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ABSTRACT

The long-term stability of CO, storage represents a pivotal challenge in geological CO, storage (CGS),
particularly within deep saline aquifers characterized by complex fault-block systems. While the injec-
tion sites and rate under different fault structures will directly affect the CO, storage effect and the risk of
leakage. This study investigates the Gaoyou Sag in the Subei Basin, a representative fault-block reservoir,
through an integrated numerical-experimental approach. A three-dimensional simulation model incor-
porating multiphase flow dynamics was developed to characterize subsurface CO, transport and
dissolution processes. A novel fault seal capacity evaluation framework was proposed, integrating three
critical geological indices (fault throw/reservoir thickness/caprock thicknesses) with the coupling of
formation physical properties, temperature, and pressure for the rational selection of injection sites and
rates. The results show that Optimal storage performance is observed when the fault throw is lower than
the reservoir and caprock thicknesses. Furthermore, higher temperature and pressure promote the
dissolution and diffusion of CO,, while compared to the structural form of faults, the physical properties
of faults have a more significant effect on CO; leakage. The larger reservoir space and the presence of an
interlayer reduce the risk of CO; leakage, and augmenting storage potential. Decreasing the injection rate
increases the proportion of dissolved CO,, thereby enhancing the safety of CO; storage.
© 2025 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

to combat greenhouse gas emissions and global warming (Li et al.,
2024a, 2024b; Wang et al., 2024a, 2024b; Yang et al., 2023).

CO; geological storage (CGS) refers to the injection of CO, into
depleted oil and gas reservoirs (Pacala and Socolow, 2004), deep
saline aquifers, unminable coal seams, and the deep ocean (Rae
et al., 2018; Liu et al.,, 2021, 2022; Han et al., 2022; Chen et al,,
2022), to prevent CO, leakage and achieve permanent storage
through four mechanisms, namely, structural capture, residual gas
capture, dissolution capture, and mineral capture (Zhang and Song,
2014; Yang et al., 2010; Tang et al., 2020). As the global greenhouse
effect intensifies, CGS technology has been recognized as a key tool
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Generally speaking, aquifers in deep strata with high salinity
(buried depth of more than 800 m) are not suitable for drinking
water (Haszeldine, 2006). However, they possess a significant
storage capacity and serve as the primary sites for CO, geological
storage projects. Deep saline aquifers are typically located at
greater depths in the ground, offering greater storage stability than
the surface. Within these formations, faults are developed, and pore
and fissure structures offer ample storage space (Qin et al., 2023).
The complex fault-block structure of the geological body can pro-
vide favorable tectonic confinement conditions, although there is a
risk of gas breakthrough and leakage through faults (Chen et al.,
2024).
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The safety and efficiency of long-term CO, storage in complex
fault-block geologic bodies are influenced by various factors. These
include the different stratigraphic and fault structures (Wang et al.,
2023a), the physical properties of the stratigraphy and faults (Emad
et al,, 2018a; Gershenzon et al., 2015), the rate of CO, injection
(Foroutan et al., 2022; Wang et al., 2023), the sites of CO, injection
(Punnam et al., 2022; Wen et al., 2021), formation dip angle (Jing
et al.,, 2023; Zhao et al., 2018), and non-homogeneity of reservoirs
(Punnam et al., 2022). These conditions directly impact the long-
term stability of CO, storage in the formation. CO, leakage would
result in the failure of the CO, geological storage (CGS) project and
pose safety risks.

The presence of faults possesses a dual nature in relation to CO;
storage. On one hand, faults can create favorable tectonic trap
conditions for CO,. On the other hand, faults may serve as potential
leakage pathways that jeopardize the safety of CO, storage.
Therefore, it becomes essential to investigate the impact of fault
tectonics on CO, leakage. Recent studies by Jing jing (Jing et al.,
2023) have highlighted the significance of temperature in con-
trolling CO, leakage along faults within fault-developed strata.
Additionally, Miocic (Johannes et al., 2019) has discussed the po-
tential risk of CO, leakage back to the surface through geological
faults, which can pose a substantial threat to the integrity of CO,
storage.

Previous studies have mostly focused on the impact of a single
control factor or a single fault on CO; storage. Many of these studies
have utilized idealized numerical simulations that overlook the
heterogeneity present in actual formation structures. For instance,
Hodneland and Al-Khdheeawi (Emad et al., 2018b; Erlend et al.,
2019) investigated the impact of temperature on CO, storage effi-
ciency and migration but did not account for the influence of for-
mation heterogeneity and fault structures. Bu and Yang (Bu et al.,
2016; Yang et al., 2018) examined the safety and leakage risks
associated with faults in CO, migration while neglecting the in-
fluence of temperature on CO, geological storage. However, there is
no research that can determine the optimal injection sites and rate
based on the structural characteristics and physical properties of
actual fault-block traps for CO, storage (Li et al., 2024a, 2024b;
Wang et al., 20244, 2024b; Song et al., 2024).

In this study, the Gaoyou Sag in northern Jiangsu Province was
selected as the research area. A set of large-scale non-homogeneous
models was established to reconstruct the actual geological profile,
along with three sets of small-scale models representing the typical
fault structures within the sag. The CO, storage capacity of different
fault structures has been simulated and analyzed using TOUGH2-
ECO2N, and a set of evaluation methods for CO, storage capacity
of fault block geologic bodies has been established. On this basis,
the safe injection sites and injection rate of CO, were elucidated on
a practical field scale using a large-scale model and the main con-
trol factors of CO, diffusion, dissolution and leakage were explored.

2. Geological background

The Subei Basin is situated in northern Jiangsu, China, and in the
northern region of the Yangtze Plate. Within the basin, there exists
a north-to-south geological arrangement consisting of the Yanfu
depression, Jianhu uplift, and Dongtai depression. The Gaoyou sag,
located in the central-southern part of the Dongtai depression, is
notably characterized by its abundant reserves of oil and gas re-
sources (Qiao et al.,, 2012).

The Upper Cretaceous Taizhou Formation-Neogene strata
covered by the Quaternary in Gaoyou Sag are widely developed.
They are Chishan Formation (K;c), Taizhou Formation (Kyt), Funing
Formation (Ef), Dainan Formation (E»d), Sanduo Formation (E;s)
and Yancheng Formation (Ny) from bottom to top (Zhou et al.,
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2019). According to logging and lithology, Taizhou Formation can
be divided into two sections vertically, which are called the first
member of Taizhou Formation (Kyt;) and the second member of
Taizhou Formation (Kyty) from bottom to top (Fig. 1). The lithology
of Kyt is pebbly sandstone, fine sandstone, silty mudstone and
mudstone. The lithology of the lower part of Kst; is gray black and
dark gray mudstone with thin layer of light gray siltstone. The Kyt;
and Kat; formations form a set of reservoir-caprock assemblages
that are conducive to CO; geological storage (Liu et al., 2016; Gao
et al., 2018).

3. Numerical simulation
3.1. Modeling tool

Different from the traditional numerical simulation software
Feflow and abaqus, TOUGH2 simulator combined with ECO2N
module is used in this study. The TOUGH2 simulator is one of the
best known and most widely used multi-component multiphase
flow simulation software in the world today. TOUGH?2 is based on
mathematical and physical equations to model multiphase flow
(water, gas, steam) and multiphase heat transfer (conduction,
convection, radiation) in subsurface media. It can be used to model
engineering and scientific problems such as geothermal energy
utilization, carbon dioxide storage, and groundwater pollution
transport (Yang et al., 2013). The TOUGH2-ECO2N program is
developed on the basis of TOUGH2, which is a numerical simulator
specifically applied to CO, geological storage, in which the module
of ECO2N (Gherardi et al., 2007) is specialized to deal with three-
phase systems (gas, liquid and supercritical phases) as well as
three-component (water, salt and CO;) systems in which CO, is in
different pressure and temperature conditions.

In recent years, several researchers verified the accuracy of the
TOUGH2-ECO2N by comparing the solubility of CO, in water under
different temperature and pressure changes, different phase states,
and different salinities through experiments and simulations
(Pruess and Spycher, 2007; Shabani and Vilcdez, 2018). At the same
time, validation was also conducted on the issue of CO, diffusion
model (Spycher and Pruess, 2005) to ensure the reliability of
simulation results, and has been widely used (Xu et al., 2006).

Mathematical equations for flow and transport. All flow and
transport equations have the same structure, and can be derived
from the principle of mass (or energy) conservation. Governing
equations involved are tabulated in Table 1.

3.2. Geological model

The geological model presented in Fig. 2 is established based on
seismic logging data, utilizing a representative section from the
Chenbao area in Gaoyou sag. The selected section lies between
Chen 2 well and Chen 3 well. The model features a significant
number of synthetic faults, including the Wu 1 fault and Wu 2 fault.
The model has dimensions of 6400 m in length, with a top depth of
1155 m and a bottom depth of 3478 m. It comprises ten formations
and three sets of reservoir-caprock assemblages from top to bot-
tom. Among these, the Kyty, E1f;, and Eqf;3 formations have been
identified as suitable CO; reservoirs due to their favorable porosity,
permeability, and extensive storage capacity. Moreover, the upper
part of these reservoirs is characterized by a low-porosity and low-
permeability caprock and fault, which effectively inhibit CO,
leakage and migration. While the Kyt;, E1f;, and E{f4 formations
serve as effective mud shale caprocks, with thicknesses ranging
from 100—150 m, 100—300 m, and 40—120 m, which are good for
the sealing of the CO,.
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Fig. 1. Location map of the GaoYou sag in North Jiangsu Basin. (a) Location of the research area; (b) The location of the geological section used by the model; (c) Detailed stra-
tigraphy, reservoir-seal assemblage of the Ny,—K;g.
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Table 1
Governing equations involved in the reactive transport simulation.

Governing equations Symbols

Fluid and heat flow: 3

General governing equations:

M: mass accumulation, kg-m™
t: time, s

oM, F: mass flux, kg-m~2.s~!

ot T Vit A q: source/sink

s = - Kﬁ(vl’ﬁ ~psg) u: Darcy velocity, m-s~!
Ug K: permeability, m?

Water: K;: relative permeability

P: pressure, Pa

g: gravitational acceleration, m-s™
S: saturation

p: density, kg-m™
X: mass fraction

My = ¢(Slplxwl + sgpgxwg)
Fw = Xuiptg + Xwgpgllg

qw = qw + Gwg

COzl

Mc = ¢(SipXe + SgpgXcg)

2

3

: porosit;
Fe = Xapiun + Xegpglig Z’ Siscosits; kg-m 157!
e = G+ deg Subscripts:

k: governing equation index
6: phase index

w: water

c: CO,

g: gas phase

I: liquid phase

Since the displacement pressure of the reservoir after CO; in-
jection approximates or even exceeds the displacement pressure of
the fault, previous studies have shown that the fault cannot be
closed at this time and behaves as a high-porosity permeability
fault. The capacity of faults to sequester CO, relies significantly on
three key parameters: reservoir thickness, caprock thickness, and
fault throw. To investigate the influence of these three factors on
CO, storage within complex fault-block geological bodies, the
geological structure of representative fault-block formations in the
geological model is refined. Three small-scale models with typical
fault characteristics were established: the two sides of the sealing
fault are sandstone and mudstone respectively, the two sides of the
sealing fault are both sandstone, the two sides of the sealing fault
with small fault dip angles are sandstone and mudstone respec-
tively (Fig. 2). The favorable conditions for CO, storage were
determined, serving as a fundamental basis for the identification
and selection of CO, injection sites within large-scale models.

Declining block

Petroleum Science 22 (2025) 2643—2659
3.3. Conceptual model

3.3.1. Small-scale models

During the implementation of CGS engineering within intricate
fault-block geological formations, the primary mechanism for CO,
retention is to confine it within structural traps. Therefore, it is very
important to clarify the influence of fault-block types and structural
characteristics of main storage sites on CO, migration. Based on
previous studies, the efficacy of the coupled reservoir control
model, incorporating fault throw, reservoir thickness, and caprock
thickness, has been extensively demonstrated in fault-block oil and
gas reservoirs, showcasing its robustness and reliability. Moreover,
this control model exhibits applicability in evaluating the CO;
storage capacity potential within intricate fault-block geological
formations.

In section 3.2, based on the actual seismic and logging data, a
geological model was established in the Chenbao area of Gaoyou
Sag, and three small-scale models with different fault-block traps
were selected according to the coupling situation of fault, reservoir,
caprock. Based on the geological model, according to its typical
structural form, the model is generalized and the corresponding
numerical model is established. The numerical models are used to
determine the influence of fault throw, reservoir thickness and
caprock thickness on CO, storage capacity in complex fault-block
geological bodies. It provides a basis for the selection of reason-
able injection sites of CO».

The size of the model is 100 m x 75 m x 10 m, 100 grids are
divided in the X direction, 75 grids are divided in the Z direction,
and 1 grid is divided in the Y direction. The size of each grid is
1m x 1 m x 10 m, and the geological structure contained in the
interior is the same as that of the geological model. The specific
values of fault throw (L), reservoir thickness (R) and caprock
thickness (M) of the model are shown in Fig. 3.

3.3.2. Large-scale models

Numerical simulation model was constructed in accordance
with the geological model formulated in Section 3.2. The large-
scale model encompasses an identical number of strata and faults
as the geological model, with dimensions of 6400 m in the X-di-
rection and a depth of 2323 m in the Z-direction (Fig. 4).

Upthrown block

Fig. 2. Schematic diagram of geological model and small-scale model in Chenbao Area, Gaoyou Sag, Subei Basin.
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Variable quantity Case 1 Case 2 Case 3
Fault throw, m 4 14 4
100m om Reservoir thickness, m 16 18 16
Caprock thickness, m 8 10 8
Permeability, mD 100 (Reservoir), 0.001 (Caprock)
S Porosity, % 0.1 (Reservoir), 0.01 (Caprock)
Fault dip angle, ° 86 86 65
o0 Tom Injection point coordinates, m (0, —43.5)
Injection rate, t/d 4.82
Time, a 3
=
“Ig . Caprock Reservoir . Injection sites
100 m tom

Fig. 3. Small-scale model of typical fault structure and model basic parameters.

(b) Reservoir-
Legend Stratigraphic caprock
assemblage
M= & 0O storage
ormation
-2000 - Katy Taizhou
Koty Formation Caprock
Eqf; Reservoir
Ef Funing Caprock
Eifs Formation Reservoir
—-3000 Eifs Caprock
=
-7 - Eud Forérlrl:;?ign
- Ezs: Sanduo
o - Ess» Formation
300 =g 1000 2000 300 00 5000 6000 6400 e Fault
QO Injection sites z Intertayer
Fig. 4. Conceptual model:(a) 3D schematic; (b) Introduction of model strata and reservoir-caprock combination.
Subsequently, a meticulous mesh division was implemented. The
horizontal section was discretized into 320 cells with a uniform Layer Foimation Porosity Permeability, mD
grid length of 20 m, while the vertical section was divided into number 03 02 01 0 100 200 300 400
100 cells with a consistent grid height of 23.23 m. The fault grid is o'mo — . 1618 —
subdivided by three rows of grids, with the fault grid in the center Eis, Saiidiic ’
and the boundary grid on both sides. Es 0.2100 340
E,d Dainan 0.1825 345.6
3.4. Initial condition Eqfy 0.0036 | 0.001
3.4.1. Stratigraphic conditions — ! Funing
The model involves 10 stratigraphic groups and 5 faults of Eif; 0.0036 | 0.001
Chishan Formation (Kjc), Taizhou Formation (Katj, Katy), Funing e o 1700 [ s
Formation (Eqfy, E1fy, E1f3, E1f), Dai'nan Formation (Epd), Sanduo - '
Formation (Eqs;, Eis2). Porosity and permeability ranged from Kat, 0.0036 | 0.001
221-0.36% and 345.6—-0.001 mbD, respectively (Fig. 5). Three P Taizhou a0 .
groups of caprock, Kyty, E{f;, and Eqfs, have low porosity and 21 ’ ’
permeability. Porosity is 0.36% and permeability is 0.001 mD. The kaC Chishan 0.2180 67.71
two sets of caprock thickness intervals mainly involved in this
simulation are E{fs: 151—225 m K,t3:194—237 m. In contrast, the Fig. 5. The porosity and permeability of the formation in the model.
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Kac, Katy, and E1fy reservoirs have better physical properties and are
used for CO, geological storage.

3.4.2. Initial temperature and pressure conditions

The initial formation pressure was determined based on pres-
sure monitoring of the actual formation. Based on the actual for-
mation pressure gradient of 0.94 MPa/100 m, the initial pressure
field of the model was established with a top pressure of 7.05 MPa
and a bottom pressure of 29.09 MPa. The temperature gradient in
the region was obtained from the actual monitoring data as 2.79 °C/
100 m and combined with the interpolation algorithm to obtain the
initial temperature data for the entire modeled region. The tem-
perature at the top of the model is 45 °C and the temperature at the
bottom is 110 °C.

3.4.3. Fault

With the increase of fault throw, ductile clay may be brought into
the fault and applied to the contact surface, resulting in mudstone
smearing, which subsequently decreases fault porosity and perme-
ability (Zheng and Espinoza, 2022). Mudstone smearing is a prevalent
geological phenomenon observed in the fault zones. During fault
activity, the high plasticity of mudstone allows it to invade fault plane
and block their pores under the influence of compressive stress or
gravity. Additionally, mudstone may undergo varying degrees of dy-
namic metamorphism, leading to the densification of components
within the mudstone coating layer and resulting in fault sealing (Ciftci
et al., 2013; Noorsalehi-Garakani et al., 2013).

In small-scale models, since the displacement pressure of the
reservoir after CO, injection approximates or exceeds the
displacement pressure of the fault, the fault cannot be sealed and
behaves as a high-porosity permeability fault. The physical prop-
erties of the fault are not the dominant factor for sealing, and the
sealing of the fault depends on the fault structure. Therefore, the
porosity and permeability of the fault in the reservoir are set to 10%
and 100 mD.

In large-scale models, 5 faults are developed, and their positions
and shapes are shown in Fig. 4. The faults F2, F3, and F4, which
exhibit longer sliding distances, demonstrate a more pronounced
mudstone smear phenomenon, resulting in lower internal porosity
and permeability. These faults can be classified as sealing faults,
with porosity and permeability values of 0.36% and 0.001 mbD,
respectively. In addition, faults F1 and F5, characterized by shorter
sliding distances, display less noticeable mudstone smearing phe-
nomena. Consequently, these faults exhibit good physical proper-
ties, with porosity and permeability values of 15% and 60 mbD,
respectively. The fault grids are individually linked together to
ensure the basic characteristics of a sparse and blocking fault, and
the two side grids are linked to the middle fault grid respectively,
allowing for fluid transport between them. The K,c Formation is
found to contain a significant abundance of mud shale interlayers,
which exhibit low porosity and permeability values of 0.09% and
0.001 mD, respectively.

3.4.4. Boundary condition

Based on previous research on CO, geological storage and the
influence of model boundaries on numerical solutions. In large-
scale geological model, the lateral boundaries were implemented
as the primary boundary condition with constant pressure and
temperature. Meanwhile, the upper and lower surface boundaries
were designated as zero-flow conditions.

In the small-scale model of the influencing factors of CO,
geological storage, When the local pressure is too large due to
excessive injection of CO,, the model will not be able to operate
normally. Moreover, finite boundary models fail to accurately
represent changes in the true CO, flow behavior. To address these
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limitations, this study extends the left boundary of the model to an
infinite volume. Under the assumption of infinite volume, the left
boundary no longer has a direct influence from external inflows or
outflows, which means that CO, transport is mainly controlled by
internal dynamics (e.g., diffusion due to concentration gradients)
and fluid flow (e.g., convection). This ensures a realistic flow
environment within the formation that aligns with the CO, flow
dynamics.

3.4.5. Injection condition

In this simulation, the injection methods are all single mesh
injections, so the mesh size determines the length of the injection
site, which is 1Tm in the small-scale model and 20 m in the large-
scale model. In the small-scale model, the injection site co-
ordinates are (0, —43.5). the injection rate is 4.32 t/d, the injection
time is 0.2 year, and the simulation time is 3 years. In a large-scale
model, three injection sites (3700, —2166), (6110, —2839), and
(5950, —3397) were set up for simulation, as well as three different
injection rates of 523, 400, and 350 t/d. The injection time of the
model is 10 years, and the simulation time is 500 years. The CO,
injection method for both small-scale and large-scale models is
constant flow rate injection (Table 2).

3.5. Model solutions

This research initially constructed three small-scale models to
investigate the CO; sealing capacity of three typical fault configu-
rations in complex fault-block geological bodies of Gaoyou Sag, and
proposed two fault structure shapes that can partially store CO,.
Subsequently, choosing F3, F4, and F5 faults with these two types of
fault structures to form CO; storage traps with the overlying layers.
In the reservoirs Eqfs, K¢, and Kyt; below the three faults, com-
bined with the influence of depth and interlayer. Three rational
injection sites (3700, —2166), (6110, —2839), and (5950, —3397)
were selected to evaluate the influence of distinct injection sites on
CO, migration and storage, and determine the optimal injection
sites. Finally, in order to prevent CO, leakage along faults, various
injection rates of 523, 400, and 350 t/d were considered to ascertain
the most suitable injection rate for secure CO; storage (Table 2).

4. Result
4.1. Distribution of CO, under small-scale models

CO, is injected from the lower right side of the reservoir and
transported upward by buoyancy. The presence of the caprock on
both sides of the fault effectively blocks the CO, transport. As
illustrated in Fig. 6(a)—(c), If the two sides of the fault are sandstone
and mudstone respectively (R, M > L), the CO, will initially accu-
mulate beneath the fault and caprock. The mudstone caprock on
the left side of the fault, with its low porosity and permeability,
effectively seals the CO, migration. However, as CO; is injected, the
formation pressure will continue to increase. When the local for-
mation pressure exceeds the breakthrough pressure of the fault, the
CO; will continue migrating to the left across the fault. Eventually, a
portion of the CO, can be retained beneath the fault.

When the dip angle of the fault decreases, in Fig. 6(g)—(i), it can
be observed that the fault can accommodate a larger amount of CO»,
resulting in increased space for CO, enrichment in the right reser-
voir. The filling of CO, under the fault and caprock takes longer, after
which it continues to migrate towards the left. The smaller fault dip
angle provides enhanced stability for CO, enrichment, ultimately
leading to a higher retention of CO; under the fault.

When the two sides of the fault are both sandstone (R > L > M),
the sandstone reservoir on the left side cannot effectively seal the
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Table 2
Summary of the simulation scenarios.

Petroleum Science 22 (2025) 2643—2659

Case Model dimension (X x Y x Z) Injection sites coordinates, m

Injection rate, t/d

Injection time, a Model other parameters

100 m x 10 m x 75 m (0, —43.5) 4.32

Porosity, permeability, and the relationship between fault
throw, reservoir thickness, and caprock thickness are
shown in Fig. 3.

0.2

6400 m x 100 m x 2323 m (3700, —2166)
(6110, —2839)
(5950, —3397)
(5950, —3397)

(5950, —3397)

523

400
350

coNOU A |lWN =

Porosity, permeability are actual measured values, as shown
in Fig. 5.
10

Case 1

SatGas

Case 2

0.75
1 0.70
1 0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10

0.05

Case 3

Fig. 6. Distribution of CO, after injection under small-scale models. “SatGas” denotes gas saturation.

CO,, providing a pathway for upward transport and leakage of CO-,
CO; has a tendency to move upwards through this channel. As
depicted in Fig. 6(d)—(f), when CO; is still injected from the injec-
tion sites on the right side of the model (0, —43.5), CO; has a ten-
dency to migrate to the left. When the injection rate is greater than
the rate at which CO; leaks upwards from the channel, partial CO;
will still accumulate below the cap layer on the injection side. As
CO, accumulates below the right caprock, when the depth of
accumulated CO, exceeds the thickness of the left caprock, CO, will
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continue to migrate and diffuse to the left. This fault structure is
unstable for CO; storage and is prone to trigger leakage.

4.2. Injecting CO, at different positions and rates in large-scale
models

4.2.1. Injection sites selection
In Section 4.1, three representative structures within complex
fault-block geological formations were selected for rigorous
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simulation analysis. The obtained results highlight the pivotal role
played by geological structures in influencing the storage capacity
and safety considerations pertaining to CO, storage. To further
investigate the Coupling effect of different injection sites and
geological structures on CO; geological storage within the selected
study area, as well as to identify optimal injection sites for CO,
geological storage. This study selected three significant injection
sites based on the simulation outcomes in Part 4.

The specific locations and geological structures of the three in-
jection sites determined are as follows: In Case 4, the injection site
(3700, —2166) is situated beneath the F3 sandstone-mudstone
connection fault within the reservoir E;fs3. Notably, this fault ex-
hibits a substantial dip. In Case 5, the injection site (6110, —2839) is
located in the upper section of the K;c reservoir, positioned below
the right side of the F5 sandstone-mudstone connection fault. This
particular fault demonstrates a minor dip, along with the presence
of interlayer above the injection sites. Finally, in Case 6, the injec-
tion site (5950, —3397) is situated in the lower part of the Kyc
reservoir. Above the injection sites, the Kyc reservoir exhibits
widespread development of interlayers, while the left is the F4
sandstone-sandstone connection fault.

4.2.2. Pressure evolution of CO, injection at different sites

Case 4 simulation (Fig. 7(a)—(f)) results show that when CO; is
injected into the E;f; formation for 1-10 years, an overpressure
zone will be formed in the Eifs reservoir. However, the stable
sandstone-mudstone connection fault F3 effectively impedes
pressure breakthrough, minimizing its propagation across the fault,
Pressure cannot leak. Merely a small portion of the pressure seeps
through the F3 fault. The formation pressure at the injection site
before injection was 1.67 x 107 Pa, and the maximum pressure after
injection reached 5.65 x 107 Pa, and the pressure ratio before and
after injection reached 3.38, which is unsafe. As CO, injection
ceases after 10 years, the pressure within the Eif; gradually di-
minishes, aligning with the pressures on the left and right sides.

The simulation results of Cases 5 and 6 reveal a similar pressure
evolution trend when CO, is injected into the Kyc formation,
regardless of whether the injection occurs in the upper or lower
part of the formation (Figs. 8(a)—(f), 9(a)—(f)). The presence of
interlayer in the Kyc formation has negligible impact on CO, in-
jection. In 0—3 years, due to the injection of CO,, the pressure of the
formation within the right region increases. The F4 sealing fault
partially inhibits the transmission of pressure, resulting in insig-
nificant changes in pressure within the middle and left regions of
the formation during this period. With the continuous injection of
CO,, the F4 fault was broken by pressure in 3—10 years, and the
pressure in the middle part of the formation increased rapidly, and
the upper caprock E1f; and E1f4 blocked the upward transmission of
pressure. An overpressure zone materializes in the lower right
section of the model, The maximum formation pressure before
injection was 2.908 x 107 Pa, and the maximum formation pressure
after injection was 5.806 x 107 Pa, at which time the pressure ratio
before and after injection was 2.0, and was reduced to 4.40 x 107 Pa
at the location where CO; broke through the F4 fault. Compared to
Case 4, this pressure ratio is lower and relatively safer. However,
considering the leakage of CO; along faults and formation over-
pressure, it is necessary to adjust the injection rate to make CO,
injection and storage safer. Subsequently, with the stop of CO; in-
jection, the formation pressure gradually decreases, and the pres-
sure on the left and right sides tends to be consistent.

4.2.3. Supercritical CO, distribution with different injection sites

In the CO, geological storage project, evaluating the safety of
CO; storage relies heavily on understanding the migration pattern
of supercritical CO,. In Case 4 (Fig. 7(g)—(1)), the presence of a
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sandstone-mudstone connections on both sides of the F3 fault,
combined with a significant fault dip angle, ensures a stable fault
condition. Over a span of 500 years, the supercritical CO, becomes
concentrated in the E f3 area, spreading along the F3 fault and the
E1f4 caprock, without any noticeable leakage.

In Case 5 (Fig. 8(g)—(1)), following the initiation of CO, injection
within 0—1 year, the CO; was obstructed by the interlayer above.
However, a small amount of CO, eventually accumulated below it.
The remaining CO, continued its upward movement. In the 10th
year, the CO, reaches the caprock of Kyt and accumulates beneath
it. Although the sandstone-mudstone connection exists on both
sides of the F5 fault. Due to the minimal mudstone smear distance
caused by the sliding of the fault's two sides, the F5 fault exhibits
high porosity and permeability. Consequently, when the CO, rea-
ches the intersection of the F5 fault and the Kyt; caprock, it tends to
continue its upward movement along the fault. Between 10 and
500 years, some CO, migrates upward along the F5 fault, reaching
the lower part of the E;f, caprock. The final CO, enrichment area is
below the interlayer in the Kyc reservoir, the Kyt reservoir, and the
E1f; reservoir.

Because the injection site of Case 6 is located at the bottom of
the Kyc reservoir (Fig. 9(g)—(1)), in the early 1—-30 years, CO; will
migrate in the Kyc formation and do not reach the fault, so the
overall migration trend is more secure. Due to the existence of in-
terlayers in the Kyc formation, the trend of CO; lateral migration is
more obvious, and the reservoir space can be more fully utilized,
which makes some CO, stay below the interlayers and eventually
stored. In 100 years, the CO, migrated to the intersection of the F4
fault and the Kyty caprock, and then in 100—500 years, the F4
sandstone-sandstone connection fault with weak stability was
broken through, and a small amount of CO, migrated upward.
Finally, it was blocked by the E{fs caprock and stored in the Eif3
fault. The final enrichment area of CO, is below the interlayer in Kyc
reservoir, Kty reservoir and Eqf3 reservoir.

4.2.4. CO; injection at different injection rates

In Sections 5.2 and 5.3, the simulation results in Case 6 show
that although the left side of the injection site is a sandstone
connection fault with poor fault stability, the Kyc reservoir space
can be fully utilized at the bottom of the Kyc reservoir, and the total
amount of CO, that can be held in its reservoir is larger than the
total amount of CO, that can be injected at the injection sites of
Case 4 and Case 5. At the same time, the CO, leaked by Case 6 along
the F4 fault is also blocked by the E{f4 caprock in the middle of the
formation and no leakage occurred. Therefore, the injection site of
Case 6 can accommodate more CO,, and the storage safety of CO; is
good. At the same time, the higher temperature and pressure at the
injection site favour CO, storage in the dissolved phase, which
makes the injection site at Case 6 a more desirable site for CO;
injection in the region. The effects of temperature and pressure on
CO, storage are discussed in Section 5.2.1.

After determining the reasonable injection sites, a study is
conducted to explore the direct impact of CO injection rate on CO,
geological storage and to determine the appropriate CO injection
rate in this area. In this study, three groups of Case 6, Case 7 and
Case 8 were compared, and the injection rates were 523, 400 and
350 t/d, respectively. To explore the control effect of CO, injection
rate on CO; migration and final CO, geological storage effect.

In Fig. 9(g)—(1), at an injection rate of 523 t/d, a more significant
CO, leakage occurs. The CO, breaks through the F4 sandstone-
sandstone connection fault and gets transported upward, enriching
below E;fs. At a lower CO, injection rate of 400 t/d (Fig. S2(a)—(f)),
less CO, accumulates under the F4 fault after 100 years. The trend of
CO, breaking through the F4 fault slows down significantly
compared to Case 6. When the CO, injection rate is further reduced
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Fig. 7. The formation pressure and CO, migration at the injection site (3700, —2166).
to 350 t/d (Fig. S2(g)—(1)), the CO; is transported below the F4 fault, In Fig. 6(a)—(c), the two sides of the synthetic fault are sand-

but there is no obvious breakthrough or upward transportation. And stone and mudstone respectively when the fault throw (L) is
when the injection rate is 350 t/d, the pressure monitoring results smaller than both the reservoir thickness (R) and caprock thickness
show that the pressure at the injection sites before injection is (M). In this scenario, whether the fault has high porosity and
291 x 107 Pa, and the pressure at the injection sites after injection is permeability or acts as a lithology seal with low porosity and

493 x 107 Pa, at which time the pressure ratio before and after in- permeability, the area below the fault and caprock can contribute to
jection is 1.69 (Fig. 10). This pressure is smaller and safer than the CO, storage. The total amount of CO; storage depends on the fault
pressure generated by the injection rate of 523 t/d. throw and the fault dip angle. As depicted in Fig. 6(g)—(i), a
decrease in fault dip angle leads to an increase in the capacity of

5. Discussion CO,, retention below the fault.
When R > L > M (Fig. 6(d)—(f)), the two sides of the synthetic
5.1. Coupling of fault characterization and fault physical properties fault are sandstone and sandstone respectively, the fault does not
for geological storage of CO» have the ability to sequester CO, Although the CO, can diffuse

around, there is still a small amount of residual CO, enrichment

The influence of fault characteristics on the geological storage of below the caprock. This observation highlights the fact that the
CO, encompasses a multitude of factors, such as fault inclination, presence of interlayers that act as local caprocks can enhance the
fault distance, and fault strike. This article focuses on analyzing the CO, storage capacity. When choosing CO; injection sites, it is also
impact of three factors, “fault throw—reservoir thickness—caprock feasible to consider injecting them into reservoirs that have

thickness” and fault dip angle on the sealing of faults. Meanwhile, developed interlayers.

the injection of CO; at various sites in large-scale models also re- In addition to the two cases mentioned in the article, Case 1 and
flects the significant influence of faults physical properties on the Case 2, we also explored several other potential combinations of L,
storage and transportation of CO,. M, and N. The results of the simulations and CO, storage capacity
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Fig. 8. The formation pressure and CO, migration at the injection site (6110, —2839).

can be found in Fig. S1. Based on the simulation results, a triangle
diagram is drawn to divide the fault's CO, storage capacity into four
types, depending on the relationship between L, M, and N (Fig. 11):
Completely sealed, partial sealed, unable to seal, and unable to seal
(small amount of CO, remaining).

However, the simulation results of the large-scale model
(Fig. 9(1)) indicate that, in addition to the structure characteristics of
the fault, the physical properties of the fault also play a significant
role in CO; storage. Although both sides of the F4 fault are sand-
stone, the porosity and permeability of the F4 fault are relatively
low, and the large-scale CO;, escaping did not occur like Case 2
(Fig. 6(d)—(f)) after CO, reaching the F4 fault, and most of the CO, is
still enriched underneath the F4 fault. While injecting under the F5
fault (Fig. 8(1)), although the two sides of the fault are sandstone
and mudstone respectively, the pore permeability of the F5 fault
remains relatively high, allowing some CO» to still leak through the
fault.

Therefore, in the evaluation of appropriate CO, injection sites
within complex fault-blocks, it is imperative to account for the
structure characteristics and the physical properties of the faults on
CO; transport and storage. This holistic assessment enables the
identification of appropriate CO, reservoirs and injection sites,
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thereby mitigating the potential occurrence of CO, leakage
(Table 3).

5.2. Control of CO, geological storage by different injection sites

The research results of Foroutan and Wang indicate that, The
choice of injection site has a very important influence on the effect
of CO, geological storage (Foroutan et al., 2022; Wang et al., 2023),
which is determined by the temperature and pressure of the in-
jection site, the physical characteristics of the reservoir and cap
layer, and different geological structure patterns. Although scholars
have done a lot of research on the temperature and pressure,
physical properties of reservoir and cap layers and geological fea-
tures. In the actual CO, geological storage project, the trans-
portation, dissolution and storage of CO, are often determined by
these three conditions together. It is of great significance to explore
the effect of the coupling of these three conditions on the geological
storage of CO,.

5.2.1. Temperature and pressure
When the CO, injection sites change, temperature and pressure
gradients cause the formation temperature and pressure to
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Fig. 9. The formation pressure and CO, migration at the injection site (5950, —3397).
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2 (2023) showed that the increase significantly reduces the storage
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Fig. 10. Formation pressure and pressure ratio before and after CO, injection at
different injection rates.
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the dissolution rate of CO,. In the T-P range covered by our model,
the solubility of CO, increases with pressure. And for temperature,
in a CO, saline system at low pressure (<100 bar), the solubility of
CO, decreases with increasing temperature, while in a high-
pressure system (>100 bar), the solubility of CO, first decreases
with increasing temperature and then increases with increasing
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Fig. 11. Block sealing evaluation mode and triangle diagram with different fault throw, reservoir thickness and caprock thicknesses.

Table 3

Fault characteristics and CO, storage affected by three factors: fault throw (L), reservoir thickness (R), and caprock thickness (M).

Fault properties L-R-M three-element coupling

Fault characteristic

CO, storage situation

Faults with good physical property R>L>M
RM>L

Sealing fault R>L>M
RM>L

Sandstone-sandstone connection on both sides of the fault
Sandstone-mudstone connection on both sides of the fault
Sandstone-sandstone connection on both sides of the fault
Sandstone-mudstone connection on both sides of the fault

Unable to storage CO,
Partial storage of CO,
Partial storage of CO,
Stabilization of CO, storage

temperature. The isobaric minimum solubility points vary from
about 423 K at 100 bar to about 353 K at high pressures (Bando
et al., 2003; Bhattacherjee et al., 2023; Duan and Sun, 2003). In
this study, the isobaric minimum solubility point is 333.15 K. When
the formation temperature is below 333.15 K, the solubility of CO;
increases with decreasing temperature. Overall, as CO, migrates
upwards, although the decrease in temperature has a certain pro-
moting effect on the increase of CO, solubility, the overall solubility
of CO, shows a decreasing trend due to the decrease in pressure.

When the extent of CO, transport is faster, the higher total
volume of CO, in which it can be dissolved. There are two main
factors that affect CO, transport: (1) formation pressure; (2) mo-
lecular diffusion. CO, transport is described with a multiphase
extension of Darcy's law. Therefore, when CO, injection leads to
formation overpressure, the CO, transport rate increases, and the
higher the formation pressure, the faster the CO, transport rate.

Molecular diffusion has a smaller effect on CO, transport
compared to pressure and plays a dominant role when the pressure
drive is not significant. According to previous research (Cadogan
et al.,, 2014; Omrani et al., 2022), pressure has no significant effect
on diffusion coefficient in low-temperature systems. Moultos's
(Moultos et al., 2014) research suggests that as temperature in-
creases, the effect of pressure on diffusion coefficient becomes
more pronounced. But when the temperature is below 473.15 K, the
effect of pressure changes on the diffusion coefficient can be
ignored. Therefore, for this study, the supercritical CO, diffusion
coefficient is more controlled by temperature. The higher the for-
mation temperature, the faster the diffusion rate. In summary,
when the depth of the injection site is deeper and the temperature
and pressure are higher, it is more favorable for the dissolution and
transport of CO,.
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Fig. 12. Variation of the amount and total amount of CO; in supercritical and dissolved
phase at different injection sites.

The injection sites temperature for Cases 4—6 are 64, 85 and
102 °C, and the pressures are 24, 32 and 38 MPa, respectively. As
evidenced in Fig. 12, Case 6 exhibits enhanced dissolution trapping
efficiency, achieving 4.23 x 108 kg of dissolved phase CO, storage
within the initial 50-year period, 61.5% higher than Case 5. Elevated
pressure regimes demonstrate a significant positive correlation
with CO, dissolution kinetics. Notably, temporal analysis reveals
distinct dissolution regimes: rapid CO, dissolution dominates 0—50
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Fig. 13. The amount of CO, leakage and storage at different injection sites and the ratio
of the amount of leakage to the total amount of CO,_(a) injection site (3700, —2166),
(b) injection site (6110, —2839), (c) injection site (5950, —3397).

years and followed by asymptotic stabilization during 50—500
years. The cumulative dissolved mass increases merely 18.0% (Case
6: 0.76 x 108 kg) and 12.4% (Case 5: 0.37 x 108 kg) in later stages,
indicating near-saturation limits under prolonged geological
timescales. These findings underscore the critical trade-off be-
tween injection pressure optimization (for short-term dissolution
enhancement) and reservoir capacity constraints (governing long-
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Fig. 14. Changes in the amount and total amount of CO, supercritical phase and dis-
solved phase at different injection rates.

term storage security). At 500 years, the amount of dissolved CO,
in Case 6 was the highest, reaching 9.62 x 10% kg, while the amount
of dissolved CO, in Case 5 was 5.83 x 108 kg. In comparison, the
injection site in Case 6 was more favorable for CO, storage.

5.2.2. CO, leakage

CO; leakage is a significant concern in CO, geologic storage.
Identifying the extent of CO, leakage and understanding its pattern
are crucial. There are typically two mechanisms through which CO;
can infiltrate low porosity and low-permeability caprocks and
faults (Ali et al., 2023; Hou et al., 2022; Wollenweber et al., 2010).
The first mechanism involves the diffusion of dissolved CO, into the
caprocks and faults via molecular diffusion, driven by concentration
gradients. The second mechanism occurs when the capillary
resistance of the caprock is overcome, allowing CO, and reservoir
water to enter the caprock and faults in a two-phase fluid manner.
When CO; accumulates beneath low porosity and low-permeability
faults, its migration is governed by both capillary pressure and
molecular diffusion. This leads to the passage of CO; through the
fault in both supercritical and dissolved phases, ultimately resulting
in leakage (Aminu et al., 2017).

Fig. 13(a)—(c) shows the quantities of CO, leaked in the super-
critical phase, dissolved phase, and the percentage of CO, leakage
relative to the total amount of CO; injected at different injection
sites. In Case 4 (Fig. 13), where CO, was injected below the F3
sandstone-sandstone connection fault, there was no leakage due to
good fault stability. However, in Case 5 and Case 6, CO, was injected
below the F5 sandstone-mudstone connection fault with favorable
physical properties and the F4 sandstone-sandstone connection
sealing fault, respectively, resulting in some degree of leakage at the
fault (Figs. 8(1)—9(1)). The amount of leakage in Case 5 and Case 6
was 3.34 x 108 kg and 2.48 x 10® kg, accounting for 17.5% and 12.3%
of the total injection amount, respectively (Fig. 13(b)—(c)). This
phenomenon can be attributed to the slower diffusion of CO;
resulting from the F4 fault, characterized by lower porosity and
permeability than F5 fault. These findings suggest that the physical
property of the fault has a greater impact on the amount of CO;
leakage compared to the structural form of the fault.
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Fig. 15. Enrichment of different strata at 500 years under different CO; injection rates, (a) 523 t/d, (b) 400 t/d, (c) 350 t/d.

2656




Z.-Y. Song, L.-L. Yang, Y. Liu et al.

The CO, plume exhibited structural entrapment beneath the F5
fault zone and Kyt, caprock, with initial leakage predominantly
occurring through supercritical-phase buoyancy-driven migration.
CO; leakage phase fractions transition revealed a progressive shift
from supercritical-phase to dissolved-phase transport: supercriti-
cal CO, decreased from 8.27% (0—100 a) to 7.83% (100—200 a), while
dissolved-phase increased from 2.88% to 4.43%. This suggests the
need for early-stage actions to mitigate the harm caused by su-
percritical CO; leakage during CO; injection. Finally, after 500 years,
the amount of CO; in the supercritical phase and dissolved phase
was 1.65 x 10 and 1.70 x 10® kg, respectively, accounting for 8.65%
and 8.88% of the total CO».

In Case 6 (Fig. 13(c)), distinct migration patterns emerged due to
the lower injection sites and the presence of interlayers, delaying
COy arrival at the F4 fault-Kyty caprock interface by 100 years. After
500 years, the amounts of CO; in supercritical phase leakage were
8.19 x 107 kg (4.06%), while the dissolved phase were 1.66 x 10% kg
(8.83%). This indicates that the larger reservoir space and the
presence of an interlayer result in a longer range and time for CO,
migration. The resultant prolonged residence time facilitated
enhanced CO; phase transition efficiency, and the proportion of
supercritical phase is lower when CO, reaches and breaks through
faults, reducing the risk of CO, leakage.

5.3. Control of CO; capture and leakage by different injection rates

The injection rate is a crucial factor that affects the effectiveness
of CO, geological storage. The magnitude of the injection rate
directly impacts the migration distance of the plume and the cap-
ture of CO,. Research has shown that a higher injection rate results
in a greater migration distance for CO; and an increased amount of
dissolved phase storage (Zhang et al., 2023). However, in the case of
complex fault-blocked geologic bodies, the influence of CO;
transport by the fault structure and the non-homogeneous nature
of the geological structure and stratigraphic properties make the
impact of different injection rates on CO; transport more complex
than a simple diffusion problem (Obi and Blunt, 2006; Ehsan et al.,
2010; Lengler et al., 2010). Therefore, the discussion on the effect of
CO, transport and the final capture of CO, must be based on the
actual geologic conditions.

In this study, we conducted simulations using three different
injection rates: 523, 400, and 350 t/d. When CO, migrates within
the geological body of a fault-block, although the faults act as
effective confinement, CO, leakage along the faults remains a sig-
nificant issue in the process (Wang et al., 2023). Therefore, it is
crucial to maintain a safe injection rate to prevent CO, break-
through the fault and leakage. As depicted in Fig. 9(1) and Fig. S2(1),
as the injection rate decreases, the likelihood of CO, breakthrough
and upward transport diminishes. Ultimately, when the injection
rate reaches 350 t/d, the CO, accumulates and seals near the fault.

As shown in Fig. 14, When the injection rate decreases, the total
amount of dissolved phase CO, decreases, but the percentage of
dissolved phase CO, in the total CO, gradually increases. At 500
years, when the injection rate was 523 t/d, the content of the dis-
solved phase of CO; was 9.62 x 10 kg, which was close to the
content of the supercritical phase of 1.05 x 10° kg, but when the
injection rate decreased to 400 t/d and 350 t/d, the content of the
dissolved phase exceeded the supercritical phase, reaching
8.11 x 10% and 7.21 x 108 kg, respectively. Therefore, a higher in-
jection rate does increase a higher amount of dissolved CO; storage,
but reducing the injection rate can enhance the conversion of su-
percritical CO; into dissolved CO,, improving storage efficiency.

The migration path following CO; injection proceeds initially in
the Kyc reservoir, then transitions to the Kyt; reservoir, and
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ultimately traverses the F4 fault to reach the E+f3 reservoir. After the
CO, breaks through the F4 fault and enters the Ef3 reservoir, this
study examines the storage of CO, and the proportion of
supercritical-dissolved two-phase in each formation along the
migration path. The monitoring results of the supercritical phase
and dissolved phase of Eifs, at different injection rates, demon-
strate that the amount of CO; in the supercritical phase that pen-
etrates the F4 fault and enters E;f3 decreases as the injection rate
decreases. Specifically, the proportion of supercritical phase are
3.9%, 2.7%, and 0.3% respectively. In contrast, the dissolved phase
remains relatively stable, with the proportion of 8.0%, 9.8%, and
8.9% respectively (Fig. 15(a)—(c)). By reducing the leakage of su-
percritical CO», the risks and hazards associated with CO, leakage
along faults are significantly mitigated (Wang et al., 2023). When
the injection rate is reduced to 350 t/d, the amount of supercritical
CO, leakage becomes negligible, making it a safe injection rate.

6. Conclusion

(1) Fault structure plays a decisive role in the storage of CO, in
complex fault-block geological bodies, which depends on the
coupling relationship of the three factors of ‘fault throw-
reservoir thickness-caprock thickness'. In the synthetic
faults, when the fault throw is less than the thickness of the
reservoir and the thickness of the caprocks, the two sides of
the fault are sandstone and mudstone respectively, and the
CO, storage effect is good. On the contrary, when the fault
throw is greater than the thickness of the caprock but less
than the reservoir thickness, the fault's two sides are con-
nected by sandstone formations, and the CO, storage effect is
poor. Sealing faults caused by mudstone smearing have a
certain enhancement effect on CO, storage.

(2) The position at which CO, is injected directly impacts the CO,
storage, leakage, and distribution of formation pressure. As
the injection site gets deeper, the formation temperature and
pressure increase, resulting in a faster dissolution and
diffusion rate of CO,. When the injection of CO, is located
below the F4 or F5 fault, after 500 years, approximately 17.5%
and 12.3% of the total injected amount respectively leak. The
larger reservoir space and the presence of an interlayer ex-
tends CO, migration timescales to faults by 120—150 years,
facilitating phase transition from supercritical to dissolved
phase.

(3) The injection rate is a crucial factor in controlling the
migration and storage of CO,. In fault-block geological
bodies, a lower injection rate leads to a higher proportion of
dissolved CO, and smaller CO, leakage, making the storage of
CO; safer. When the CO, injection rate is 523, 400, and 350 t/
d, the proportion of dissolved phase CO; is 36.5%, 39.5%, and
40.9%. The proportion of CO, supercritical phase leakage is
3.9%, 2.7%, and 0.3%, respectively. The risk of leakage de-
creases as the injection rate decreases.
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