¼ L, V); i
represents the component i; Xa,i is the mole fraction of component i
in phase a; f is the porosity; S is the saturation; v and r are the
velocity and density; qnnc is the total flow flux between NNCs; qwell

is the source term of well; Vcell is the volume of cell.
The velocity of each phase by Darcy’s law is given by

v!a ¼ �KKr;aðSÞ
ma

ðVPa � ragVzÞ ¼ �KlaðVPa � ragVzÞ (3)

where K is the absolute permeability; Kr is the relative perme-
ability; m is the viscosity; g is the gravity constant; Vz is the gravity
gradient.

2.2.2. MeS diffusion model
In this paper, MeS diffusion is used to describe the mechanism

of multi-component transport in shale reservoirs (Tian et al., 2021).
In an isothermal system, the most comprehensive form is written
as

�cixi
RT

Vmi ¼
XNc

j¼1

jsi

xjJi � xiJj
Di;j

(4)

where ci is the molar concentration of component i; xi is the mole
fraction of component i; xj the mole fraction of component j; Vm is
the chemical potential gradient; Di,j is the binary pair i-j diffusion
coefficient; R is the ideal gas constant; T is the temperature; J is the
diffusion flux; Nc is the number of components.

With equimolar constraint, the multi-component flow flux can
be written in matrix form:

J ¼ �Ct
RT

B�1XVm (5)
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The elements of matrix B are the function of the MeS diffusion
coefficient and mole fraction. The relationship between chemical
potentials and fugacities is given by

mi ¼ mref þ RTln
�
fi
.
fi;ref

�
(6)

where superscript ref refers to the reference state; f is the fugacity.
The chemical potential gradient is converted to the function of
fugacity and component:

Vmi ¼ RT
XNc�1

j¼1

vlnðfiÞ
vxj

Vxj (7)

Substituting Eqs. (6) and (7) into Eq. (5), we obtain the flow flux
by molecular diffusion. In the porous medium the flow flux can be
further affected by porosity f, phase saturation S, and tortuosity t

and can be expressed as follows:

J ¼ �r
fS
t
B�1XVlnf (8)

The elements of matrix B are given by the following formula:

Bi;j ¼

8>>>><
>>>>:

XNc

jsi

xj
Di;j

þ xi
Di;Nc

; i ¼ j

xi
Di;Nc

� xi
Di;j

; isj

(9)

Due to sparse experimental data and experimental uncertainty
interference, it is different to predict the diffusion coefficients of
multi-component mixtures. The binary infinite dilution coefficients
are commonly used to predict the elements of the MeS diffusion
coefficient matrix (Vignes, 1966). In an infinite diluted solution,
molecular diffusion coefficients (a binary pair i-j) become equal for
the given multi-component. The generalized Vignes relation is the
most comprehensive approach to estimating the MeS diffusion
coefficient, which is given by

Di;j ¼
�
D∞
i;j

�xj�
D∞
j;i

�xi YNc

k¼1

ksi;j

�
D∞
i;kD

∞
j;k

�xk=2
(10)

where D∞
i;j is the diffusion coefficient of component i diluted in

solvent j. A correlation relation is proposed to describe the above
diffusion coefficient by physical properties and thermodynamic
parameters of fluids (Leahy-Dios and Firoozabadi, 2007). More
details can be found in the published literature (Fuller et al., 1966,
1969).
2.2.3. Mass transfer between NNCs in pEDFM
pEDFM was developed by modifying the EDFM, which can

realize the modeling of complex fractured reservoirs. The connec-
tion types in pEDFM are introduced in Fig. 2. There are six types of
connection relationships: (I) adjacent matrix cells (M1 and M2), (II)
adjacent fracture cells within an individual fracture (F1 and F2), (III)
the connection between different fracture cells in the same matrix
mesh (F3 and F4), (IV) the matrix and fracture cell (F1,3,4 with M1 or
F2,5 with M2), (V) the connection between fractures in adjacent
matrix meshes (F1,3,4 with F5 or F2 with F3,4), and (VI) the fracture
cell with adjacent matrix cell (F1,3,4 with M2 or F2,5 with M1) (Jiang
and Younis, 2017; Cao et al., 2019; Rao et al., 2020, 2022; Olorode
et al., 2020).



Fig. 2. Connection types in pEDFM.
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In previous studies, the expression of the flow flux between
NNCs is similar to Darcy’s law and is given by

qnnca;i ¼
XNnnc

m¼1

Gm
XNp

a¼1

lara;mXa;i
�
Pa � Pa;m

�
(11)

where Nnnc is the number of adjacent cells communicated by NNC;
Np is the total number of phases; l is the phase mobility; Gm is the
convection-dominated transmissibility factor, which is a function of
geometry and absolute permeability. The flow flux between matrix
cells was calculated using standard methods, which are also
applicable between fracture cells. More details can be found in
previous studies (Moinfar et al., 2014; Xu et al., 2019; Yu et al.,
2018). For example, the convection-dominated transmissibility
factor GM1;F1 between matrix and fracture cell (M1 with F1) is given
by

GM1;F1 ¼
h
G�1
M1

þ G�1
F1

i�1
; GM1

¼ AM1;F1kM1

CdM1 ;F1 D
; GF1 ¼

AM1;F1kF1
wF1

(12)

where AM1F1 is the effective contact area betweenM1 and F1; CdM1F1 D
is the distance between the center of the matrix M1 and the center
of the fracture F1; wF1 is the width of fracture. Although the diffu-
sion was modeled through the MeS method, the flow flux only
considers the convection term derived by the pressure gradient
between NNCs (Olorode et al., 2021). As shown in Eq. (13), the
expression of the total flow is extended by adding the diffusion-
dominated term in this paper. In addition, the diffusion-
dominated transmissibility factor is defined as the following
equation (Eq. (14)). The expression is similar to the traditional
transmissibility factor. In all types of connections, the permeability
only needs to be replaced by B�1.

qnnca;i ¼
XNnnc

m¼1

Gm
XNp

a¼1

lara;mXa;i
�
Pa � Pa;m

�

þ
XNnnc

m¼1

XNp

a¼1

Ta;mra;mXa;i

�
� fmSa;m

t

�
ln fa;i � ln fa;m;i

��

(13)

Ta;m¼
�
Ba;m

��1Annc

dnnc
(14)
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2.2.4. Phase equilibrium calculation of mixtures in nanopores
The phase behavior of fluid in nanopores will be shift, which

significantly affects the distribution of vapor and liquid phases, the
phenomenon has been captured by molecular simulations
(Zarragoicoechea and Kuz, 2004). This paper considers the shift of
the critical parameters related to the pore-throat radius proposed
by GCMC simulation as follows:

DP*c ¼ Pcb � Pcp
Pcb

¼ 0:9409
�
sLJ

�
r
�� 0:2415

�
sLJ

�
r
�2 (15)

DT*c ¼ Tcb � Tcp
Tcb

¼ 0:9409
�
sLJ

�
r
�� 0:2415

�
sLJ

�
r
�2 (16)

where subscripts cb and cp represent the bulk and confined space,
respectively; DP*c and DT*

c are relative shifts of critical parameters; r
is the pore-throat radius; dLJ is the Lennard-Jones size parameter.

Phase equilibrium of mixture needs to satisfy.

XNc

i¼1

zi ¼
XNc

i¼1

xi ¼
XNc

i¼1

yi ¼ 1 (17)

Sw þ So þ Sg ¼ 1 (18)

fL;iðPL; xiÞ ¼ fV;i
�
PL þ Pcap; yi

�
; i ¼ 1;2; :::;Nc (19)

In addition, interphase pressure becomes significant in nano-
pores, and capillary pressure Pcap between liquid and gas phases is
given by Eq. (20) (Adamson, 1990).

Pcap ¼ PV � PL ¼
2scosq

r
(20)

where s is the interfacial tension; q is the contact angle. The
interfacial tension is estimated using the Parachor model:

s¼
"XNc

i

�
rL½P�ixi � rV½P�iyi

�#y
(21)

where y is the exponent; [P] is the Parachor parameter of the pure
component. The vaporeliquid equilibrium is calculated by the
RachfordeRice (ReR) correlation formula (Rachford and Rice,
1952):
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XNc

i¼1

ðKi � 1Þzi
1þ FVðKi � 1Þ¼0 (22)

where FV is the mole fraction of the vapor phase; K is the equilib-
rium coefficient related to the fugacity coefficient, which is auto-
matically updated through the iteration. Fig. 3 shows the flow chart
of phase equilibrium, the corresponding equations are labeled in
the figure, and the output results are also used to calculate the MeS
diffusion coefficient. The phase behavior calculation based on the
pore scale is used to couple multiple mechanisms, such as MeS
diffusion and Darcy’s flow, further strengthening the control of
the pore scale on fluid transport. Compared with previous studies,
this modeling method is more suitable for the multi-scale seepage
environment in shale reservoirs.
2.2.5. Stress sensitivity of porous media
The stress sensitivity of the shale reservoirs will lead to the loss

of permeability, which will lead to deviations in the assessment of
reservoir production performance, this condition has been
observed in many experiments with shale samples. A conceptual
model called ‘bed of nails', was proposed by Gangi to capture the
stress dependence of the slit-shaped pore. In this paper, Gangi’s
model was used to capture the stress dependence of matrix pore
(Gangi, 1978; Wasaki and Akkutlu, 2015):

Kf ¼Ko

	
1�



Pc � sap
Pmax

�m�3
(23)

where sa is Biot’s constant; Pc is the confining stress; Pmax is the
Fig. 3. Flow chart of gaseliquid equilibrium and parameter calculation. The viscosities of
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maximum stress when the fracture is closed; Ko is the permeability
at zero confining stress; Kf is the current matrix permeability.

2.2.6. Wellbore effects
The wellbore index (WI) between well and fracture connections

calculated by the Peaceman model:

WI ¼ 2pKfWf

ln
�
re
.
rf
� (24)

re ¼ 0:14
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf

2 þWf
2

q
(25)

where re and rf are the effectivewellbore radius and actual wellbore
radius, respectively; Wf is the fracture aperture; Lf and Wf refer to
the length and height of the fracture cell.

2.2.7. Discretization and solution of governing equation of
compositional model

This section proposes a full-component numerical simulation
using pEDFM to model complex fractures. The mass-conservation
governing equation for component i is given by

v

vt
½fðrLSLxi þ rVSVyiÞ � þ V$



rLxi v

!
L þ rVyi v

!
V þ JL;i þ JV;i

�

�
�
rLq

well
L;i þ rVq

well
V;i

��
Vcell þ

�
qnncL;i þ qnncV;i

��
Vcell

¼ 0

(26)
the phases were calculated by the LohrenzeBrayeClark model (Lohrenz et al., 1964).
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The mass-conservation governing equation for the aqueous
phase is

v

vt
ðfrwSwÞ þ V$

�
rw v!w

�
�
�
qwell
w � qnncw

��
Vcell ¼ 0 (27)

The backward Euler scheme and finite-volume method are
applied to the temporal discretization and spatial discretization of
the equation. In the MeS diffusion equation, the chemical potential
gradient in Eq. (4) is given with the premise of constant pressure
and temperature. In the numerical simulation, the chemical po-
tential gradient is calculated in adjacent cells. The pressure differ-
ence between cells violates the initial assumption in the
precondition of the MeS approach. This paper assumes that pres-
sure dependence of the chemical potential between two neigh-
boring cells is ignored when mesh size is within the appropriate
range (Moortgat and Firoozabadi, 2013).

The nonlinear equations (Eqs. (28) and (29)) need to be solved
by Newton’s iteration method. The residual forms of liquid and
vapor phases are given by
RtþDt
i;mn ¼ �

XNnnc

m¼1

GMN

h
rLxilL;mn

�
PL;n � pL;m

�
þ rVyilV;mn

�
PL;n � PL;m þ Pcap;n � Pcap;m

� itþDt

�
XNnnc

m¼1



fSV
t

rVyiTV;mn

�
lnfi;V;n � lnfi;V;m

�
þ fSL

t
rLxiTL;mn

�
lnfi;L;n � lnfi;L;m

��tþDt

� DV
Dt

n
½fziðSLrL þ SVrVÞ �tþDt

� ½fziðSLrL þ SVrVÞ �t
o
þ
h
rLxiq

well
L þ rVyiq

well
V

itþDt þ
h
qnnci;V þ qnnci;L

itþDt
(28)
where subscripts n and m refer to the central grid and adjacent
grids; t is the previous time step; Dt is the time increment.

The aqueous phase equation is given by

RtþDt
w;n ¼ �

XNnnc

m¼1

�
Gnmrwlw;nm

�
PL;n � PL;m

� �tþDt þ �
qnncw

�tþDt

þ
h
rwq

well
w

itþDt � DV
Dt

n
½fðSwrwÞ �tþDt � ½fðSwrwÞ �t

o
(29)

The partial derivative of the residuals concerning each principal
variable is obtained by automatic differential function by MATLAB@

(The MathWorks, USA). This paper chooses the total mole fraction
of components as the principal variable. In this system, the degree
of freedom is Nc þ 1, the total unknown parameter is 3Nc þ 5, and
the principal variables are PL, Sw, z1, z2, …, zNc�1. The matrix form
using the NewtoneRaphson method is given by (Jia et al., 2023)

vRtþ1

vX
DX ¼ �Rtþ1ðXÞ; DX ¼ �

PL; SW; Z1; Z2;…; ZNc�1
�

(30)

The automatic differentiation method in MATLAB is used to
construct the solution matrix for the NewtoneRaphson iteration
method. Furthermore, fully implicit equations are used to solve the
principal variables.
3. Model validation and analysis

3.1. Model validation

In this paper, we refer to themodeling idea proposed by Olorode
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et al. (2020). Eclipse 300 andMRSTare used to verify themodel. The
MRST is a free open-source software developed by researchers from
Heriot-Watt University, which is widely used in reservoir modeling
and numerical simulation. Eclipse 300 is a commercial component
simulator with a fully implicit solution approach. Fig. 4 shows the
reservoir model. A production well is located in the center of the
reservoir with gas injection wells on either side. There is an
impermeable flow barrier (fracture) with a length of 100 m be-
tween the injection and production wells, and that penetrates the
whole reservoir. The matrix mesh number is 50 � 50 � 2, the mesh
size is 10 m � 10 m � 5 m, the mechanism of diffusion, N-C effect,
and stress sensitivity are not considered in the verification model
due to model difference, and the fracture is modeled in MRST and
Eclipse 300 using pEDFM and the LGR approach, respectively.

In the validation model, the initial reservoir pressure is 27 MPa.
The constant reservoir temperature is 135 �C. The matrix perme-
ability is 0.1 mD, and the porosity is 4%. Constant injection and
production pressures are 35 and 15 MPa, CO2 is selected as the
injection medium. The pseudo-components and parameters are
field data from the Gulong shale reservoir in northern China and are
given in Table 1. More parameters and details can be found in the
literature (Jia et al., 2023).

Fig. 5 shows profiles of CO2 mole fractions after 300 and 600
days. Our simulation results demonstrate the advantages of the
pEDFM approach compared to the EDFM. When the CO2 front
reaches the barrier, such as a fault, the flow will flow along both
sides. Traditional EDFM has abnormal flow characteristics, the
phenomenon of fluid passing through the barrier. The model can
reproduce the production history of Eclipse 300 and MRST. In
addition, Fig. 6 shows comparison results of the cumulative oil
production. The simulation results accurately match the Eclipse
300 and MRST, indicating that the model's reliability is satisfactory.
3.2. Mechanism analysis

In order to further analyze the impact of multiple mechanisms
on production and CO2 storage under actual reservoir conditions,
including the N-C effect, stress sensitivity, and molecular diffusion,
this section simulates the production history and CO2 storage
characteristics considering each mechanism separately and inte-
grated coupled models. The components are extracted oil samples
from the Gulong shale reservoir in China. The N2 adsorption and
high-pressuremercury injection experiments of core samples show
that the pore size of the matrix is mainly between 10 and 30 nm
(Sun et al., 2023; Zhao W.Z. et al., 2023). Pores less than 10 nm
account for more than 40 % of the reservoir pore volume (Wang
et al., 2023). At the same time, the rich bedding planes further
improve the physical properties and storage spaces of the reservoir
(Sun et al., 2021). Based on the pore structure distribution and
reservoir characteristics, the average pore size is set to 20 nm, the
porosity is 6%, and thematrix permeability is 0.01mD. Fig. 7 reports



Fig. 4. Reservoir models based on this paper and Eclipse 300.

Table 1
Pseudo-components and parameters used for model validation and subsequent section.

Pseudo-
component

Mole
fraction, %

Critical
temperature, K

Critical pressure,
MPa

Acentric
factor

Critical volume,
103 m3/mol

Molecular weight,
g/mol

Parachor
parameter, nm

N2 1.86 126.20 3.46 0.038 0.089 28.01 41.00
CO2 3.98 304.19 7.38 0.228 0.094 44.01 26.90
C1 54.85 190.56 4.60 0.012 0.099 16.04 16.00
C2eC5 23.55 352.09 4.45 0.135 0.183 40.07 52.12
C6eC10 4.59 582.04 2.81 0.322 0.434 111.18 142.28
C11þ 11.17 761.26 1.59 0.623 0.955 243.66 820.42

Fig. 5. CO2 mole fractions at the 300 and 600 days of production.

Y.-Z. Wang, R.-Y. Cao, Z.-H. Jia et al. Petroleum Science 21 (2024) 1814e1828

1820



Fig. 6. Cumulative oil production of the verification case.

Fig. 7. Phase envelope of mixture in confined and bulk space.

Table 2
Basic reservoir and production parameters in this case.

Parameter type Param

Gridding parameter Mesh s
Mesh n

Reservoir and production parameter Reserv
Reserv
Irreduc
Irreduc
Irreduc
Matrix
Fractur
Matrix
Fractur
Fractur
Rock c
Injectio
BHP, M
tortuos
Confin
Maxim
Biot’s c
Refere
Surface
Averag
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the phase envelope of the initial components in confined and bulk
space, the phase envelope shrinks inward, and the bubble point
pressure decreases after considering the N-C effect, which has been
confirmed in previous research (Wang et al., 2023).

Reservoir model is shown in Fig. 1, and the basic reservoir pa-
rameters are listed in Table 2. The value of tortuosity is estimated
empirically. As shown Eq. (31), the relative permeability of each
phase is evaluated by the Stone three-phase model (Fayers and
Matthews, 1984; Yang et al., 2007), and the watereoil relative
permeability and liquidegas relative permeability are given in
Fig. 8. The data are partially obtained from the actual field and also
refer to the relevant data of the shale reservoir in the published
literature (Tian et al., 2021). Due to few experimental parameters
about stress sensitivity in shale rock, this paper adopts the data
from the published literature (Zhao X.R. et al., 2023).

Kro ¼Krocw

	

Krow

Krocw
þKrw

�

Krog

Krocw
þKrg

�
� Krw � Krg

�
(31)

where Krocw refers to the oil relative permeability in the watereoil
system at irreducible water saturation; Krow and Krw are the oil and
water relative permeability in the watereoil system; Krog and Krg
are the liquid and gas relative permeability in the liquidegas sys-
tem; the values of the above parameters can be obtained from Fig. 8
according to the interpolation method.

Fig. 9 reports the matrix permeability loss under pressure
sensitivity. As the reservoir pressure drops to 10 MPa (BHP value in
Table 2), the permeability of the grid decreases from 0.01 to 0.0029
mD, and the permeability loss reaches 71%, which significantly
impacts the long-term production of this reservoir.

Fig. 10 reports the cumulative oil production curves considering
single factor and multi-mechanism coupling after 10 years. The
subcase marked ‘base’ refers to not considering any mechanism
above, and the subcase marked ‘both’ refers to considering all the
mechanisms proposed in this paper. Othersmark ‘Diff,’ ‘S-S,’ and ‘N-
C’ as the subcase considering molecular diffusion, stress sensitivity,
and the N-C effect separately. Compared with the ‘base’ subcase,
the N-C effect significantly increases the cumulative oil production
by 6.76%, while the production decreases by 4.30% after considering
eter Value

ize, m � m � m 20 � 10 � 20
umber 75 � 100 � 2

oir initial pressure, MPa 37
oir temperature, �C 135
ible water saturation 0.3
ible oil saturation 0.1
ible gas saturation 0.1
permeability, mD 0.01
e permeability, mD 3000
porosity, % 10
e porosity, % 50
e width, m 0.003
ompressibility, bar�1 1E-5
n gas rate, m3/day 1.728 � 104

Pa 10
ity 2
ing stress, MPa 37
um effective stress, MPa 80
onstant 1
nce permeability, mD 0.01
roughness constant 1
e pore size, nm 20



Fig. 8. Relative permeability between phases.

Fig. 9. Matrix permeability loss with pressure considering stress sensitivity.

Fig. 10. Cumulative oil production curves considering different mechanisms during 15
years.

Fig. 11. Values of CO2 UF and CO2 SR considering different mechanisms after 15 years.
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stress sensitivity. In shale gas reservoirs, molecular diffusion, as the
main migration type of the gas phase, provides considerable gas
production during the production period. Although the MeS
approach has modeled the molecular diffusion of gas and liquid
phases in shale oil reservoirs, the molecular diffusion has a minor
effect on cumulative oil production, which may be related to the
low diffusion coefficient of the liquid phase, and the gas phase only
exists in the SRV region. The molecular diffusion may be over-
estimated in shale oil reservoirs, but this conclusion needs to be
further confirmed under other development methods, such as gas
injection huff and puff. The interactions between mechanisms will
further affect production performance. The cumulative oil pro-
duction still increases by 1.66% when considering multi-
mechanism coupling. It is very important to evaluate and model
each mechanism reasonably.

Fig. 11 reports values of CO2 utilization factor (CO2 UF) and CO2
storage factor (CO2 SR), considering different mechanisms after 15
years. The parameters are calculated by the following equations
(Eqs. (32) and (33)). CO2 UF and CO2 SR are important evaluated
parameters for CO2 storage capacity and CO2-EOR (Kulkarni and
Rao, 2004). CO2 UF is the ratio of injection CO2 mass to the pro-
duction oil volume at the surface condition. CO2 SR is the effective
storage ratio, equal to the ratio of the CO2 volume captured by the
formation to the injection volume at the reservoir condition.



Fig. 13. Cumulative oil production curves at different BHP during 15 years.

Fig. 14. Values of CO2 UF and CO2 SR at different BHP after 15 years.
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UCO2 UF ¼ mCO2

.
ISCoil (32)

UCO2 SR ¼
�
IRCCO2

� NRC
CO2

�.
IRCCO2

(33)

where superscripts RC, SC refer to the reservoir and surface con-
ditions, respectively; ICO2

is the injection gas volume, m3; Noil is the
cumulative production volume of oil, m3; mCO2

is the mass of in-
jection CO2, t.

The value of CO2 UF is mainly affected by the cumulative oil
production and changes linearly with the cumulative oil produc-
tion, the subcase considering separately the N-C effect has the
lowest CO2 UF (1.243 t/m3). The subcase considering separately the
S-S has the lowest value (1.387 t/m3 CO2 UF). These evaluation
parameter differences are minor when considering diffusion due to
minor differences in cumulative oil production. CO2 SR is both
affected by cumulative oil production and gas phase content. The
N-C effect reduces the bubble point and delays gas escape,
considering the N-C effect and S-S, the subcases have the highest
CO2 SR (with 0.918 m3/m3).

These evaluation parameters are also affected by current reser-
voir conditions and production parameters, such as permeability,
formation pressure, and well pattern. Sensitivity analysis was re-
ported in subsequent studies to evaluate the change rate.

4. Results and analysis

This section performs the sensitivity analysis of fracture and
production parameters to evaluate the production and CO2 storage
potential, including bottom hole pressure (BHP), injection gas rate,
well spacing, and row spacing. The basic parameters and reservoir
model are consistent with Section 3.2.

4.1. BHP

The effect of BHP on CO2 storage and production is evaluated.
Due to the dramatic change in composition within the SRV region,
BHP is not set higher than the bubble point pressure of the initial
reservoir composition. BHP is set to 15, 20, and 25 MPa. Fig. 12
Fig. 12. Pressure and CO2 mole fraction pr
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reports the formation pressure and CO2 mole fraction profiles af-
ter 15 years. The higher the BHP of the production well, the shal-
lower the color of the SRV region. The pressure near the injection
ofiles at different BHP after 15 years.
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well reaches 70 MPa. The difference in CO2 mole fraction profiles at
different BHP is slight, and the irregular shape is due to the influ-
ence of natural fractures.

Fig. 13 reports the cumulative oil production at different BHP.
When the constant BHP in the case decreases from 25 to 20 and
15 MPa, respectively, the recovery increases by 5.42% and 7.56%.
With the increase in production time, the gap of cumulative oil
production under different BHP is narrowed, indicating that the
influence of N-C effect is two-sided. Although the N-C effect in-
creases production, it will lead to the greater pressure drop in SRV
region, which aggravates stress sensitivity.

As shown in Fig. 14, CO2 UF decreases from 1.427 to 1.354 and
1.327, and CO2 SR decreases from 0.966 to 0.952 and 0.935. In this
process, gas invasion is not captured. The CO2 production is derived
from the initial reservoir fluid and can be re-injected into the for-
mation to increase the CO2 SR further.
Fig. 16. Cumulative oil production curves with different injection gas rates during 15
years.

Fig. 17. Values of CO2 UF and CO2 SR with different injection gas rates after 15 years.
4.2. Injection gas rate

Fig. 15 reports the pressure and CO2 mole fraction profiles under
different gas injection rates. High injection rates can easily lead to
high formation pressure near injection wells. When the injection
rate is 34,560 m3/day, the formation pressure near the injection
well reaches 90 MPa, which may cause the current formation
pressure to be higher than the formation fracture pressure or
excessive ground equipment load. At the same time, the gas loss
may increase when the fractures communicate with the overlying
strata, but this condition is not considered in this article. With the
increase in injection rate, CO2 displaces the oil near-well matrix and
gradually advances to the horizontal well. The effects of fractures
are clearly observed through irregular CO2 profile changes. The CO2
injection rate can be adjusted flexibly to adapt to the change in
injection well pressure.

Fig. 16 reports the cumulative oil production with different gas
injection rates. The development period is divided into the
response stage (the first stage) and yield-increasing stage (the
second stage). The difference between the injection rate and cu-
mulative oil production was not observed in the first stage.
Although the high injection rate maintains abnormally high pres-
sure near the injection well, this condition does not immediately
Fig. 15. Pressure and CO2 mole fraction profiles w
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affect the production rate of horizontal wells because pressure
waves propagate more slowly in ultra-tight reservoirs. This
ith different injection gas rates after 15 years.



Fig. 19. Cumulative oil production curves with different well spacing during 15 years.

Fig. 20. Values of CO2 UF and CO2 SR with different cluster spacing after 15 years.
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condition changes after 2000 days, and the higher gas injection rate
significantly increases the cumulative oil production. The produc-
tion with an injection rate of 34560 m3/day increased by 33.57%
compared to the rate of 8640 m3/day after 15 years, and this pro-
portion continues to increase. The return rate of a high injection
rate gradually increases during the long-term production process.
The reservoir properties, well pattern density, and injection pa-
rameters affect the first stage's duration.

As shown in Fig. 17, the injection rate was positively correlated
with CO2 UF and CO2 SR. When the injection rate increased from
8640 to 25,920 and 34560 m3/day, the CO2 UF increased from 0.708
to 1.772 and 2.120, the CO2 SR increased from 0.840 to 0.943 and
0.953.

4.3. Well spacing

The well spacing is the distance between injection wells. Fig. 18
reports the pressure and CO2 mole fraction profiles under different
well spacing. The well spacing is set to 375, 750, and 1500 m. The
formation pressure near the SRV area is obviously uplifted. The
smaller the well spacing, the smaller the range of the dark area in
the pressure profile, and the larger the pressure uplift area. At the
same time, the well density increases, and the CO2 storage capacity
also increases. The gas migrates rapidly along the fracture to the
SRV area, and the risk of gas invasion increases sharply.

Fig. 19 reports the cumulative oil production with injection well
spacing. Similarly, the two stages can still be clearly observed
throughout the process. The productionwith injectionwell spacing
of 375 m increases by 10.94% and 24.20% compared to well spacing
of 750 and 1500 m after 15 years. As shown in Fig. 20, with the
decrease in well spacing, CO2 UF gradually increases. However, the
linear change rule of CO2 SR did not capture, which increases from
0.918 to 0.931 and decreases to 0.910, indicating the severe gas
invasion at the bottom of the well. The injected CO2 flows rapidly to
the production well along the dominant channel, as shown in
Fig. 18(a). A reasonable adjustment of the production system is
necessary after this situation occurs.

4.4. Row spacing

Row spacing is the vertical distance between a row of injection
Fig. 18. Pressure and CO2 mole fraction profiles
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wells and a row of production wells. Fig. 21 reports the pressure
and CO2 mole fraction profiles under different row spacing. Row
spacing is set at 200, 300, and 400 m.When the distance is reduced
from 400 to 200 m, the gas flow range becomes large, the dark red
with different well spacing after 15 years.



Fig. 21. Pressure and CO2 mole fraction profiles with different row spacing after 15 years.

Fig. 22. Cumulative oil production curves with different row spacing during 15 years.

Fig. 23. Values of CO2 UF and CO2 SR with different raw spacing after 15 years.

Fig. 24. Factors affecting cumulative oil production, blue and red represent positive
and negative correlations.
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area becomes shallow, and the high-pressure area near the injec-
tion well decreases.

Fig. 22 is the cumulative oil production with different row
1826
spacing. The cumulative oil production increases by 2.40% and
5.01% when the row spacing is reduced from 400 to 300 and 200m.
Compared with the well spacing, the row spacing has less influence
on the production. However, too close row spacing is more likely to
lead to gas invasion, and formation fracture in high-pressure en-
vironments will aggravate this risk. Fig. 23 shows that CO2 UF and
CO2 SR decrease gradually with the decrease of row spacing.

4.5. Comparison of sensitivity analysis

In this section, based on the above sensitivity analysis, the main
control factors for production are evaluated at a constant injection
rate for 15 years. The parameters in Table 2 are used as reference
values. The production and gas injection parameters (row spacing,
well spacing, BHP, injection rate) were increased by the same
multiple to observe production change. Eq. (34) is used to calculate
the dimensionless rate of increase, and the effect of the mecha-
nisms on production (diffusion, N-C effect, stress sensitivity) only
compares the rate of increase between the mechanisms considered
alone and not, date from section 3.2. As shown in Fig. 24, for pa-
rameters controlled by the production scheme, the well spacing is
the main factor affecting the production, followed by the injection
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rate, row spacing, and BHP. In ultra-tight shale reservoirs, too low
BHP after considering stress sensitivity may significantly affect the
long-term development of reservoirs. For physical properties of the
reservoirs, the pore structure distribution is the main factor
affecting the production, the N-C effect can significantly increase oil
production, followed by stress sensitivity with a negative correla-
tion. Due to reservoir type and oil composition, the diffusion effect
is very slight, and the results are consistent with the previous study
(Olorode et al., 2021). However, when multiple mechanisms are
coupled, this effect may be offset due to the interaction between
the mechanisms.

ε¼

���Qc � Qref

���
ec
.
eref

(34)

where ε is the dimensionless incremental production factor; Qref
and Qc are the cumulative oil production at the current and spec-
ified reference values of the parameter; ec and eref are the current
and reference values.
5. Conclusions

This paper proposes a multi-component numerical simulation
model to evaluate the CO2-EOR and CO2 storage process. The report
emphasizes the advantages and potential risks of CO2 flooding. The
sensitivity analysis of production and reservoir parameters pro-
vides a favorable direction for the subsequent development project.
The theoretical pilot study of this paper provides the basis for the
cluster and structured application of CCUS in the reservoir industry.
The main conclusions of the paper are as follows.

(1) This paper develops a full multi-component numerical
simulation model coupled with multi-mechanism, such as
MeS diffusion, stress sensitivity, and the N-C effect. The
hydraulic and natural fractures are modeled by pEDFM. The
model can effectively evaluate production performance and
CO2 storage.

(2) When the N-C effect and stress sensitivity are considered
alone, the production changes are 6.76% and �4.30% after 15
years. The molecular diffusion has a minor effect on oil
production when the matrix permeability is 0.01 mD. The
interaction between the mechanisms leads to more complex
production performance. The cumulative oil production is
increased by 1.66% when coupling multiple mechanisms.

(3) CO2 UF and CO2 SR are evaluated during CO2-EOR process. At
a constant injection rate, the CO2 UF and CO2 SR variation
trends show a linear negative relationship with oil
production.

(4) Given the well pattern in this paper, the CO2 storage process
is divided into two stages. In the first stage, the response
stage, the production parameters slightly influence the oil
production due to the slow propagation speed of the pres-
sure wave in the ultra-tight reservoirs. The second stage is
the yield-increasing stage, where production parameters
significantly affect oil production and become more signifi-
cant with the longer production time.

(5) The sensitivity analysis shows that well spacing, injection
rate, and N-C effects are critical factors, but this conclusion
may differ under different reservoir types and compositions.

(6) The fractures are important and the gas flows along the
fractures, thus reducing the sweep range of the gas injection.
Monitoring fracture development is important to prevent the
risk of gas invasion, especially in ultra-tight shale reservoirs.
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