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Abstract: The good sealing caprocks are significant for the integrity of underground gas storage
(UGS) in depleted natural gas reservoirs. The screening of parameters, weight assignment, and
evaluation method are important for evaluating the sealing performance of caprocks. Many factors
can affect the sealing performance of caprocks, including caprock thickness, lithology, brittleness,
porosity and permeability, breakthrough pressure, etc. In this paper, the dominant factors in the
sealing performance of caprocks in UGSs are systematically analyzed, and the weights of these factors
are analyzed by the analytic hierarchy process (AHP). The fuzzy comprehensive evaluation method
(FCEM) is applied in the sealing evaluation of caprocks in three typical underground gas reservoirs
(i.e., Zhujiadun, Xu-2, and Xing-9) in China. The sandstone reservoir in the Zhujiadun gas field is
only about 20 m, and the thickness of the overlying mudstone is about 600 m. The caprock of the
Xu-2 gas reservoir in Zhongba gas field is well distributed and developed, and the breakthrough
pressure is relatively large. The caprock of Xing-9 gas field is mudstone with a thickness of over
400 m. The results show that the breakthrough pressure and permeability are the key parameters
affecting the sealing ability of caprocks, with weights of 0.4291 and 0.2157, respectively. Among these
three examples of gas fields, the sealing performance of caprocks in Zhujiadun gas storage is the best.
The evaluation procedure and methods proposed in this paper are valuable for the evaluation of the
tightness of caprocks in depleted gas reservoirs.

Keywords: sealing; underground gas storage; caprock; fuzzy comprehensive evaluation; depleted
gas reservoir

1. Introduction

Natural gas is an important clean energy, and it is of great significance to energy
transformation and carbon-neutral utilization in most countries. China’s natural gas
consumption has continued to increase in recent years [1,2]. As shown in Figure 1, China’s
natural gas consumption in 2022 is expected to reach 3.663 x 10! m3. About 45% of China’s
natural gas consumption relies on importation, which may significantly threaten China’s
energy security [3,4]. To improve the security of natural gas supply and its emergency peak
shaving, it is meaningful to greatly increase natural gas storage capacity [5-8].

The natural gas storage methods mainly include three aspects: surface storage tanks,
pipeline storage, and underground gas storage (UGS) [9]. Underground gas storage utilizes
underground space to store natural gas. It has the potential to address various issues,
including uneven seasonal gas consumption due to large storage capacity and enhanced
safety measures [10-12]. In China, depleted gas reservoirs and salt caverns are two main
types of space for the underground gas storage. Among them, the storage capacity of
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natural gas in depleted gas reservoirs accounts for 90% in China, and their application
and distribution are very extensive [13-19]. However, it should be noted that there are
many domestic and international cases of sealing failure of underground gas storage. For
example, serious losses occurred in one gas storage project in California, USA, due to gas
migration and leakage to the surface along faults and caprocks [20]. The sealing failure
of gas storage may cause a series of serious consequences, such as gas storage leakage,
explosion, fire disaster, etc. [21]. Therefore, the evaluation on caprock sealing performance
of underground gas storage should be carried out to ensure the safety of operation in
underground gas storage.
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Figure 1. The import and consumption of natural gas in China from 2010 to 2022.

The sealing performance of depleted oil and gas reservoirs, underground gas storage,
CO; storage, etc., was widely evaluated by using multi-index comprehensive evaluation
methods. Wei et al. [22] constructed a dynamic sealing evaluation theory based on engi-
neering data using a mathematical model. Masao et al. [23] analyzed the influence of rock
mineral reactions on rock internal structure and long-term sealing ability. Xue et al. [24]
used a two-phase flow model to consider the influence of the matrix and fracture and
analyzed the influence of the CH4 adsorption and diffusion process on the sealing efficiency
of caprock. Ouyang et al. [25] evaluated the sealing evolution process and impact factors
of carbonate caprock using detailed laboratory experiments, such as thin section study,
isotope analysis, and logging data. Harpreet et al. [26] proposed a fractured caprock with
the random characterization of effective permeability. The sensitivity of four parameters
of caprocks, including thickness, permeability, effective pressure, and injection rate, on
the sealing performance of caprocks was studied. Fleury et al. [27] studied impacts of
key parameters such as diffusion, reaction, and entry pressure, on the migration of CO,
in caprock for thousands of years, and the change in the sealing performance of caprock.
Zhu et al. [28] studied the sealing ability of limestone caprock under different burial depths.
Jin et al. [29] estimated the variation in sealing capacity of caprock during burial and uplift
process. Hou et al. [30] studied the sealing ability of caprocks with different lithology.
Wang et al. [31] studied the influence of fault activity on the sealing ability of caprocks.
Blake et al. [32] studied the influence of thermal shock on the sealing performance of
caprocks during CO; injection. Newell et al. [33] studied the interaction between joints and
faults. Zhou et al. [34] studied the influence of the porosity and permeability of caprocks on
the breakthrough pressure of caprock and confirmed the influence of pore characteristics
on the sealing performance of caprocks.
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However, the selection of evaluation parameters is strongly subjective, which increases
the uncertainty of evaluation results. This paper applied the fuzzy comprehensive eval-
uation method and established the parameter selection method and weight assignment
criteria. Afterwards, this method was applied in the evaluation of caprock sealing ability in
three underground gas storage projects planned or in construction.

2. Selection of Parameters Affecting the Sealing Performance of Caprocks
2.1. Sealing Mechanism of Caprocks

Sealing failure of caprocks in underground gas storage of depleted gas reservoirs can
threaten the storage safety. Both microscopic and macroscopic characteristics can affect the
sealing performance of caprocks. When the gas is injected into the target reservoir, it will
gradually move upward to the bottom of caprocks. Gas will enter the pores of caprocks
when the displacement pressure is larger than the capillary pressure. The gas breakthrough
process of caprocks can be divided into three stages, as shown in Figure 2. In the first stage,
gas enters the pores of caprocks, but there is no connected pore channel of gas. In the
second stage, with the continuous increase in gas pressure in the reservoirs, a connected
pore channel forms locally in the caprocks. In the third stage, when the gas-driving pressure
is continuously higher than the gas breakthrough pressure in the caprocks, the pore water
in the caprocks is replaced by gas, forming the dominant gas migration pathways. The
liquid present in the pores will be displaced, and the gas will continuously migrate through
the thick caprock, resulting in sealing failure of caprocks [35]. Therefore, gas breakthrough
pressure is a key index reflecting the sealing performance of caprock. Additionally, the
geometry of the pores will affect the displacement process [36,37].
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Figure 2. Schematic of gas breakthrough process in the caprock with continuous injection of natural
gas (the black arrows in the left figure represent the migration paths of gas).

Caprock thickness, mechanical properties, fault distribution, etc., are the macro factors
that may affect the sealing ability of caprocks. If the thickness of caprock is too thin, the
injected gas may easily penetrate the caprock and sealing failure occurs. Faults may cut
through caprocks and cause sealing failure problems. But if the faults only partially cut
into the interior of caprocks, the sealing of caprocks still works. The lithology will also
affect the sealing of caprocks because different minerals can result in different capillary
pressure. The failure mode of caprock is related to in situ stress state. With rapid gas
extraction, the formation pressure of the reservoir drops rapidly, and the caprock will also
be damaged [38,39].
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2.2. Indicator Screening of Caprock Sealing Evaluation

Table 1 lists the main parameters (e.g., lithology, gas breakthrough pressure, porosity,
permeability, thickness, fracture development degree, rock brittleness, and lateral continu-
ity) in the sealing evaluation of caprocks by different researchers. It shows that the selection
of parameters is strongly subjective.

Table 1. Selected parameters in the evaluation of sealing performance of caprocks.

Fracture

Lithology g;::;(‘:?:ough Porosity Permeability Thickness  Development I;fi‘;ﬁeness Continuity Source
Degree

v v v v v x x X Ao etal. [40]

4 v v v v X X X Shu et al. [41]

X X X X X v X X Qin et al. [42]

4 v X v v X v v Teng et al. [43]

v 4 v 4 X v X X Gou et al. [44]

In this paper, six parameters, including gas breakthrough pressure (A), permeability
(B), thickness (C), brittleness (D), fracture development degree (E), and porosity (F), are
selected as the main evaluation indexes. To establish an evaluation standard for the sealing
performance of caprocks, the weights of six selected factors should be reasonably assigned.
The analytic hierarchy process (AHP) is often used to determine the weights of factors
(see detailed steps of AHP in Appendix A.1). The key step of AHP is to establish the
judgment matrix. Before assigning the weights of parameters, some related literatures are
referenced [40-44]. The gas breakthrough pressure is four compared with the permeability,
five compared with the thickness, five compared with the brittleness, three compared with
the degree of fracture development, and four compared with the porosity, see details in
Table 2.
Table 2. The pairwise comparison matrix used in the sealing evaluation of caprocks.
Breakthrough Permeability Thickness  Brittleness  Fracture Development Porosity (F)
Pressure (A) (B) (@] (D) Degree (E)
Breakthrough 1 4 5 5 3 4
pressure (A)

Permeability (B) 1/4 1 3 4 2 4
Thickness (C) 1/5 1/3 1 3 2 4
Brittleness (D) 1/5 1/4 1/3 1 2 2

Fracture
development 1/3 1/2 1/2 1/2 1 3
degree (E)
Porosity (F) 1/4 1/4 1/4 1/2 1/3 1

The pairwise comparison matrix is calculated using AHP (see Appendix A.1 for the
specific calculation process of AHP). The evaluation parameters and equations of six factors
are obtained. When CR = 0.0988, it is less than 0.1, and the consistency test is satisfied, as
shown in Table 3.

Table 3. The weights of six factors affecting the caprock sealing performance.

A B C D E F
Weight 0.4291 0.2157 0.1370 0.0816 0.0893 0.0473

Combined with the evaluation results, the evaluation equation for the sealing perfor-
mance of caprock can be written as:

S = 0.4291A + 0.2157B + 0.1370C + 0.0816 D + 0.0893E + 0.0473F @D
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where A is the breakthrough pressure of caprock; B is the permeability of caprock; C is
the thickness of caprock; D is the brittleness of caprock; E is the development degree of
fracture; and F is the porosity of caprock.

3. Comprehensive Fuzzy Evaluation Method
3.1. Comprehensive Fuzzy Evaluation Theory

Fuzzy comprehensive evaluation method (FCEM) is a mathematical method to study
and address fuzzy phenomena. It is a branch of mathematics put forward by Zade [45].
It has been widely applied in petroleum engineering and geology. Its main idea is to
establish fuzzy sets, make fuzzy decisions, quantify qualitative indicators, and determine
the membership function of each indicator. Then, the final evaluation result is established
by combining the weight and membership functions, as shown in Figure 3.

‘Building the set of evaluation objectives V‘

}

‘ Building the set of evaluation indicors W ‘

}

‘ Building the set of evaluation matrix Z ‘

}

‘ Normalizing evaluation matrix Z ‘

}

‘ Determining the weight of G

G meet the requirements?

‘ Obtaining the evaluation score set P ‘

Figure 3. The procedure of fuzzy comprehensive evaluation method.

Compared with the traditional AHP, the FCEM eliminates some subjective intervention.
The membership function cited by fuzzy mathematics theory makes the normalization
of each index more standardized and establishes a fuzzy set and theoretical system of
dynamic sealing evaluation of caprock.

3.2. Caprock Sealing Dynamic Evaluation

According to the fuzzy comprehensive evaluation theory, the qualitative and quan-
titative parameters that affect the sealing performance of caprocks are compared and
comprehensively analyzed, and the normalized matrix is obtained. Then, combined with
the weight of each element, the final evaluation standard system of sealing performance
can be obtained. In addition, this method can also be used to evaluate the sealing perfor-
mance of caprocks with different parameters. First, the relevant factors affecting the sealing
performance of the caprocks are screened, then the influence of each factor is evaluated.
Afterwards, single-factor fuzzy evaluation is carried out to obtain the evaluation matrix,
determine the factor weight vector, and finally establish a comprehensive evaluation model.

Before using the FCEM, it is necessary to carry out one of the above six indexes and
establish an evaluation index system of the sealing ability of caprocks, as shown in Table 4.
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Table 4. Grading of six parameters in the sealing ability evaluation of caprocks [46].

Grading
Parameters
Good Generally Good Medium Bad
A >10 5~10 1~5 <1
B <0.001 0.001~0.01 0.01~0.1 >0.1
C >80 30~80 10~30 <10
D Plasticity Brittle plasticity Fragility Strong brittleness
E Few fractures A small number of cracks ~ Rich non-connected cracks  Rich connected cracks
F <5 5~15 15~25 >25
3.3. Classification of Parameters and Ranking Values
By using the bipolar scaling method [47], the elements involved in this study are di-
vided into revenue elements and cost elements. The qualitative parameters mainly include
the rock brittleness of the caprock and the degree of fracture development, which belong
to revenue elements. While the rock brittleness and the degree of fracture development
belong to cost elements, as shown in Table 5.
Table 5. Classification of selected factors affecting the sealing performance of caprocks.
Impact Factors Attribute Classification
1 A Revenue
2 B Cost
3 C Revenue
4 D Cost
5 E Cost
6 F Cost
Before the evaluation, it is necessary to transform the qualitative indicators into
quantitative values. The transform method uses bipolar scaling method, transforming
qualitative indicators into quantitative indicators according to different attributes, as shown
in Table 6.
Table 6. Ranking of cost and revenue element.
0 1 3 5 7 9 10
Cost element highest very high high average low very low minimum
Revenue element minimum very low low average high very high highest

Afterwards, the quantified matrix should be normalized for comparison. Different
attributes of elements have different membership functions. Combined with the criteria for
determining the membership function, it is mainly divided into cost elements and revenue
elements. The principles for establishing the membership function of the two types of
elements are different. For cost elements, the equation is as follows:

rij = ' J 2)

For the revenue element, its membership function is:

D
ryj = —— @)

maxl-pl-]»
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According to the attributes of each element, the membership function of each element
is constructed:

palai) = ;% 4)
up(bij) = % ©)
pclcij) = % (6)
i (dij) = 4;1”75 @)
peleg) = 2 ®
r(fy) = 25 ©)

4. Sealing Evaluation of Caprocks in Three UGSs Planned or in Construction
4.1. Geological Characteristics

By the end of 2021, the current working gas volume of UGS projects in China reached
approximately 16.4 billion m3, the details of all UGSs in operation are listed in Liu et al. [19].
In this paper, three depleted gas fields (e.g., Xing-9 gas field, Xu-2 gas reservoir of Zhongba
gas field, Zhujiadun gas field) are selected for the rebuilding of underground gas storage,
as shown in Figure 4.
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Figure 4. Distribution of underground gas storage projects in depleted gas reservoirs in China (The
three selected UGSs marked in red are planned or under-construction).
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4.1.1. Xu-2 Gas Reservoir of Zhongba Gas Field

The Zhongba gas field is located in the front belt of Longmenshan in the northwest
corner of the Sichuan Basin [48]. The daily water and gas production of Zhongba gas field is
less than 150 m?/d and 2.0 x 10* m3/d, respectively [49]. With the continuous development
of gas reservoir, the formation pressure and geological conditions of the second member
of Xu-2 Formation have changed obviously. The thickness, porosity, and permeability of
the direct caprock have been obtained through petrophysical experiments. The lithology
of caprock is mainly mudstone of the Ziliujing Formation and Shaximiao Formation [48].
The cumulative thickness of mudstone is 60-160 m, and the average thickness of caprock
is 137 m. The porosity and permeability of mudstone are 1-7.4% and 0.0001-0.001 mD,
respectively. The breakthrough pressure of the caprock measured by the mercury injection
experiment is 8-50 MPa, with an average value of 26.4 MPa. The brittleness index of rocks
is approximately 7.0-30.0, with an average value of 16.9, belonging to low-moderate brittle
rocks [50]. The Xu-2 gas reservoir of Zhongba gas field is planned to be reestablished
into an underground gas storage, and the sealing performance of the caprock should be
carefully evaluated.

4.1.2. Xing-9 Gas Field

Xing-9 gas field, which is located in the hanging wall of the Daxing fault, is a typical
lithologic gas reservoir with a depth of 4010 m and a temperature of about 120-130 °C
and is surrounded by dark mudstone of the third member of the Shahejie Formation [51].
The thickness of the caprock is over 400 m, and it has good continuity. The porosity of the
caprock is 2.16-8.92%, with an average value of 4.08%. The permeability of the caprock
is 0.00116-0.0551 mD, and the average permeability is approximately 0.0223 mD. The gas
breakthrough pressure of the caprock is higher than 20 MPa, with an average value of
approximately 24 MPa. The brittleness index of caprocks in Xing-9 gas field is between
48.49 and 57.85, which indicates medium-low brittleness [52]. The test wells were drilled in
the Xing-9 gas field before its reconstruction into an underground gas storage [53].

4.1.3. Zhujiadun Underground Gas Storage

The Zhujiadun gas field is located in Yancheng city, Jiangsu Province [54]. The devel-
opment of Zhujiadun gas field started in May 2003. Till December 2020, the cumulative
gas production reached 4.57 x 10® m3. The caprock is mainly mudstone with a large thick-
ness and stable lateral distribution. The main thickness of the caprock is approximately
400-600 m, the porosity is 0.06-0.60%, and the permeability is approximately 0.085 mD [40].
The construction of Zhujiadun gas storage started on 12 April 2022, with a designed storage
capacity of 6.62 x 101® m3 and a working gas volume of 3.30 x 10'° m3. At present, Zhu
Chu 1-1, the first gas storage well in Zhujiadun gas storage has been completed, and the
designed vertical well depth has reached 3835 m. Based on the geological conditions
of three depleted gas fields, the main parameters for the evaluation of caprock’s sealing
performance can be summarized in Table 7.

Table 7. Main parameters obtained from three selected depleted gas fields.

Xu-2 [50] Xing-9 [52] Zhujiadun [40]
A 8-50 (26.4) 20-32.11 (24) (47.75)
B 0.0001-0.001 (0.0005) 0.0116-0.551 (0.0223) (0.085)
C 60-160 (137) (400) 400-600 (500)
D Medium-low brittleness 7.0-30.0 ~ Fragility 48.49-57.85 Fragility 45.44-48
E Small amount Small amount Small amount
F 0.01-0.074 (0.04) 0.0484-0.067 (0.059) (0.33)

Note: The average values listed in brackets are used for evaluation and calculation in this paper.
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4.2. Weights Assignment of Parameters and Sealing Evaluation in Three UGSs Based on FCE

According to methods described in the section above, the quantified matrix for the
evaluation of three UGSs are written as:

137 400 500
7 5 5
9 7 7
U= 26.4 24 47.75 (10)
0.04 0.059 0.33

0.0005 0.0223 0.085

According to the membership function, the final normalization matrix is determined as:

0.27 0.80 1.00
0.70 0.50 0.50
090 0.70 0.70
W= 0.55 0.50 1.00 (11)
148 1.00 0.18
1.00 0.02 0.01

Finally, the weights of six parameters can be obtained, as shown in Figure 5, and the
evaluation standard and system can be established. The pairwise comparison matrix of the
above six parameters is established. The values of the relative importance of the above six
parameters are explained, as shown in Table 2. Hierarchical analysis and calculation are
carried out on the matrix to obtain the weights.

Z = [0.4291 0.2157 0.1370 0.0816 0.0893 0.0473} (12)
0.5
0.4291
0.4 1
)
203
=
=
= 0.2157
0.2
()
2 0.137
= 13
0.1 A 0.0816 0.0893
0.0473
0.0 T T T T T T T T T T T
» o C AV < <

The evaluation factors of caprock sealing

Figure 5. The weights assignment of main factors affecting the sealing performance of caprocks.

The final weights obtained need to be tested, and the results meet the requirements.
CI =0.1245, CR = 0.0988, it is generally believed that CI < 1, and consistency meets the
requirements. As shown in Figure 5, the results show that the breakthrough pressure has
the greatest influence on the sealing performance of the caprock, followed by permeability
and caprock thickness. Porosity has the least influence on the sealing performance
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of caprock. The CI obtained above is 0.1330, which meets the accuracy requirements.
Therefore, the above weight results are credible. The overall sealing performance scores

can be calculated as:
F=ZxW (13)

Based on the evaluation results, it implies that the Zhujiadun depleted gas field has
the best sealing performance, while the Xu-2 depleted gas reservoir in Zhongba gas field in
Northwest Sichuan, has the worst sealing performance, as shown in Figure 6.

1.0

0.8657

o
[e0)
1

o
(o)}
1

The final evaluation results
o
>
1

o
N
1

0.0 T T T T T
Gas storage 1 Gas storage 2 Gas storage 3

Three gas storage
Figure 6. Evaluation results of caprock’s sealing performance of three underground gas storage.

4.3. Verification of Evaluation Results

Additionally, the maximum method is adopted to verify the accuracy of the evaluation
results. In this study, the maximum value is 10. Taking the thickness of the caprock as an
example, the thickness of caprocks in Zhujiadun gas field is the thickest among these three
UGSs, and the score of caprock thickness in Zhujiadun gas field is 10, while the caprock
thickness of Xing-9 is 400 m, and the score of Xing-9 is (400/500) x 10 = 8. The assignment
of values for other factors follows a similar method. According to the above analysis results,
the score of the six evaluation factors on three UGS can also be obtained; the score criteria
is based on optimum method as shown in Table 8.

Table 8. The assignment of values for six parameters in three depleted gas fields designed for
underground gas storage.

Xu-2 Xing-9 Zhujiadun
A 6 5 10
B 10 0.2 0.05
C 3 8 10
D 10 4 4
E 10 10 10
F 10 7 1

According to the ranking grades in Table 4, the sealing of caprocks is divided into
four aspects: good, generally good, medium, and bad. The detailed values of these four
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levels are 10, 8, 7, and 5. The comprehensive value M is proposed to evaluate the sealing of
caprocks; the detailed equation is as follows:

6
M=) Zm; (14)
i=1

where M is the comprehensive value, Z; is the weight of six evaluation factors, and m; is
the score of the gas storage. The evaluation criterion of the comprehensive values are listed
in Table 9.

Table 9. The comprehensive values of caprock sealing performance [52].

Levels Values Sealing Performance

The caprock has good sealing performance and is very
suitable for building the gas storage.
The caprock has better sealing performance and is suitable
for building the gas storage
Medium 5<M<7 The caprock sealing property is ge'neral, which needs
further demonstration.
Bad M<5 Not suitable for building the gas storage

Good 8<M<10

Generally good 7<M<Z8

After the calculation, the final comprehensive values of Zhujiadun, Xing-9, and Xu-2
are 7.43, 6.71, and 6.67, respectively. From Table 9, we can see that the Zhujiadun caprocks
show a good sealing ability, and it is suitable for the construction of underground gas
storage. The evaluation result is in accordance with the actual engineering, which indicates
that the evaluation method and comprehensive value is reasonable. From Table 9, the
caprock sealing ability of Xu-2 and Xing-9 gas fields is medium, which requires further
demonstration tests to analyze the feasibility of constructing the underground gas storage.

From the evaluation of three gas fields, the Zhujiadun has the best sealing performance,
Xu-2 has the worst sealing performance. These results are similar to the fuzzy compre-
hensive evaluation results, which indicates that the accuracy of fuzzy comprehensive
evaluation can be acceptable.

It should be noted that only six factors, such as breakthrough pressure, permeability,
porosity, the thickness of caprock, brittleness, and crack development degree, are considered
in this paper using the fuzzy comprehensive evaluation method. If more parameters, such
as rock mechanical properties, are obtained, they can be also considered to update the
evaluation models.

5. Conclusions

The dynamic sealing evaluation of caprocks is significant for the the sealing safety of
UGSs in depleted gas reservoirs. The sealing performance of caprocks is a comprehensive
evaluation process with complex multifactor indicators, and some main conclusions of are
as follows:

(1) Two main factors affect the sealing performance of the caprock: the thickness and
mechanical properties. Microscopically, the pore structure, permeability, and break-
through pressure also affect the sealing performance of the caprock.

(2) Using the AHP method, the weights of six parameters for caprock’s sealing is obtained.
The breakthrough pressure of the caprock and permeability are the main factors with
the weights of 0.4291 and 0.2157, respectively.

(38) Using the fuzzy comprehensive evaluation method (FCEM), the sealing performance
of the caprocks in three planned UGSs was evaluated. Zhujiadun gas storage, which
has the relative evaluation score of 0.731, implies that the caprocks have good sealing
performance.

In the early stage of planning and rebuilding underground gas storages, using this
method can provide a general assessment on the sealing ability of caprocks. However,



Appl. Sci. 2023,13, 9753

12 of 16

some assumptions have been made in the evaluation, and six parameters are considered in
the evaluation system. It is necessary to update the evaluation model when the database is

renewed.

Author Contributions: S.B.: Data curation, Writing—Original Draft. H.L.: Conceptualization,
Methodology, Writing—Reviewing and Editing. X.W.: Data Validation, Writing—Reviewing and
Editing. X.S.: Data curation. H.M.: Supervision. Y.S.: Basic geological data collection. H.T.: Data

collection. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the CAS Pioneer Hundred Talents Program (Y826031C01) and

the National Natural Science Foundation (U22A20166).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interest or

personal relationships that could have appeared to influence the work reported in this paper.

Appendix A
Appendix A.1. Analytical Hierarchy Process (AHP)

A basic principle of the analytic hierarchy process is to decompose a complex problem
into its components. The relative importance of many factors in the hierarchy is determined
by pairwise comparison. Table A1 displays the judgment matrix value. Its characteristics

are as follows:

aj = — (A1)

where a;; and a;; represent judgment matrix elements.

Table A1. Comparison table of weighted impact factors.

Scale Implication
1 Indicates that both factors are equally important compared to each other
3 Indicates that one factor is slightly more important than the other one when comparing the two factors
5 Indicates that one factor is significantly more important than the other when comparing the two factors
7 Indicates that one factor is strongly more important than the other when comparing the two factors
9 Indicates that one factor is extremely more important than the other when comparing the two factors
2,4,6,8 Between two of the above two adjacent judgments

A constructed matrix is calculated as follows:

_ b

bij b _ij=1,2-,n (A2)

= —1 =
Yio1 b’

where bj; represent elements in the matrix and Eij represent elements of the normalized

matrix. The columns of the normalized matrices are summed.

Wi = 27—151]1 = 1/2/ e ,n (A3)

where W; represents the matrix that was summed by row. The vectors are then normalized

to obtain the relative weights.

W

Wi=—— i=12,n (A4)

1 n .
j=1 Wi

where W; is the relative importance weight of the ith factor under a certain criterion.

(1) AHP accuracy verification
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The accuracy of AHP indicators includes two indicators: consistency index (CI) and
random consistency index (RI). The equation of CI is as follows:

_A—n

CI

— (A5)
where A is the maximum eigenvalue and n represents the order of the matrix. The greater
the Cl is, the more serious the inconsistency of the matrix and the lower the accuracy of the
model.

The other index Rl is related to the order of the matrix. The detailed correspondence is
shown in Table A2, the random consistency index (RI), and the equation of Rl is as follows:

QL 4Cl+ - +Cly
n

RI

(A6)
The exponent is related to CI and the order of the matrix. As the CI is larger, the
inconsistency of the matrix is more serious, and the accuracy of the model is lower. If CI =0,

the model meets the accuracy requirements.

Table A2. Random consistency indexes (RI).

The Order of the Matrix

1 2 3 4 5 6 7 8 9 10

RI

0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Combined with the CI and RI, the accuracy index CR is obtained:

I

R=—
¢ RI

(A7)
If CR < 0.1, the accuracy of the model is satisfied.

Appendix A.2. Fuzzy Comprehensive Evaluation Method (FCEM)

Many factors should be considered in a complex analysis and evaluation system.
This fuzzy comprehensive evaluation model can be used in the evaluation of the sealing
performance of caprocks. The theory of fuzzy mathematics is a fuzzy set method proposed
by American expert A Zadeh [45], and the calculation steps are as follows:

(1) Determining the set of evaluation objectives V:

V=V,Va...,Vi) (A8)

(2) Determining the evaluation parameter W for the set of evaluation objectives V:

W= {Wl,wz,...,wn]T (A9)

(3) Various parameters are evaluated, and an evaluation matrix Z is obtained, where Z is
an X m matrix.

(4) Normalizing the evaluation matrix Z using the membership function, the method of
obtaining the membership function is given.

() Use AHP to determine the weight of G, and each evaluation index W has its corre-
sponding weight. The first step of AHP is to construct the judgment matrix H, and its
equation is as follows:

H = (al']')f’lxi’l (i,j = 1/2/ e /n) (AlO)
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where ajj = uiﬁ, and the columns of the judgment matrix H are normalized:

lli]‘

e (i,j=1,2,...,n All
ZZ=1%'( j ) (A11)

Eij =

Then, the sum of the elements of each row of G, is obtained:
Gi= Yiaa(i=12,...,n) (A12)

The relative weights of the elements of G; are obtained,

G = (i=1,2,...,n) (A13)

i=1 Gi
Then, the consistency indicators CI and consistency ratio RI are calculated.

A—n
I = Al4
C p— (A14)

where A is the maximum eigenvalue and n is the order of the matrix.

CI
CR = Rl (A15)
If CR < 0.1, the accuracy of the model is satisfied.
(6) Fuzzy calculation to obtain the evaluation score set P
P=GxZ (Al6)
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