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a b s t r a c t

This study introduces a novel method integrating CO2 flooding with radial borehole fracturing for
enhanced oil recovery and CO2 underground storage, a solution to the limited vertical stimulation
reservoir volume in horizontal well fracturing. A numerical model is established to investigate the
production rate, reservoir pressure field, and CO2 saturation distribution corresponding to changing time
of CO2 flooding with radial borehole fracturing. A sensitivity analysis on the influence of CO2 injection
location, layer spacing, pressure difference, borehole number, and hydraulic fractures on oil production
and CO2 storage is conducted. The CO2 flooding process is divided into four stages. Reductions in layer
spacing will significantly improve oil production rate and gas storage capacity. However, serious gas
channeling can occur when the spacing is lower than 20 m. Increasing the pressure difference between
the producer and injector, the borehole number, the hydraulic fracture height, and the fracture width can
also increase the oil production rate and gas storage rate. Sensitivity analysis shows that layer spacing
and fracture height greatly influence gas storage and oil production. Research outcomes are expected to
provide a theoretical basis for the efficient development of shale oil reservoirs in the vertical direction.
© 2023 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

With the progression of conventional reservoirs to advanced
stages, marked by high-water cut (Abdel-Ghany et al., 2011), the
dwindling of traditional oil reserves necessitates the search for
alternative oil sources to meet burgeoning energy demands. Shale
oil, a type of unconventional oil, has elicited considerable attention
worldwide within the oil and gas exploration and development
sectors (Zou et al., 2015). Shale oil, accounting for 20%e50% of global
oil reserves, is widely distributed and estimated to have a global
technically recoverable reserve of roughly 4.69 � 1010 t (Zhao et al.,
2018). Nevertheless, a major challenge in shale oil reservoir exploi-
tation is the diminished production rate due to its low and ultra-low
permeability (Du et al., 2019). Therefore, hydraulic fracturing be-
comes crucial for shale oil production as it facilitates the extraction
of oil and natural gas from challenging shale rock formations.
y Elsevier B.V. on behalf of KeAi Co
A horizontal well coupled with multistage fracturing that pro-
ficiently engenders a fracture network within target strata is a
commonly employed technique to ameliorate shale reservoir
properties, accelerate oil mobility, and boost oil recovery (Boak and
Kleinberg, 2020). Yet, the deployment of this technology is hin-
dered by limited fracturing performance and elevated operational
costs per well (Yang et al., 2019; Wang et al., 2021). For instance, in
2019, Jimsar shale oil in Xinjiang incurred 61million RMB in drilling
and fracturing expenses, leading to a deficit in total revenue (Lei
et al., 2021). Concurrently, the layered structure of these forma-
tions exhibits substantial variations in vertical and horizontal
permeability (Kv/Kh ¼ 10�2 to 10�3), thereby reducing the degree of
exploitation in the vertical direction of shale reservoirs (Sun et al.,
2021; Hu et al., 2020). Furthermore, layered strata could limit the
vertical extension of fractures, resulting in constrained fracture
height (Tang et al., 2019; Li et al., 2020). For example, recorded
fracture heights in the Eagle Ford shale oil reservoir are typically
lower than 30e40 ft, substantially less than the reservoir thickness
(Simpson et al., 2016). Consequently, an innovative approach that
can enhance the stimulated reservoir volume (SRV), curb drilling
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. CO2 flooding with a two-layer radial fracturing structure in a vertical well.
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and fracturing expenses, and improve economic viability is criti-
cally needed.

Radial borehole fracturing, emerging as a novel reservoir stim-
ulation technique, offers an economical alternative and supplement
to horizontal well fracturing due to its lower operational costs (Dai
et al., 2023b; Gong et al., 2016). Prior to hydraulic fracturing, several
laterals, each measuring 30e50 mm in diameter and spanning a
length of 50e100 m, are drilled utilizing high-pressure jets (Huang
and Huang, 2019). These laterals, which can be drilled across
multiple layers along a vertical well, serve as conduits for fracturing
fluid to stimulate the inception and propagation of fractures, thus
creating a fracture network (Liu et al., 2018). As such, hydraulic
fractures can be established in strata at varying depths, providing a
tangible solution to the issue of confined vertical SRV in horizon-
tally oriented fractures (Yang et al., 2022). To date, there have been
successful applications of this technology in several countries
including China, the United States, and Russia (Cinelli and Kamel,
2013; Li et al., 2000; Novokreshchennykh and Raspopov, 2016).
One of the notable examples is in the Tarim Oilfield, China, where
well KC1, post-radial borehole fracturing, exhibited a threefold in-
crease in productivity (Teng et al., 2014).

Radial boreholes can modify formation stress, significantly
lowering the fracture initiation pressure relative to perforation-
induced fracturing (Yan et al., 2017; Guo et al., 2017; Wang et al.,
2020). Experimental research conducted by Tian et al. (2019)
revealed that the peak pressure of radial borehole fracturing is
merely 1/4 to 1/3 of that exerted by traditional hydraulic fracturing.
Concurrently, it demonstrated fracturing performance 1.38 to 7.07
times superior to the conventional approach, effectively boosting
fracture propagation. Bai et al. (2021) established that formation
stress accumulates near radial boreholes, facilitating rock frag-
mentation and expedited fracture propagation. Guo et al.'s labo-
ratory tests (Guo et al., 2022) found that stress variations near
radial boreholes depend on the spatial arrangement of multiple
boreholes, impacting the fracture propagation rate and perfor-
mance. Wang et al. (2020) concluded that the breakdown pressure
could be effectively mitigated when the radial borehole number
exceeds three. Radial boreholes also serve to manage and steer
fractures, thus promoting fracture expansion and propagation. Tian
et al. (2017) posited the existence of a plastic zone around the radial
borehole, where induced fractures propagate directionally, unhin-
dered by formation stress. Li et al. (2019) determined, via numerical
simulation, that stress developed during the drilling process directs
the radial propagation of fractures up to an effective distance of
40 m.

The swift decline in pressure and production rate poses a
challenge in the process of shale oil production. Given the micro
and nanopores in shale formations, conventional water flooding
techniques offer limited effectiveness in sustaining the production
rate. CO2 flooding, on the other hand, emerges as an enhanced oil
recovery (EOR) technology that is well-suited to shale reservoirs
(Lan et al., 2021; Sheng, 2015; Zhu et al., 2019). The abundant micro
and nanopores within shale reservoirs accelerate CO2 capture and
storage during the diffusivity process (Bacon et al., 2015), effec-
tively addressing the issue of inadequate fluid mobility. Optimal
performance is achieved when CO2 is in a miscible state (Li et al.,
2017; Song and Yang, 2017). The migration of CO2 through frac-
tures gradually increases the contact area between gas and oil,
which further expands with the number of fractures in the reser-
voir, paralleling the oil recovery rate. Field tests by Sorensen et al.
(2018) demonstrated that hydraulically fractured shale reservoirs
can store 26% more CO2 compared to undeveloped shale reservoirs.
Gamadi et al. (2013) concluded that circulating CO2 injection into
shale can effectively elevate shale oil recovery by 33%e85%. Jin et al.
(2017) performed CO2 flooding experiments on Bakken shale and
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found that each gram of shale captured 17 mg of CO2, with the EOR
degree by using CO2 ranging from 15% to 65%. Similar results were
simulated by Huang et al. (2020), who found that injecting CO2 into
low-permeability shale gas reservoirs can enhance gas recovery
and store 10%e20% of CO2 within the formation. Additionally, CO2
flooding aligns with net-zero emissions or carbon neutrality goals
(Zhao et al., 2022). Specifically, employing CO2 flooding in the
development of shale oil and gas reservoirs facilitates efficient CO2
utilization and storage while amplifying oil and gas recovery rates
(Cavanagh and Ringrose, 2014; Liu et al., 2017; Xie et al., 2021; Xu
et al., 2019).

This paper proposes an approach where CO2 flooding is applied
to a shale reservoir post radial borehole fracturing. Herein, multiple
radial boreholes at various shale reservoir layers facilitate hydraulic
fracturing, followed by CO2 injection for flooding after forming an
intricate fracture network. The application of this method, as
depicted in Fig. 1, involves dividing the reservoir into upper and
lower layers, each containing four radial boreholes that each
initiate a hydraulic fracture. CO2 is then pumped from the surface
injection pump to themainwell's annulus space and penetrates the
reservoir's top via the upper radial boreholes. The injected gas
propels the reservoir oil from the upper to the lower layer, pushing
oil flow into the tubing from the lower layer and facilitating
pumping to the surface. This development technique could
potentially boost reservoir utilization and CO2 storage efficiency.
Currently, the drilling and completion cost for a single horizontal
well in continental shale in the United States ranges from 4.7 to 8.2
million USD (Yang et al., 2019) while the cost for a vertical well is a
mere 2.5 million USD (Cui et al., 2022). Thus, this method could
potentially lower the development cost of shale oil, considering
that the drilling and completion cost for a vertical well amounts to
only 50%e77% of a horizontal well at the same depth (Mukherjee
and Economides, 1991).

In exploring the feasibility of developing shale oil reservoirs via
CO2 flooding coupled with radial borehole fracturing, this study
introduces a novel methodology, predicated on the radial borehole
fracture network, that employs CO2 flooding to augment shale
reservoir development efficiency and attain CO2 storage.
Leveraging the parameters of the Gulong Oilfield, the study es-
tablishes a productivity model for CO2 flooding shale oil reservoirs
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with radial borehole fracturing, in line with the coupled matrix-
fracture-wellbore flow mechanism. Following model validation
through field data and a grid independence check, the study pro-
ceeds to examine the correlation between the pressure field, CO2
saturation distribution, and time. Finally, the study conducts a
sensitivity analysis on variables including injection location, layer
spacing, pressure difference, borehole number, and hydraulic
fractures. The anticipated research findings aim to furnish a theo-
retical framework for the efficient development of shale reservoirs
via radial borehole fracturing.

2. Model development

2.1. Model assumptions

The understanding of fluid flow dynamics within and across the
matrix, fracture, and wellbore systems is of crucial importance in
the context of radial borehole fracturing within shale reservoirs. In
response to this, the present study proposes a comprehensive nu-
merical model tailored to capture the intricate flow behavior
exhibited by CO2 flooding in combination with radial borehole
fracturing, taking into account both hydraulic and naturally
occurring fractures. The model serves to predict oil productivity
and gas storage capacity. The presumptions underpinning this
model are delineated as follows:

1) The reservoir's permeability varies horizontally and vertically
but maintains its single porosity.

2) Flow in the reservoir is assumed to be isothermal with negligible
temperature change.

3) Natural fractures in the reservoir are symmetrical about the
horizontal plane in the middle to avoid possible interference in
simulating different lateral-well configurations.

4) The influence of natural fractures on the propagation of hy-
draulic fractures is ignored

5) The model neglects gas evolution, condensation, and wax
precipitation.

6) The flooding mechanism for CO2 to oil is miscible displacement,
while declines in oil viscosity with injected CO2 are neglected.

7) CO2 diffusion and adsorption effect are neglected as this paper
considers the main driving force of oil and gas in the reservoir to
be the pressure difference between the injector and the
producer.

8) Changes in the matrix, fractures, and fluid properties with
pressure are neglected.

9) Possible increases in matrix permeability in the vicinity of the
wellbore and potential micro-fractures associated with main
hydraulic fractures are neglected. All hydraulic fractures are
assumed to have identical fracture heights.
2.2. Mathematical equations

Though compositional models are typically deemed more pre-
cise in characterizing the CO2 flooding process in shale oil reser-
voirs (Dai et al., 2023a; Jia et al., 2019), a black oil model is
nonetheless an effective tool for conducting such simulations when
data availability is limited, and faster computational speed is
required (Hoffman, 2012). The present study employs a modified
black oil model that incorporates three distinct phases: oil, water,
and gas (CO2), to simulate the CO2 flooding process within the
reservoir.

2.2.1. Flow in matrix
A shale reservoir is typically characterized by tight formation
521
where fluid flow in the matrix presents non-Darcy characteristics.
The exponential non-Darcy flow equation in literature (Wang and
Sheng, 2017) is adopted herein. Combined with the mass conser-
vation equation, the equation gives:

V

�
lara

�
1

1þ ae�bjVPaj

�
½VðPa � ragZÞ�

�
þ qnnca þ qwa ¼ d

dt
ð4raSaÞ

(1)

where the subscript a represents one of the phases among oil,
water, gas (CO2 in this case); la represents phase mobility in D/
(Pa$s); Pa represents phase pressure in Pa; ra represents phase
formation density in kg/m3; g is the gravitational acceleration,
being 9.8 N/kg; Z is depth in m; Sa is phase saturation; 4 refers to
porosity and t refers to the time in s; qnnca and qwa refer to coupling
terms betweenmatrix, fractures, and the wellbore, expressed in kg/
(m3$s); the dimensionless coefficient a and b in the non-Darcy term
can be expressed as the functions related to phase mobility la:

a¼ � 0:6095la
3 þ 2:5821la

2 � 3:4594la þ 1:5836 (2)

b¼0:3603la
2 � 0:1049la þ 1:0935 (3)

2.2.2. Flow across fractures, matrix, and within fractures
Key to simulating post-fracturing productivity has been the

successful treatment and coupling of hydraulic fractures. Various
models such as dual-porosity, dual-permeability, or a combination
of both, can effectively couple the organic and inorganic pores
within the shale reservoir. Moreover, they accurately depict the
flow relationship between the stimulated and unstimulated zones
by incorporating the interplay between fractures and matrix.
Nevertheless, the Embedded Discrete Fractures model (EDFM)
presents an advantage in its ability to simulate more complex
fracture geometries. The EDFM diminishes the flow dimension
within fractures to one level lower than that of reservoirs, thus
establishing an autonomous fracture flow system (Dachanuwattana
et al., 2018; Liu et al., 2021). As fractures typically emerge in post-
fracturing phase of shale reservoirs, the present study utilizes the
EDFM to reduce the dimensionality of hydraulic fractures. Herein,
three-dimensional fractures are simplified into multiple planar
interfaces within the matrix grids. The Navier-Stokes equation
governs flows within these fractures and can be equivalently rep-
resented by Darcy's flow (Kim and Deo, 2000; Lee et al., 2000,
2001). These flows are subsequently discretized using the Two-
point Flux Approximation method (TPFA).

In the EDFM, flow across fractures, matrix, and within fractures
(the coupling term in Eq. (1)), is uniformly expressed as:

qNNCa ¼ ralaTNNCDPa (4)

where TNNC refers to the transmissibility between any non-
neighboring connected units, expressed in D$m. The non-
neighboring connection units are the units that are physically
connected through grids and nodes but are not adjacent to each
other in turns of computing grids. The TNNC can be expressed as:

TNNC ¼
kNNCANNC

dNNC
(5)

where kNNC, ANNC, and dNNC represent the permeability, contact
area, and distance between non-neighboring connected units,
respectively in D, m2, and m. The expressions of kNNC, ANNC, and
dNNC are different in terms of connection types between different



Fig. 2. Distribution of hydraulic and natural fractures after radial borehole fracturing.

Table 2
Fluid parameters of CO2.

Fluid CO2 density, kg$m3 CO2 compressibility CO2 viscosity,Pa$s

CO2 at 20 MPa 510.9848 5.1425e-08 3.9152e-05
CO2 at 30 MPa 686.5266 1.7015e-08 5.6830e-05
CO2 at 40 MPa 776.4407 9.0714e-09 6.9591e-05
Brine 1000 1.0000e-13 1.0000e-03
Oil 700 1.0000e-10 7.0000e-04
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units, and have been illustrated in detail in the literature (Xu, 2015).

2.2.3. Flow within radial boreholes, between boreholes, matrix, and
fractures

Flowwithin radial boreholes is treated as one-dimensional flow,
with mass conservation equation expressed as:

v

vt
ðxaraÞþ

v

vx
ðvaÞ� qwa ¼0 (6)

where xa refers to dimensionless phase volume fraction.
The coupling relations of flow across borehole, matrix, and

fractures can be expressed as:

qwa ¼ Jwlara½Pbh � Pa � ragDZ� (7)
Table 1
Shale reservoir parameters.

Parameters Values

Matrix vertical permeability 0.0001 mD
Matrix horizontal permeability 0.58 mD
Matrix porosity 6.20%
Initial reservoir pressure 31.6 MPa
Initial reservoir temperature 94.0 �C

Fig. 3. Diagram of natural fracture distribution: (a) symmetrical natural fracture, (b)
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where Pbh represents radial borehole pressure, Pa; Jw refers to the
well index in m3/(s$Pa), which represents the potential or ability of
a well to produce. In the Cartesian coordinate system, the well in-
dex for borehole-matrix can be expressed as (Peaceman, 1983):

Jw ¼ qkh
lnðre=rwÞ þ S

(8)

where kh is the product of effective permeability and net thickness,
in D$m; rw represents wellbore radius, in m, and re is the equivalent
radius, in m; S is the dimensionless skin factor; the dimensionless
coefficient q changes with respect to the coupling relations be-
tween wellbore and matrix. The well index for borehole-fracture
can be expressed as (Moinfar et al., 2013):

Jf ¼
2pkfwf
lnðre=rwÞ (9)

The discretization of governing equations for flows in matrix,
wellbore, and fractures can be expressed by the Newton-Raphson
iterative method:

vRnþ1

vX
DX¼ � Rnþ1 (10)

where the term on the left side is the Jacobian matrix, with X being
the initial variable, n indicates the previous time step.

In this paper, Eq. (10) is solved based on MATLAB Reservoir
Simulation Toolkit (MRST) (Lie, 2019; Lie and Møyner, 2021). MRST
Parameters Values

Hydraulic fracture porosity 80%
Hydraulic fracture conductivity 103 D$cm
Natural fracture porosity 80%
Natural fracture conductivity 10 D$cm

asymmetric natural fracture, (c) asymmetric natural fracture with enlarged area.



Fig. 4. Relative permeability curves: (a) oil-brine relative permeability, (b) oil-gas relative permeability.

Table 3
Parameters of radial borehole fracturing.

Parameters Basic values Range Unit

Interlayer spacing 50 10 to 60 m
Pressure difference 20 10 to 49 MPa
Borehole number 4 1 to 4 -
Fracture height 9 1 to 19 (Zeng et al., 2022) m
Fracture length 100 50 to 150 (Sheng and Chen, 2014) m
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is an open-access reservoir modeling and numerical simulation
software. It provides a comprehensive black oil and compositional
reservoir simulator capable of simulating industry-standard
models and includes a graphical user interface for post-
processing simulation results.

After calculation, oil production rate (t/d) and cumulative oil
production (t) are selected as indicators tomeasure oil productivity.
Fig. 5. Calculated and measured data: (a) bottom flowing pressure of well CP-1, (b) cumulat
liquid production of well A-1.
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Meanwhile, to measure reservoir CO2 storage capacity, two in-
dicators, the CO2 storage rate (m3/d) and the accumulated CO2
storage amount (m3), are selected, which can be expressed as
follows:

CO2 storage rate ¼ CO2 injection rate� CO2 production rate
(11)

CO2 storage capacity ¼ cumulative CO2 injection
�cumulative CO2 production

(12)

To further characterize the storage efficiency of injected CO2,
define Rg as the ratio of the CO2 production rate over the CO2 in-
jection rate:

Rg ¼CO2 production rate
CO2 injection rate

(13)
ive oil production of well CP-1, (c) bottom flowing pressure of well A-1, (d) cumulative



Fig. 6. Effect of the number of grid-point to (a) oil storage rate and (b) grid number.
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An Rg closer to 1 means a lower gas storage effect. Similarly, to
characterize CO2 flooding efficiency, define Ro as the ratio of CO2
injection rate over oil production rate, which is the volume of CO2
needed to be injected to produce a unit volume of oil:

Ro ¼ CO2 injection rate
Oil production rate

(14)

A higher Ro indicates a lower efficiency in CO2 displacement.
Fig. 7. Pressure distribution in the mid-axis of the reservoir x-y plane.

Fig. 8. Schematic of the numerical reservoir simulation grids.
3. A multilateral well fracturing case

3.1. Computational model

The computational model for the shale reservoir, as presented in
Fig. 2, encompasses surrounding rock, an upper injection well, a
lower production well, hydraulic fractures oriented by radial
boreholes, and natural fractures. The reservoir model spans
250 m � 250 m � 100 m and resides at depths between 2000 and
2500 m. Table 1 delineates the pore and permeability characteris-
tics of the reservoir and fractures. As shale reservoirs are charac-
teristically well-laminated and layered, the vertical permeability is
considerably lower than the horizontal permeability while the
porosity remains uniform. Furthermore, to distinguish between
hydraulic and natural fractures, the conductivity of the latter is set
at 1% of that of hydraulic fractures. A closed boundary condition is
employed, which positions the injector as the exclusive source of
pressure. The radial borehole extends to a length of 30 m and has a
radius of 15 mm. In the base case scenario, two strata of radial wells
are present, separated by a 50 m spacing between the upper in-
jection well and the lower production well. Each stratum accom-
modates four radial boreholes, which are arranged orthogonally to
each other, with the radial wells in both strata following identical
orientations.

The geometric details of the hydraulic fractures can be found in
the Appendix. The open-source software Alghalandis Discrete
Fracture Network Engineering (ADFNE) (Alghalandis, 2017) is
employed to generate rhombuses that serve as proxies for natural
fractures. Fig. 3(a) illustrates that the base case comprises three sets
of natural fractures, with 0�, 90�, and 45� planes symmetrically
aligned with respect to the horizontal plane at dz ¼ 50 and 100 m
for each type. The length of these natural fractures falls within the
20e30 m range, while the orientation of each fracture type ranges
from 35� to 55�. Although the number of fractures depicted in
Fig. 3(b) remains consistent, their distribution is randomized.
Fig. 3(c) presents a scenario wherein the fracture area is twice that
of Fig. 3(b). The natural fractures featured in Fig. 3(b) and (c) are
incorporated only in discussions pertaining to the direction of CO2
524



Fig. 10. Rg and Ro vs. time (I to IV represents four flowing stages).
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injection.
The initial pressure of the reservoir is set to 31.6 MPa, with an

initial oil saturation of 60%, a residual oil saturation of 15%, and a
connate water saturation of 10%. The injection pressure is main-
tained at 40 MPa, while the production pressure is kept at 20 MPa.
These pressures ensure that the CO2 is in the supercritical phase,
where it has a lower density and viscosity than water but exhibits
higher compressibility. Simultaneously, these pressure parameters
facilitate a miscible displacement type. The physical properties of
CO2, water, and oil are detailed in Table 2. The relative permeability
curves of oil, water, and CO2 are displayed in Fig. 4. In this study, the
total simulation duration lasts 10 years, with a time step length of
10 days. Table 3 summarizes the parameters analyzed in this paper.
The ratio of radial well spacing to reservoir layer thickness is
referenced to similar applications of CO2 flooding methods in
geothermal studies (Shi et al., 2018). The number of radial wells
does not exceed four because experiments have indicated that no
additional fractures are generated when the number of radial wells
surpasses four (Guo et al., 2022).

3.2. Model validation

To further affirm the accuracy of our proposed productivity
model for fractured horizontal wells, data from two wells, CP-1 and
A-1, located in the Gulong Oilfield are employed for model valida-
tion (Pang et al., 2020). These wells are representative of the
reservoir, with the collected data encompassing bottom-hole
flowing pressure and cumulative oil production. As depicted in
Fig. 5, the calculated bottom-hole flowing pressure for both wells
remain consistent with the measured data, with the maximum
deviation being within 10%. This discrepancy is attributed to the
turbulent production rates in the validation case. The findings
substantiate the model's robustness and further corroborate its
precision in predicting the production rate for the hydraulic frac-
turing case.

3.3. Simulation mesh

In constructing a reservoir matrix, this study employs structured
grids. With a cell length and width of 10 m, the oil production and
gas storage in the 10th year exhibit a decline as cell height de-
creases (i.e., grid number increases). As demonstrated in Fig. 6,
when the cell height falls below 2 m, the diminishing trend of oil
production and gas storage lessens. When the cell height is set at
0.5 m, the oil production and gas storage in the 10th year are only
marginally higher than those observed at a cell height of 2 m, with
increases of 1.28 t/d and 2.15 m3/d respectively.

Fig. 7 depicts the variation of reservoir pressure along the axis
Fig. 9. Daily production/storage vs. time (a) oil production (
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for three different grid sizes in the z-direction (dz ¼ 10, 2, and
0.5 m). The findings reveal that larger grid sizes hinder the simu-
lation's ability to accurately capture the pressure gradient. This
leads to significant local pressure gradients near the CO2 injection
well and production well, causing the gas injection and oil pro-
duction rates to rise. Conversely, smaller grid sizes facilitate more
accurate reproduction of pressure gradients, thereby yielding more
precise simulation outcomes.

In the subsequent simulation process, as oversized grids can
eventually affect computational accuracy while undersized grids
can lead to excessive calculation time, the grid height is set to be
2 m. At this height, the refinement of grids along horizontal di-
rection can only exert an effect on oil production and gas storage in
a very short time at the initial stage of production. Therefore, grids
length and width within 35 m of the horizontal central axis of the
reservoir are locally refined to 5 m, which gives the total grid
number of 31,250 to study the characteristics of pressure and CO2
saturation in the area near boreholes and hydraulic fractures, as
shown in Fig. 8.
4. Results and discussions

4.1. Analysis of pressure and CO2 saturation in reservoir

The relationship between reservoir pressure, CO2 saturation,
and time during production is the basis for improving shale
b) gas storage. (I to IV represents four flowing stages).



Fig. 11. Reservoir pressure distribution at 0.01, 1, 10, and 100 d.
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reservoir development by CO2 flooding with radial borehole frac-
turing. This study aims to understand and optimize the CO2
flooding process for enhanced oil recovery and gas storage. The CO2
flooding process is divided into four distinct stages based on the
observed changes in oil production rate (Fig. 9(a)), gas storage rate
(Fig. 9(b)), efficiency (Fig. 10), pressure (Fig. 11), and CO2 saturation
distribution (Fig. 12) with time (Bai et al., 2022). These stages were
chosen as they represent critical transitions and help us better
understand the underlying mechanisms that drive the process.

Stage I: This stage lasts from the initial day to the 10th day of
production, where pressure propagates horizontally. A low-
pressure region occurs centering the producer and its hydraulic
fractures, while a high-pressure region occurs around the injector
and its hydraulic fractures. Due to the large difference between
vertical and horizontal permeability, an increase or depletion in
pressure caused by the injector or producer propagates along the
horizontal planar direction. In this stage, horizontal migrations
dominate the flow of CO2, while vertical migrations through natural
fractures begin. With the release of elastic energy of rock and fluid,
oil production and gas storage decrease rapidly, increasing Ro first
and then decreasing. Although brief in duration, Stage I creates the
highest oil production rate compared to all other stages.

Stage II: This stage follows the previous stage and lasts till the
100th day of production, where pressure difference propagates
vertically. Due to the closed boundary, pressure stabilizes along the
horizontal direction. The high-pressure region caused by the
injector starts to spread vertically toward the producer. The region
between the two wells starts to be affected and starts to form
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pressure gradients that gradually decline from the injector to the
producer. Therefore, CO2 migrates from the injector to the producer
through natural fractures. As reservoir pressure keeps varying un-
der pressure differences, oil production and gas storage continue to
decrease. In this stage, the Ro decreases at first and then increases.
The area of the horizontal plane primarily influences the duration
of Stage II due to the presence of closed boundaries. Furthermore,
the duration of Stage II is also impacted by factors such as the lateral
number and fracture length, which are discussed in later sections of
the paper.

Stage III: At this point, the reservoir reaches stabilized produc-
tion and lasts from the 100th day to the 1000th day of production.
In this stage, reservoir pressure stabilizes while the pressure dif-
ference between the injector and the producer maximizes, thus
leading to an increase in both oil production and gas storage. CO2
continues to migrate vertically through natural fractures. The Ro
increases first and then decreases in this stage. Stage III is the most
critical stage for CO2 storage, as CO2 has not yet been produced from
the production well during this phase. Additionally, the duration of
Stage III is significantly influenced by factors such as interlayer
spacing, pressure difference, and fracture height, which are dis-
cussed in subsequent sections of the paper.

Stage IV: In this stage, gas channeling occurs, starting from the
1000th day to the 10th year of production. By this time, reservoir
pressure remains unchanged, yet CO2 starts to enter the producer,
increasing the gas production rate and lowering the oil and gas
storage rates after their peaked values. Therefore, here the occur-
rence of peak values in both rates marks the beginning of the gas



Fig. 12. CO2 saturation distribution at 0.01, 1, 10, and 100 d: only matrix and natural cracks with CO2 saturation greater than 5% are mapped.

Fig. 13. Schematic of well configuration (a) upper injector and lower producer, (b) upper producer and lower injector.

J.-C. Dai, T.-Y. Wang, J.-T. Weng et al. Petroleum Science 21 (2024) 519e534
channeling effect. In this stage, both Rg and Ro increase rapidly,
meaning the efficiency of oil production and gas storage gradually
decreases. Therefore, it may be necessary to consider halting the
injection process.

4.2. Comparison of different lateral-well configurations

The chosen layer for CO2 injection (either upper or lower)
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significantly determines the well configuration during the pro-
duction phase. For instance, when CO2 is injected from the lower
layer, it is channeled into the reservoir's base through the main
well's tubing, propelling oil to migrate from the lower to the upper
layer. The oil then flows into the casing from the top of the reservoir
and is subsequently transported to the surface, as illustrated in
Fig. 13.

Two distinct well configurations, signifying the upper and lower



Fig. 14. Cumulative oil production and gas storage histogram of upper injection and
lower injection.
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injectors, are contrasted here based on their respective pro-
ductivities. According to Fig. 14(a), there is a minimal disparity in
cumulative oil production and cumulative gas storage between the
two scenarios by the tenth year. Notably, the cumulative oil pro-
duction in the case with an upper injector exceeds that of the lower
injector by 0.4� 104 t. In contrast, the cumulative gas storage of the
upper injector case is 0.1 � 104 t less than the scenario with the
lower injector. This difference can be primarily attributed to the
influence of gravity. When the injector is positioned above, gravity
impacts the oil and drives it downward, thereby elevating the oil
production rate. Conversely, in the case of a lower injector, CO2 is
inclined to ascend, culminating in greater gas storage and gas
production. Fig. 14(b) depicts that when the fracture number re-
mains unaltered, but their distribution is randomized, the magni-
tudes of cumulative oil production, cumulative gas production, and
cumulative gas storage show small difference compared to those of
the base case. This observation proves that the model can offer
precise production forecasts even though symmetrically distrib-
uted fractures are infrequent in natural settings. As highlighted in
Fig. 14(c), augmenting the fracture area by a factor of two folds
enhanced non-uniformity within the formation flow. This results in
increased gas injection and oil production rates for the case of
upper injection, compared to that of the lower injection. Consid-
ering that oil predominantly flows within the tubing, while gas
does through the annulus space, the method involving an upper
injector is selected for further discussions in this study.

4.3. Effect of interlayer spacing

Layer spacing is one of the key parameters in radial borehole
drilling design. Fig. 15 shows the relationship between oil pro-
duction, gas storage, and time at a layer spacing ranging from 10 to
60 m. When layer spacing is lower than 20 m, the steady pressure
stage (stage III) lasts for a very short time with gas channeling
occurring immediately, and therefore both oil production rate and
gas storage decrease with time. The oil production and gas storage
rates are higher in the early stage when layer spacing is relatively
small, but in the later stage decline faster than the casewith a larger
layer spacing. In the 10th year of production, cumulative oil pro-
duction and gas storage increase first and then decrease with the
increase of layer spacing. At a layer spacing of 20m, both reach peak
values of 2.56 � 104 t and 3.62 � 104 m3, which are 1.97 and 1.84
times those at a layer spacing of 50 m, respectively.

When the pressure difference between the injector and pro-
ducer remains constant, smaller layer spacing, meaning smaller
flow distance between injector and producer, leads to a greater
pressure gradient between twowells, making oil and gas flowmore
easily. Therefore, oil production and gas storage rates are higher
when layer spacing is small, resulting in cumulative oil production
and gas storage greater than other cases with larger layer spacing.
However, in the 10th year, the ratio of produced gas over injected
gas (Rg) and that of produced oil over injected gas (Ro) increase as
layer spacing decreases. Wherein, the ratio Ro at a layer spacing of
10 m is 19.9 times that at a layer spacing of 20 m, as Fig. 16 shows.
Such difference indicates large gas production that lowers oil pro-
duction and gas storage efficiency at small layer spacing. In this
case, declines in both rates are faster. Therefore, this paper selects
20 m as the optimal layer spacing based on cumulative oil pro-
duction and cumulative gas storage. The subsequent discussion is
based on 20 m layer spacing.

4.4. Effect of pressure difference

The pressure difference between injector and producer is the
key parameter during production. Fig. 17 shows the changes in oil



Fig. 15. Daily and cumulative production/storage vs. time at various interlayer spacing: (a) oil production (b) gas storage.

Fig. 16. Effect of interlayer spacing to Rg and Ro. Fig. 18. Effect of pressure difference to Rg and Ro.
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production and gas storage over time when the pressure difference
is between 10 and 49 MPa. As is indicated in the figure, greater
pressure difference leads to shorter steady production duration. In
the early stage, greater pressure difference brings greater oil pro-
duction and gas storage rates, yet so does the rate of decline in
these values. In the 10th year, cumulative oil production and gas
storage increase with increasing pressure difference, being
4.17 � 104 t and 5.57 � 104 m3 at a pressure difference of 49 MPa,
which are 1.64 and 1.55 times those at a pressure difference of
20 MPa, respectively.

Greater pressure difference leads to a greater pressure gradient
between injector and producer, thus bringing greater fluid driving
Fig. 17. Daily and cumulative production/storage vs. time at vari
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force, cumulative oil production, and gas storage. However, in the
10th year, Rg and Ro increase over increasing pressure difference,
indicating increasing pressure difference will lower the efficiency
of oil production and that of gas storage, as shown in Fig. 18.
4.5. Effect of borehole number

Borehole number is also one of the key parameters in radial
borehole drilling design. Fig. 19 shows the relationship between oil
production, gas storage, and time at borehole numbers ranging from
1 to 4. In the early stage, when the borehole number is large, oil
production rate and gas storage rate are higher, but their rates of
ous pressure differences: (a) oil production (b) gas storage.



Fig. 19. Daily and cumulative production/storage vs. time at various borehole numbers: (a) oil production (b) gas storage.

Fig. 20. Effect of borehole number to Rg and Ro.
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decline are also faster than thosewith a smaller borehole number. In
the 10th year, cumulative oil production and cumulative gas storage
increase with increasing borehole number, but such a tendency
slows down as borehole number continuously increases. Cumulative
oil production and cumulative gas storage reach their peak values of
2.56� 104 t and 3.62� 104 m3 at a borehole number of 4, which are
1.38 and 1.32 times the cases at a borehole number of 1.

More borehole numbers can induce more hydraulic fractures
(this hypothesis, however, remains questionable when the bore-
hole number is greater than 4). More hydraulic fractures will
improve reservoir fluid mobility in both vertical and horizontal
directions and therefore increase cumulative oil production and gas
storage. In the 10th year, nonetheless, the two ratios Rg and Ro
Fig. 21. Daily and cumulative production/storage vs. time at v
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increase with an increasing borehole number, indicating more
boreholes will lower the oil production and gas storage efficiency.
Wherein, the ratio Rg and Ro at a borehole number of 4 are 1.11 and
3.72 times of those at a borehole number of 1, as shown in Fig. 20.
Therefore, here a borehole number of 4 is selected as the optimal
parameter, and subsequent discussionwill be based on the case of 4
boreholes.

4.6. Effect of hydraulic fractures

Hydraulic fractures have the highest permeability in a reservoir
and thereby will exert a significant influence on productivity. Fig. 21
shows the relationship between oil production, gas storage, and
time at a fracture height ranging from 1 to 20 m. The duration of the
steady production stage decreases with the increase of fracture
height. In the 10th year of production, cumulative oil production and
cumulative gas storage increase with increasing fracture height,
while such a tendency declines as fracture height increases. Cumu-
lative oil production and cumulative gas storage reach their peak
values of 3.14� 104 t and 4.42� 104 m3 at a fracture height of 20 m,
which are 1.24 and 1.23 times those at a fracture height of 9 m.

Fig. 22 shows the relationship between oil production, gas
storage, and time at a fracture length ranging from 50 to 150 m. In
the 10th year of production, cumulative oil production and cumu-
lative gas storage increase with increasing fracture length, while
such tendency declines as fracture height continuously increases
and reach the maximum at a fracture length of 150 m. The cumu-
lative oil production and cumulative gas storage reach their peak
values of 2.64 � 104 t and 3.70 � 104 m3 at a fracture length of
150 m, which are 1.11 and 1.10 times the case at a fracture length of
75 m, but only 74.6 t and 78.0 m3 differ from the case at a fracture
height of 125 m.

An increase in hydraulic fracture height enhances the flow of
reservoir fluid in the vertical direction, while an increase in
arious fracture heights: (a) oil production (b) gas storage.



Fig. 22. Daily and cumulative production/storage vs. time at various fracture lengths: (a) oil production (b) gas storage.

Fig. 23. Effect of (a) fracture height, and (b) fracture length to Rg and Ro.

Fig. 24. Sensitivity analysis of parameters of CO2 flooding with radial borehole frac-
turing (“High” represents the deviation caused by increasing the parameters. “Low”

represents the deviation caused by increasing the parameters).
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hydraulic fracture length enhances that in the horizontal direction,
functioning similarly to the increase in borehole number. Although
higher fractures bring more oil production and gas storage, Rg ap-
proaches 1, and that of Ro increases, as shown in Fig. 23.Wherein, Rg
at a fracture height of 20m is 26.68 times that at a fracture height of
only 5 m. In contrast, fracture length exerts a smaller influence on
ratios Rg and Ro.
4.7. Sensitivity analysis

Simulation results have shown influences caused by layer
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spacing, pressure difference, borehole number, and hydraulic
fractures height and length on the productivity of the CO2 flooding
with radial borehole fracturing. The paper conducts a sensitivity
analysis on these parameters based on the case with 20 m layer
spacing, 30 MPa pressure difference, 2 boreholes, and hydraulic
fractures 10 m in height, and 100m in length. The analysis perturbs
each parameter by ±50%. The sensitivity is quantified as the devi-
ation of cumulative oil production and cumulative gas storage.

Devoil ¼
sumoil � sumoil;base

sumoil;base
(15)

Devgas ¼
sumgas � sumgas;base

sumgas;base
(16)

According to the sensitivity analysis in Fig. 24, the influence
degree of parameters on cumulative oil production is as follows:
layer spacing > pressure difference > hydraulic fracture
height > borehole number > hydraulic fracture length. On the other
hand, the influence degree of parameters on cumulative gas storage
is as follows: pressure difference > layer spacing > hydraulic frac-
ture height > borehole number > hydraulic fracture length. This
result indicates that the main approach to increasing shale oil
production and gas storage is to enhance shale oil vertical mobility.

5. Conclusions

To augment the oil recovery rate and CO2 storage efficiency in
shale reservoirs, this study introduces a novel development
method predicated on the radial borehole fracture network, com-
bined with CO2 flooding. Drawing from parameters specific to the
Gulong shale reservoir in China, a productivity model is established
for a CO2-flooded shale reservoir with radial borehole fracturing,
grounded in the coupled matrix-fracture-wellbore flow
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mechanism. Moreover, this study scrutinizes the relationships be-
tween reservoir pressure, CO2 saturation, and time, and it delves
into the impacts of CO2 injection location, layer spacing, pressure
difference, borehole number, and hydraulic fractures on produc-
tivity. Anticipated results could supply a theoretical foundation for
efficiently exploiting shale reservoirs via radial borehole fracturing

� During production, four stages mark different production pha-
ses: pressure horizontal propagation stage, pressure vertical
propagation stage, steady production stage, and gas channeling
stage. The steady production stage and gas channeling stages
mainly contribute to oil production and gas storage.

� The influence of CO2 injection location on oil production and gas
storage is negligible under a symmetric natural fractures dis-
tribution. However, given the usual field practices, this paper
considers the upper CO2 injector and lower oil producer to be
the optimal configuration.

� Reduction in layer spacing can shorten the fluid migration dis-
tance and increase the pressure gradient between producer and
injector (similar to the increase in pressure difference), thus
improving oil production and gas storage significantly. None-
theless, overly small layer spacing will cause severe gas chan-
neling that lowers oil production and gas storage efficiency.

� When the radial borehole number is between 1 and 4, more
boreholes can induce more hydraulic fractures and therefore
improve fluidmobility in both horizontal and vertical directions,
resulting in more oil production and gas storage.

� The main approach to increasing shale oil production and gas
storage is to enhance shale oil vertical mobility, proving that the
low vertical permeability in shale reservoirs is one of the main
factors hindering production.

� CO2 diffusion and adsorption are important factors affecting CO2
flooding. The next work will further consider using component
models to analyze the effects of CO2 diffusion and adsorption.
Moreover, the impact of the natural fractures and the stress
sensitivity also need to be discussed.
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Appendix

In radial borehole fracturing, borehole pressure changes the
stress field around the well. Each borehole guides one hydraulic
fracture to propagate along the radial borehole direction and
further along the maximum horizontal stress. Literature uses the
532
guidance factor to describe the guidance effect of the radial bore-
hole on hydraulic fractures (Guo et al., 2016), while in fact guidance
factor can hardly describe the exact fracture created by radial
borehole fracturing.

Fig. A1. Demonstration of hydraulic fracture distribution.

To approximate the shape of radial borehole in the horizontal
direction, based on the numerical simulation results (Liu, 2019),
this paper simplified the horizontal projection of fractures into
several line segments connected end to end, as shown in Fig. A1
(top view). A line segment represents this part of hydraulic frac-
ture morphology. The line segment then gradually deviates from
the radial borehole, where the X and Y coordinate of the i-th line
segment can be expressed as:

xPi
¼ xmain þ xPi�1

þ li cos bi (A1)

yPi
¼ ymain þ yPi�1

þ li sin bi (A2)

where xmain and ymain represent the X and Y coordinate of the main
well in m; li represents the length of segment i in m; bi represents
the angle between the segment i and the minimum horizontal
principal stress in �, and can be expressed as:

bi ¼ bi�1 þ liDbi (A3)

where Dbi represents angle change within unit length, expressed in
�/m, and the larger the value is, the faster the fracture deviates to
the direction of maximum horizontal principal stress. To describe
the characteristic that the fracture tends to align with the
maximum horizontal principal stress at long fracture propagation
distance, Dbi is defined as:

Db¼Db0
bi�1 � bsmax

brb � bsmax

(A4)

where Db0 represents initial angle change within unit length, brb
represents the angle of the radial borehole, and bsmax represents
that of the maximum horizontal principal stress. Herein each
fracture has a total length of 100 m, a height of 9 m. There are 5 line
segments in total with Db0 being 0.3 �/m.
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