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Abstract: In CO2 geological storage, multiphase flow plays a vital role in the movement and dis-
tribution of CO2. However, due to the limitations of fluid buoyancy and capillary forces, CO2

encounters challenges in penetrating the caprock, and the potential for leakage remains a concern
due to variations in injection conditions. The migration and distribution of CO2 in the process of
CO2 geological storage in saline formations are determined by relative permeability and capillary
pressure, which are key factors. Consequently, this study focuses on two essential models: relative
permeability and capillary pressure models. A two-dimensional isothermal reservoir–caprock model
was constructed, utilizing data from the Shenhua CCS demonstration project. The analysis indicates
that the core parameters in the model are residual gas saturation and residual water saturation. Specif-
ically, residual gas saturation governs the diffusion distance of CO2 within the reservoir–caprock
system, while its combined effect with residual water saturation affects the permeation rate of CO2.
Through the application of the Analytic Hierarchy Process (AHP) to analyze the impact of different
models on caprock integrity, it was determined that when selecting caprock models and optimizing
parameters, precedence should be given to models with lower residual saturation and caprocks that
offer sufficient capillary pressure for optimal sealing effects. These research findings can serve as
references for practical CO2 storage projects, providing guidance on activities such as adjusting water
injection strategies and controlling gas injection pressures to optimize geological storage efficiency.

Keywords: CO2 geological storage; relative permeability model; capillary pressure model; multiphase
flow; AHP

1. Introduction

With the rapid growth of the economy and the excessive consumption of fossil fuels,
the negative impacts of greenhouse gas emissions (mainly carbon dioxide) have become
increasingly serious. There is an urgent need for a green, clean, and efficient decarbonization
method to achieve the carbon neutral development strategy [1,2].

Carbon Capture and Storage (CCS) has been widely recognized as an effective and
necessary means of reducing anthropogenic CO2 emissions and has been proposed as an in-
novative approach for efficient decarbonization and mitigation of global climate change [3].
This approach offers the possibility of reducing atmospheric CO2 while simultaneously
continuing to use fossil fuels [4]. CO2 sequestration is the final step in the entire CCS
process, which is mainly accomplished by geological and ocean storage, as well as mineral
carbonation [5–7]. Among them, geological storage, such as deep saline aquifers (DSAs),
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depleted oil and gas reservoirs, unmineable coal seams, gas hydrate storage, and enhanced
geothermal systems, is considered to be the most viable solution for reducing CO2 emis-
sions [3,6,8–10]. Deep saline aquifers (DSAs) are widely distributed, have good sealing
capabilities, and provide the most promising and feasible geological reservoir for carbon
dioxide storage due to their vast storage capacity [11,12].

Considerable research progress has been made in studying the migration charac-
teristics, potential assessment, and storage mechanisms of CO2 in deep saline aquifers.
However, this method still faces various challenges, such as leakage detection, capacity
assessment, the impact of heterogeneity on CO2 migration in the subsurface, and pressure
buildup caused by CO2 injection. It has been proposed to store CO2 in deep saline aquifers
in a supercritical state [5,13,14]. Supercritical CO2 exhibits physical properties that lie in
between gas and liquid phases, with lower viscosity and better flowability compared to
the liquid phase, as well as higher density compared to the gas phase. The higher density
enables greater storage within the same volume, with supercritical CO2 having a density
of approximately 0.6–0.7 g/cm3 in saline aquifers, which is lower than the density of
formation water [15]. Due to buoyancy effects, CO2 rises to the top of geological structures
and is hindered from penetrating the caprock by fluid weight and capillary forces. Despite
this, there still remains a potential risk of leakage, which not only leads to atmospheric pol-
lution, but also poses a serious threat to groundwater and human safety [16,17]. Therefore,
studying the risks of CO2 leakage in geologic storage systems is of the utmost importance.
In the process of CO2 storage in deep saline aquifers, multiphase flow is inevitable due to
the inherent differences in properties between the injected phase and the existing formation
fluids [1,18]. This introduces the effects of relative permeability and capillary pressure, in
contrast to the single-phase flow of traditional groundwater. Many empirical parameters in
models for relative permeability and capillary pressure lack clear physical meanings [19].
Additionally, uncertainties may arise from changes in pore morphology due to pressure
release, even when core samples are measured from the reservoir [20]. Various parameters
have a significant impact on the distribution, migration, and sealing effectiveness of CO2 in
models [21], some of which are determined by actual geological conditions and others by
engineering injection strategies. Therefore, studying the effects of these parameters in the
models can help adjust and optimize CO2 geologic storage strategies.

The Shenhua Erdos Basin CCS Demonstration Project is China’s first Carbon Capture
and Storage (CCS) project. It serves as a comprehensive CO2 capture and geological
storage project in deep saline aquifers. Specifically, it is located in the northeastern part
of the Yimeng Uplift in the Erdos Basin. This region boasts a wide distribution of deep
saline aquifers with multiple sets of suitable reservoir and caprock combinations for CO2
geological storage [22]. As a result, it has the potential to store billions of tons of CO2.
With its well-documented CO2 storage data [23], the project provides valuable background
information for this study. Therefore, this study uses the Erdos Shenhua CCS demonstration
project as a case study and establishes a numerical model for CO2 geologic storage based
on TOUGH [24]. The analysis focuses on the CO2 gas saturation distribution and assesses
the impact of each parameter in the models for relative permeability and capillary pressure
on the migration and distribution of CO2. Moreover, the study employs the Analytic
Hierarchy Process (AHP) [25], a systematic and quantitative approach, to evaluate the
influence of different models on the sealing effectiveness of CO2 storage reservoirs. The
findings from this research offer relevant theoretical support for the advancement of carbon
dioxide geologic storage technology.

2. The Relative Permeability and Capillary Pressure Models

In the numerical simulation of CO2 geological storage in saline aquifers, the sequestra-
tion of CO2 is accomplished through its flow and diffusion in the formation’s pores. The
size and distribution range of pores in the formation resemble those found in soil and rocks.
The van Genuchten model [26] can be utilized to describe the permeability and capillary
pressure characteristics of pores in rocks or soil, particularly for pore scales ranging from
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tens of micrometers to millimeters. Therefore, the van Genuchten model is employed in
the models of liquid-phase relative permeability and capillary pressure. When the residual
gas saturation is greater than zero, the model proposed by Corey is utilized to determine
the relative permeability of the gas phase, leading to more accurate results [27].

The calculation model for liquid-phase relative permeability adopts the van Genuchten-
Mualem (van Genuchten, 1980) model:

krl =
√

S∗
{

1−
[
1− (S∗)

1
λ

]λ
}2

, (1)

where

S∗ =
(Sl − Slr)

(Sls − Slr)
. (2)

λ—parameters obtained through experiments are related to the pore structure of
the medium;

Sl—liquid-phase saturation;
Slr—liquid residual saturation;
Sls—liquid saturation, typically taken as 1.0.
The relative permeability model for gas is adopted from the Corey (1954) model:

krg =
(

1− Ŝ)2
(

1− Ŝ2
)

, (3)

where

Ŝ =
(Sl − Slr)(

1− Slr − Sgr
) . (4)

Sgr—gas residual saturation.
The calculation of capillary pressure in this study is based on the van Genuchten (1980)

computational model:

Pcap = −P0

(
[S∗]−

1
λ − 1

)1−λ
, (5)

S∗ =
(Sl − Slr)

(Sls − Slr)
. (6)

P0—capillary displacement pressure, which refers to the minimum pressure differ-
ence required for gaseous CO2 to displace from the reservoir into the caprock, and it is
determined based on the specific site conditions of the sequestration field.

Pmax—maximum capillary pressure.
Equations (2), (4) and (6) suggest that residual water saturation and residual gas

saturation play crucial roles as key parameters in the model, whereas the remaining
parameters are determined experimentally using geological variables, including pore size
distribution and medium properties. By adjusting the values of the residual water and gas
saturation parameters, alterations in the relative permeability and capillary pressure curves
become apparent.

The curves shown in Figure 1 illustrate the trends of relative permeability for the
liquid and gas phases, along with the variations in capillary pressure with changes in
water saturation. Specifically, the relative permeability of the liquid phase decreases
as the residual water saturation increases, while it increases with increasing residual gas
saturation. On the other hand, the relative permeability of the gas phase (CO2) demonstrates
an inverse relationship: it increases with increasing residual water saturation and decreases
with increasing residual gas saturation. This indicates that when more pore spaces are
occupied by residual gas, the flowability is affected.
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3. Project Overview

The Shenhua Ordos CCS project is situated in the northeastern part of the Ordos Basin
in China (see Figure 2) [22]. The Ordos Basin, located above the Proterozoic metamorphic
basement, is a craton basin characterized by layered sedimentary sequences. This geological
setting offers suitable reservoir and seal formations in the Triassic and Permian strata,
making it conducive for CO2 sequestration. This represents China’s inaugural pilot-scale,
full-chain demonstration initiative for the deep saline aquifer storage of CO2. Spanning
an area of 11,200 m2, the storage site incorporates one injection well and two monitoring
wells. Monitoring well 1 is situated at a distance of 70 m from the injection well, while
Monitoring well 2 is situated 31.61 m away (refer to Figure 2c). Real-time transmission of
monitoring data, encompassing parameters such as pressure and temperature, is realized
within both the injection and monitoring wells. The injection well has a depth of 2826 m
and includes casing with a radius exceeding 1500 m, featuring an inner diameter of 30 mm.
Below the 1500 m threshold, the well transitions into an open hole with a radius of 62 mm.
Four reservoir–caprock combinations have been identified, namely the Majiagou, Shanxi,
Shihezi, and Shiqaingfeng Formations.
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Subject to stringent assessments [28,29], the project’s objective is the sequestration of
300,000 tons of CO2, which is sourced from direct coal liquefaction facilities, into saline
aquifers characterized by low permeability. The carbon dioxide is intended to be stored at
subsurface depths ranging between 1600 and 2500 m, within an anticipated timespan of
three years. Contrary to these projections, the actual injection phase spanned an extended
timeframe, commencing in May 2011 and concluding in April 2015 [15]. By analyzing actual
monitoring data, it was revealed that over 80% of the CO2 is absorbed by the Liujiagou
Formation and the Shiqaingfeng Formation, with the upper reservoir exhibiting a higher
production coefficient and the most substantial effective pressure gradient [23].
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4. Model Establishment
4.1. Modeling Approach and Modeling Tools

The objective of this study is to simulate the injection of CO2 as a supercritical fluid
into a saline aquifer. The primary focus is on modeling the flow of multiphase fluids
(H2O-CO2-NaCl) in porous media. To achieve this, we employ the TOUGH (ECO2N)
module which is tailored for CO2 geological storage in saline aquifers [31]. ECO2N, a
fluid property module for the TOUGH2 simulator (Version 2.0), includes a comprehensive
description of the thermodynamics and thermophysical properties of H2O-NaCl-CO2 mix-
tures. These properties accurately replicate fluid behavior under the temperature, pressure,
and salinity conditions of interest (283.15 K ≤ T ≤ 383.15 K; P ≤ 600 bar; salinity up to full
halite saturation). In this modeling approach, water (brine) acts as the wetting phase, while
CO2 is considered a non-wetting fluid. The flow process takes place within a fully saturated
porous region filled with water (brine), and it can be simulated under both isothermal and
non-isothermal conditions [32]. We develop a two-dimensional isothermal model to analyze
the distribution and migration behavior of carbon dioxide (CO2) in the reservoir–caprock.
The simulation processes were exclusively performed using TOUGH (ECO2N), with the
controlling equations specified in Table 1 and a comprehensive nomenclature presented at
the conclusion of this research paper.
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Table 1. The governing equations solved in ECO2N [31,32].

Description Equation

Mass and Energy Conservation d
dt

∫
Vn

MkdVn =
∫

Γn
Fk · ndΓn +

∫
Vn

qkdVn
For Mass Mk = φ ∑ρ SβρρXx

β, Fκ = ∑ρ uβρρXk
β

For Energy Mk = (1− φ)ρRCRT + φ ∑β SβρβUβ, Fk = −λ∇T + ∑β uβρβhβ

Darcy’s law uβ = −k
krβ

µρ

(
∇Pβ − ρβg

)
4.2. Spatial Discretization and Model Parameters

The geological conditions of the Shenhua CCS Demonstration Project site were sim-
plified, and the resulting formation parameters, as shown in Table 2, were determined.
Utilizing the available data, we developed a two-dimensional isothermal model to examine
the interaction between the reservoir and the caprock. Figure 3 presents a schematic dia-
gram of the fundamental model, covering a depth range of 1576 m to 2105 m with a total
thickness of 529 m. The model comprises four distinct reservoir–caprock combinations.
Importantly, this study focuses on the reservoir formation of the Liujiagou formation (as
indicated in Figure 3b), as well as the upper and lower caprock layers, because of their
high carbon dioxide absorption capacity within the storage zone. The Liujiagou formation
extends from a depth of 1576 m to 1699 m, with an injection thickness of 9 m. It is divided
into 22 layers, with varying grid thicknesses ranging from 2 m to 14 m, while the column
widths exponentially increase from 0.75 m to 10,000 m. Overall, the model consists of
2200 grids (22 × 100).

Table 2. Simplified stratigraphic parameters.

Formation
Reservoir
Thickness

(m)

Cap
Thickness

(m)

Logging Permeability
(× 10−3 µm2)

Porosity
(%)

Fracturing Pressure
(MPa)

Formation
Pressure (MPa)

R1 9 1699 2.81 10.6 35.29 17.45
R2 5 57 5.47 12.4 37.53 17.89
R3 40 191 1.431 9.7 38.95 20.15
R4 8 43 6.58 12.9 42.60 21.43

Caprock - - - 4.3 - -
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Figure 3. Illustration of stratigraphic simulation: (a) represents the entire Shenhua CCS demonstration
project’s simulated stratigraphy, (b) represents the Liujiagou Formation in the demonstration project.

The key parameters of the model are presented in Table 3. The VG model (van Genuchten,
1980) is employed to characterize the relative permeability and capillary pressure models
of the reservoir–caprock system. Within the ECO2N module, subcritical and supercritical
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CO2 are unified as a non-wetting phase referred to as “gas”, while the potential occurrence
of salt precipitation is not accounted for in this study.

Table 3. Model parameters of the base model.

Parameters Values

Porosity 0.05–0.13
Permeability R1: 20× 10−3 µm2, R2− R4 : 1× 10−3 µm2

Rock grain density 2260 kg/m3

Specific heat of the rock grain 920 J/kg·K
Thermal conductivity 2.5 W/m·K

Initial temperature distribution T(D) = 0.03D + 273.1924 K(D > 1500 m)
Initial pressure distribution P(D) = 1.133× 104D− 3.78× 106 Pa
Relative permeability model λ = 0.5 Sls = 1.0

Capillary pressure model λ = 0.271 1/P0 = 4.2× 10−5Pa−1 Sls = 0.999
Note: D is the depth in meters; T(D) and P(D) are the temperature and pressure at depth D, respectively; R1–R4
represent the four injection layers from top to bottom in Figure 3.

4.3. Initial Conditions and Boundary Conditions

The horizontal boundaries of the model are defined as the first boundary, which
employs large-volume boundary cells to maintain temperature and pressure at the edges of
the model [33]. A constant hydrostatic pressure value model is used. The upper and lower
boundaries of the model are considered to be zero-flux boundaries due to the presence of
thick overlying layers. The initial salinity is determined based on actual water sample test
results, and it is set at 0.03, measured in terms of mass fraction. The initial gas saturation
of CO2 in the original formation is assumed to be 0. The initial temperature and pressure
conditions are established in accordance with the equations specified in Table 3 [34].

The fixed parameters for the relative permeability model and capillary pressure model
in this study are established according to Table 3. As mentioned in Section 2, the residual
water saturation and residual gas saturation play pivotal roles in determining the relative
permeability model and capillary pressure model. Thus, this study adopts various relative
permeability models and capillary pressure models by altering the parameters of residual
water saturation and residual gas saturation, as illustrated in Table 4 (note: abbreviation RP
stands for Relative Permeability model, CP stands for Capillary Pressure model; CP (0.0)
is equivalent to RP (0.4–0.05)). The simulation employs an injection mass rate of 1.8 kg/s,
with continuous injection for one year, followed by a 1.2 kg/s injection for another year. The
initial temperature and pressure conditions for injection, as well as the rock properties at
the injection point, are uniform. The analysis of the effects of different relative permeability
and capillary pressure parameters on CO2 distribution does not consider the heterogeneity
of all formations. The coupled equations for determining the primary variables assume that
the porous medium consists of rigid rock and both fluids are incompressible. Additionally,
the dynamic viscosity of the fluids is assumed to be constant, and all source and sink terms
are ignored.

Table 4. The relative permeability model and capillary pressure model for different parameters.

Classification Swr Sgr Model Classification

RP (0.4–0.05) 0.4 0.05 Relative permeability model
RP (0.4–0.1) 0.4 0.1 Relative permeability model
RP (0.4–0.2) 0.4 0.2 Relative permeability model
RP (0.2–0.05) 0.2 0.05 Relative permeability model
RP (0.1–0.05) 0.1 0.05 Relative permeability model

CP (0.0) 0.0 -- capillary pressure model
CP (0.1) 0.1 -- capillary pressure model
CP (0.3) 0.3 -- capillary pressure model
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5. Results and Discussions
5.1. Distribution and Migration Behavior of CO2 in the Reservoir–Caprock System

Upon commencement of CO2 injection, the lateral spread of the CO2 plume is sus-
tained by concentration gradients, capillary forces, and hydrostatic pressure differences.
Simultaneously, buoyancy facilitates the vertical migration of CO2, leading to its even-
tual accumulation at the caprock’s base and resulting in a pattern resembling a “plume”
distribution [35]. Nevertheless, with prolonged injection of CO2 at high concentrations,
its intrusion into the caprock induces a distinctive transition in the morphology of the
CO2 plume at the interface between the reservoir and the caprock. Various models por-
traying the distribution of CO2 gas saturation in the Liujiagou formation, as depicted in
Figure 4, demonstrate this phenomenon. It is evident from the figure that different relative
permeability and capillary pressure models yield diverse impacts on the distribution and
migration of CO2.
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Figure 4. The spatial distribution of gas saturation in different relative permeability models
and capillary pressure models, with the enlarged region in the figure representing the Liujiagou
reservoir–caprock interval. (a–e) represent RP (0.4–0.05), RP (0.4–0.2), RP (0.1–0.05), CP (0.1),
CP (0.3) respectively.

Based on the CO2 gas saturation curve along the horizontal monitoring line of different
models (Figure 5a), it is observed that the gas saturation increases successively at the same
spatial point when the residual water saturation decreases while keeping the residual gas
saturation constant. This observation suggests that as the residual water saturation de-
creases, the relative permeability of the gas phase decreases, while the relative permeability
of the liquid phase increases, resulting in a weaker gas flow ability [19]. However, it is
noteworthy that the farthest diffusion distance of CO2 remains unchanged (the curves have
the same zero point), indicating that the residual gas saturation remains constant. In other
words, the change in residual water saturation does not affect the farthest diffusion dis-
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tance of CO2, yet it does enhance the likelihood of gas migration upwards and subsequent
accumulation as CO2 at the bottom of the caprock.
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In the case where the residual water saturation remains constant and the residual
gas saturation increases successively, various relative permeability models indicate a suc-
cessive increase in CO2 saturation at the same spatial point (Figure 5b). This is due to
the enlargement of the non-wetting condition of the rock formation as the residual gas
saturation increases. During the displacement phase, the saturation of water decreases,
leading to a decrease in the relative permeability of the liquid phase. Although CO2 experi-
ences buoyancy, the ability of saltwater to displace the space occupied by CO2 diminishes,
resulting in a weakened ability of CO2 to occupy new saltwater spaces. Moreover, as the
non-wetting characteristic of the rock formation intensifies and the residual gas saturation
increases, a larger quantity of CO2 becomes trapped in the minuscule pores of rock particles.
Additionally, the larger the residual gas saturation, the shorter the horizontal diffusion
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distance of CO2. This indicates that a change in residual gas saturation, even when the
residual water saturation remains unchanged, can impact the maximum diffusion distance
of CO2.

By varying the parameters of the capillary pressure model while keeping other condi-
tions constant, an increase in residual water saturation is observed, which corresponds to
an increase in capillary pressure. Analysis of the curves reveals a successive rise in CO2
saturation at equidistant spatial points (Figure 5c). During the initial injection stage of CO2,
as it tries to enter water-saturated pores, capillary pressure poses resistance, making it more
difficult for CO2 to penetrate the pores. However, as CO2 injection continues, it surpasses
the capillary displacement pressure and gains entry into the pores. Once injection ceases,
capillary pressure restrains CO2 from escaping the occupied pores. Hence, higher capillary
pressure increases the probability of CO2 becoming trapped within the pores, resulting
in a greater CO2 saturation. Notably, different capillary pressure models exhibit distinct
characteristics, but they share the same zero point when the relative permeability model
remains unchanged. This finding suggests that the capillary pressure model does not exert
influence on the maximum diffusion distance of CO2.

These findings are consistent with previous studies conducted by Krevor et al. and
Zhao et al. [36,37], which also found that the migration range of CO2 plumes is limited by
residual gas saturation. However, our study offers additional insights into the migration
distance of carbon dioxide, which has not been explicitly explored in previous research.
This observation necessitates further investigation into the influence of residual gas sat-
uration. It is noteworthy that regardless of variations in residual water saturation, the
maximum migration distance remains unchanged, indicating that residual gas saturation
could potentially play a crucial role in determining the extent of CO2 plumes.

5.2. Assessment of the Sealing Efficacy of the Caprock

Evaluating the integrity of the caprock is a crucial aspect of CO2 geological storage.
The integrity of the caprock directly affects the long-term effectiveness of CO2 storage.
Caprock acts as a natural barrier in underground storage systems, playing a vital role in
preventing CO2 leakage. Inadequate caprock integrity can lead to CO2 permeating through
pores or spreading through fractures to the surface, posing environmental and human
health risks and potentially compromising the sustainability of the storage system. Thus,
evaluating the integrity of the caprock is of the utmost importance. Common evaluation
methods include the safety diagnostic factor method introduced by the GeoNOC-CO2 team
and the Net–Gross method [38]. Figure 6 presents a comparative analysis of the farthest
diffusion distance, total infiltration amount, average flow rate, and maximum pressure
values among different intrusion models, based on the findings from the TOUGH simula-
tion. Significant variations in the total infiltration amount, farthest diffusion distance, and
maximum pressure values are observed among the different models. However, the farthest
diffusion distance increases only with an increase in residual gas saturation. Furthermore,
changing the residual water saturation parameter does not affect the farthest diffusion
distance when the residual gas saturation remains constant, which aligns with the earlier
findings (see Figures 5 and 6).

To systematically and hierarchically evaluate influencing factors, this study employed
Analytic Hierarchy Process (AHP) quantitative analysis to rank various caprock models and
offer insights for parameter optimization, constituting an effective approach in assessing the
impact of caprock sealing. Three levels were established in this study (Figure 7), including
the goal level (evaluating caprock models), the criterion level (comprising total volume,
flow rate, distance, and pressure as the four indicators), and the alternative level (eight
parameter models. Note: CP (0.0) is equivalent to RP (0.4–0.05)). Through a combination
of expert ratings and data variations, the weight of criteria with higher variations was
adjusted using the ratio of each criterion’s standard deviation to the maximum standard
deviation. Consequently, a 4 × 4 decision matrix was formed, as presented in Table 5.
Simultaneously, eight schemes were used to form four 8 × 8 judgment matrices based
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on four criteria. The initial scores were normalized to derive the weight matrix for each
scheme. These weight matrices were then integrated with the criteria weight matrix to
determine the comprehensive weights and rankings of each scheme, as illustrated in Table 6.
For each judgment matrix, the maximum eigenvalue and its corresponding eigenvector
were computed, and consistency tests were conducted using the consistency index, random
consistency index, and consistency ratio. The obtained results met the prescribed criteria.
The complete workflow of the Analytic Hierarchy Process (AHP) analysis in this paper is
depicted in Figure 8.
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Table 5. The Analytic Hierarchy Process (AHP) judgment matrix.

Caprock Pressure Maximum Ingress
Distance

Total Amount of
CO2 Ingress Ingress Rate Weights

Caprock pressure 1 5 5 5 0.537
Maximum ingress distance 0.2 1 4 5 0.279

Total amount of CO2 ingress 0.2 0.25 1 3 0.121
Ingress rate 0.2 0.2 0.33 1 0.063

Table 6. Comprehensive weight acquired via the AHP.

Caprock
Pressure

Maximum
Ingress Distance

Total Amount
of CO2 Ingress Ingress Rate Comprehensive

Weight
Comprehensive

Weight

Weights 0.537 0.279 0.121 0.063 - -

RP (0.4–0.05) 0.154 0.111 0.125 0.146 0.138 3
RP (0.4–0.1) 0.205 0.167 0.167 0.167 0.187 2
RP (0.4–0.2) 0.256 0.278 0.208 0.208 0.254 1
RP (0.2–0.05) 0.077 0.111 0.104 0.104 0.091 7
RP (0.1–0.05) 0.128 0.111 0.104 0.104 0.119 4

CP (0.0) 0.154 0.111 0.125 0.146 0.138 3
CP (0.1) 0.103 0.111 0.167 0.167 0.117 5
CP (0.3) 0.077 0.111 0.125 0.104 0.094 6
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Consistency tests can be employed to determine the consistency ratio of the overall
ranking, which is based on the decision results represented by the weight vector of the total
ranking. Consistency test (CR = 0.052 < 0.1) of the AHP analysis was conducted and passed.
The weights of each indicator—maximum pressure, maximum dispersion distance, invasion
total, and average flow speed—were as follows: 0.537, 0.279, 0.121, 0.063. The pressure
conditions at the top of the caprock were an important factor affecting the safety of CO2
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storage. Excessive pressure can cause the caprock to fracture, while excessively low pressure
can result in CO2 upward invasion. According to the analysis of the judgment matrix, the
maximum dispersion distance of CO2 is also an important indicator for evaluating CO2
leakage. It has a reasonable weight and practical geological significance.

The results demonstrate a ranking of the models: RP (0.4–0.2) > RP (0.4–0.1) > RP
(0.4–0.05) = CP (0.0) > RP (0.1–0.05) > CP (0.1) > CP (0.3) > RP (0.2–0.05), reflecting a de-
scending order of influence on the caprock’s sealing performance. RP (0.4–0.2) exhibits the
highest impact but is the most unfavorable for caprock sealing due to its elevated residual
saturation, facilitating CO2 invasion into the caprock. Conversely, RP (0.2–0.05) exerts the
least influence and is the most advantageous for caprock sealing due to its low residual
saturation, impeding CO2 infiltration. The detrimental effect on sealing performance in-
creases in RP models with higher residual saturation. CP (0.3) outperforms CP (0.1) and CP
(0.0) due to its elevated capillary pressure, enhancing resistance against CO2. In relative
permeability models, residual saturation holds critical significance, with higher residual
gas saturation intensifying the negative impact on sealing performance through increased
CO2 penetration. Capillary pressure serves as another crucial factor affecting caprock seal-
ing. Appropriately augmenting residual water saturation in the capillary pressure model
enhances the caprock’s ability to withstand CO2, thereby improving sealing performance.

Raza (2018) proposed the reduction in residual gas saturation as a means to enhance
storage effectiveness. In their study, they discovered a significant correlation between resid-
ual gas saturation and pressure, which aligns with the findings of this research [39]. How-
ever, their work did not provide further insights into residual water saturation. Li (2017)
highlighted the beneficial impact of lower residual water saturation on CO2 migration
through aquifers [40]. This lead to improved reservoir storage capacity and reduced leakage
risk, in line with the outcomes presented in this study. The notion that higher capillary
pressure enhances CO2 storage effectiveness has garnered considerable support from the
investigations conducted by Song (2013) and Ali (2022) [8,41]. Consequently, these works
serve to further substantiate the accuracy of the analytical and evaluative outcomes of the
present study.

An intriguing finding emerges from the analysis of relative permeability models,
with RP (0.4–0.05) demonstrating superiority over RP (0.1–0.05) and RP (0.2–0.05). This
observation highlights the significant impact of altering the residual water saturation solely
on the liquid-phase relative permeability within this particular model, thereby enabling
effective control of CO2 storage and attaining optimal sealing effects. Notably, the parameter
values for this influence range between 0.4 and 0.1. This observation may indeed be linked
to the artificial influence present in AHP analysis. Thus, it warrants further exploration in
subsequent research, which can be conducted through experimental studies or numerical
simulations [25].

Consequently, when undertaking caprock model selection and parameter optimization,
it is advisable to prioritize models exhibiting lower residual saturation while ensuring
an adequate capillary pressure capacity. Such an approach facilitates the achievement of
optimal sealing effects.

6. Conclusions and Outlook

This study examines the impact of residual water saturation and residual gas sat-
uration in relative permeability and capillary pressure models on the migration, distri-
bution, and integrity of CO2 caprock seals. The analysis of our findings leads to the
following conclusions:

(1) Confinement Capacity: A reduced residual water saturation and increased residual
gas saturation enhance the gas phase’s relative permeability, strengthening the geological
formation’s ability to confine CO2. Remarkably, the extent of CO2 diffusion is solely limited
by residual gas saturation, negating the role of residual water saturation.

(2) Caprock Integrity: Elevated levels of residual gas saturation pose a higher risk of
CO2 permeating through the caprock, jeopardizing containment. Additionally, capillary
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pressure models demonstrate that higher residual water saturation increases the caprock’s
barrier capabilities against CO2. This signifies the necessity to prioritize models and
caprocks that provide superior capillary pressure for optimal sealing.

(3) Optimization of Parameters: Solely fine-tuning the residual water saturation pa-
rameter within the relative permeability model can result in optimal CO2 containment. The
study identifies an optimal range for this parameter to be between 0.4 and 0.1.

This research marks a substantial advancement in our understanding of CO2 geologic
storage in saline aquifers. It offers a novel framework for evaluating the interplay between
residual saturations, relative permeability, and capillary pressure. Importantly, we intro-
duce the concept that residual gas saturation has a controlling role in CO2 migration, a
factor often overlooked in prior numerical simulations. While the study provides a robust
analytical base, it does have limitations tied to the Analytical Hierarchy Process (AHP)
analysis, which may introduce human subjectivity into the scoring criteria. Future investi-
gations should focus on defining the specific conditions and rock properties influencing
residual gas saturation. This analysis provides valuable insights for practical CO2 storage
projects. During the CO2 injection process, optimization of the geologic storage strategy can
be achieved through adjustments to water flooding strategies (which affect residual water
saturation) and control of gas injection pressure (which affects residual gas saturation).
We strongly recommend the execution of further experimental and simulation studies to
substantiate the relationship between residual saturation, relative permeability, capillary
pressure, and CO2 migration patterns.
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Nomenclature

Fκ mass or heat flux of component κ

f apparent friction coefficient
hβ specific enthalpy of phase β

k absolute permeability
krβ relative permeability of phase β

Mk mass or energy per volume of component k
P pressure
Pβ fluid pressure in phase β

qκ sinks and sources of component κ

Γn closed boundary surface of Vn
ρR grain density of the rock
φ porosity
CR specific heat of the rock
sβ saturation of phase β

t time
T temperature
um mixture velocity (velocity of mass center)
uβ or uβ velocity of phase β

Uβ specific internal energy of phase β
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Vn subdomain of the flow system
Xκ

β mass fraction of component κ present in phase β

λ thermal conductivity
ρβ density of phase β

gorg gravitational acceleration
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